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Preface Darin aber zeigt sich der vollkom
mene Stil in jeglicher Kunst, daß er 
die spezifischen Schranken derselben 
zu entfernen weiß, ohne doch ihre 
spezifischen Vorzüge mit aufzuhe
ben, und durch eine weise Benut
zung ihrer Eigentümlichkeit ihr 
einen mehr allgemeinen Charakter 
erteilt. 

Friedrich Schiller - aber die ästhe
tische Erziehung des Menschen. In 
den Horen, 22. Brief (1795) 

We are glad that you have all co me to this small village and I hope that you will 
feel at horne here for the next few days. The special atmosphere of the surround
ings will probably have a good influence on our discussions, and you will perhaps 
remember this when you are back horne again. It takes hard work to save this little 
piece of nature for man in our highly industrialized world, and we should all be 
grateful to the Verein Naturschutzpark e. V. (founded in 1909), Alfred Toepfer and 
his associates for their efforts. 

We intend to discuss modern trends in human leukemia in this workshop, but we 
should also take the opportunity to reflect on the trends of the past, which might 
still be modern. 

Rudolf VIRCHOW was the first using the name "leukemia" to express that this 
was a disease sui generis. About 125 years ago VIRCHOW wrote the following 
words: 

"This is what we know about leukemia: During normal blood cell production the 
cells differentiate into specific types. In a pathologie situation the differentiation 
into specific cells is blocked. This disturbance of normal differentiation - so called 
leukemia - is a disease sui generis. We know the sequels of this disease, but we don't 
know its origin. As yet there has been no successful case of complete eure." 

It is perhaps depressing and certainly achallenge that these words are today as 
true as they were in 1849, when they were written. In fact, the origins of human 
organic sickness are now as unknown as before. We can, however, help the patient 
better than we could a few years ago. Besides cytostatic therapy and supportive 
care, the personal efforts of the doctors themselves are the most important factor of 
therapy. 

As long as there is no leukemia-specific therapy as well as a specific therapy of 
other cancers, early diagnosis of the disease appears to be very important. Despite of 
the progress in morphologie techniques, the sensitivity of leukemia diagnosis is not 
much better than 80 years ago, when Paul EHRLICH developed his staining 
technique. 

Leukemia is usually diagnosed when it can be recognized in the bone marrow, 
i. e. when there are more than 1012 leukemic ceIls in the patient. But this is already 
too late. The reason for this late diagnosis is that leukemic ceIls cannot be distin
guished morphologically from normal stern ceIls. 

Two years ago, when we had our first workshop on modern trends in human 
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leukemia, we eould give no answer how to :find a more sensitive leukemia speei:fie 
signal, and we learnt that moleeular biologie techniques failed and eould not offer 
a sueeessful way to help the patient direetly. 

In the meantime various groups have tried to :find leukemie eell membrane 
specifie antibodies and to use them as a diagnostic signal. The moleeular biologists 
have eritieally revised their results. And wehope for a sueeessful virologie research. 
Apart from this the clinieians developed during the last years more effeetive and 
promising therapeutie methods - without having a leukemia specific eell marker and 
without any knowledge about the origin of the disease. 

Dur workshop's aim is to think about the practieal applieation of our research 
and about its use for the patient. It was one of Frederick. Stohlman's persuasions 
to ask for this practieal approach, and he also did when we star ted together plan
ning this workshop. I think we should all together try to realize this plan, and to 
remind us of this aim the seeond Wilsede meeting will be named "Frederick Stohl
man Workshop". Moreover, all further Wilsede meetings will comprise a "Frederick 
Stohlman lecture". 

Rolf Neth 

Frederick Stohlman, Jr. in the garden of "De Emhof{" during a personal discussion (first ~ 
workshop, June 1973). . Foto: Moldvay (STERN-Magazin) 
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Notions About the Hernopoietic Stern Cell:~ 

Eugene P. Cronkite, M. D. 

Medical Department 
Brookhaven National Laboratory 

Upton, New York 11973 

The intent of this presentation is to present a not ion that the in vitro bone mar
row and blood culture system does not truly measure the dimensions of the com
mitted stern cell pool. 

The measure of stern cell reserve - preferably the pluripotent and the committed 
stern cell pools is not a trivial, clinical problem. In the course of disease, chemo
therapy, radiotherapy, one could much better guide management if there were a 
reliable reproducible method to assay for the stern cell reserve. In addition, astern 
cell assay for man is critical to an understanding of normal hematopoiesis and its 
fuH characterization. At first look, the in vitro bone marrow culture combined 
with tritiated thymidine suicide appeared to be an answer to the problem. This can 
now be questioned. The diffusion chamber culture technique measures both pluri
poteht and committed stern cells but it also is capricious and poorly reproducible 
although some technical progress is being made (1, 2). 

The concept of stern ceHs in hemopoiesis is several decades old. Maximow and 
Bloom (3) have expressed their thoughts clearly. They divided hemopoiesis into ho
moplastic and heteroplastic hemopoiesis. Homoplastic hemopoiesis is defined as the 
production of mature ceHs by young elements of the same type. They believe that 
under physiological conditions the needs of the adult organism are supplied gen er
ally by homoplastic hemopoiesis. When requirements for blood cells were increased, 
as after hemorrhage, during infection, during regeneration from injury, homoplas
tic hemopoiesis was insufficient and new erythroblasts and myelocytes then devel
oped from a pluripotent stern cell and this they caHed heteroplastic hemopoiesis. 
Modern parlance divides the stern cells into the pluripotent and the committed stern 
cells (4, 5). 

Pluripotent hemopoietic stern ceH can only be studied directly in the mouse. It is 
measured by the capability of hemopoietic cell suspensions to produce splenie col
onies. The ceH that produces the colony is called the CFU-S. The CFU-S derived 
from the bone marrow and spleen of the mouse has a capability of producing 
erythrocytic, granulocytic, and megakaryocytic lines, respectively (6). Becker et al. 
(7) have clearly shown that colonies are formed from a single CFU-S, demonstra
ting the clonal nature of the spleen colonies. Till et al. (8) in studying the growth 
rates of splenic colonies developed a stochastic model for stern ceH proliferation, in 

::. Research supported by the U. S. Energy Research and Development Administration. 
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which they feel that the birth process or replication of the stern cell and the death 
process (differentiation into a cell no longer able to replicate the CFU-S) appear 
at random in the population of the colony forming cells proliferating in the splenic 
colony. Becker et al. (9) have determined the fr action of the CFU-S that are in 
DNA synthesis by treating suspensions of stern cells with high concentrations of 
3HTdR to kill the cells in DNA synthesis. When the hemopoietic system is expand
ing a large fraction of the CFU-S (as much as 60-70 0/0) may be in DNA synthesis. 
In the steady state proliferation of the adult marrow and spleen the fraction of 
CFU-S in DNA synthesis is barely perceptible. Vassort et al. (10) have shown that 
the CFU-S has a 3HTdR suicide varying from 9-20 % depending upon the strain 
of the adult mouse. 

Only a fr action of the CFU-S produce splenic colonies upon transplantation. The 
fraction of these that produce splenie colonies is called the f-factor (11); this is 
roughly 0.17. There is considerable variation in the f-factor depending upon the 
period of time that the cell will circulate in the blood and many other factors of 
biologieal and statistical nature that may operate at any given time. 

As of the moment there is no way of detecting the pluripotent stern cell in man 
or mammals other than the mouse, and to a Iesser extent, the rat. 

Pluripotent stern cells migrate through the blood. Two clear-cut experiments 
showed this years ago. Brecher and Cronkite (12) showed that when one member 
of a parabiotic pair is shielded while the other is receiving fatal irradiation, the 
irradiated one is protected from radiation lethality, thus showing the migration 
of the pluripotent hemopoietic stem cell from the nonirradiated into the irradiated 
twin. Swift et al. (13) showed the pro tee ti on against radiation is conferred if one 
half the body only is exposed, followed in a matter of minutes by exposure of the 
remaining half and shielding of the previously exposed portion, thus showing mi
gration of the pluripotent hemopoietic stern cell during this interval. Goodman 
and Hodgson (14) and Trobaugh and Lewis (15) showed that the PHSC circulate 
in the peripheral blood under normal steady state conditions. In mice the concen
tration of the CFU-S is 10-30 cells/ml (16). Their half-time in the blood, however, 
is reported to be only about 6 minutes (17). Accordingly, one can estimate in the 
30 g mouse that the PHSC daily turnover rate is equal to: 

PHSCTR -_ PHSGr x 0.693 20 x 0.693 x 60 x 24 3 3 l03/d 
T 1/2 6 '"'v • X ay 

Where: 
PHSCT - total number of PHSC in blood 

- blood volume (mI) x concentration PHSC (mI) 
T 1/2 - half time of PHSC in blood = 6 min. 
PHSCTR - daily PHSC turnover rate in mouse 

If the human ,being has the same concentration in the blood as the mouse and 
similar rate of clearance (T 112, 6 minutes) the turnover rate in the standard man 
will be 1.7 x 107/day or 2 x 105/kg/day. Thus, this line of logic leads one to believe 
that a number of stern cells pass through the blood per day equivalent to about 
1/10 the number of PHSC estimated in the bone marrow. It is presumed that a 
dynamic equilibrium between blood and marrow exists. 

Of considerable interest is the flow of pluripotent stern cells through the alveolar 
capillaries. The number passing through the capillaries is equal to the concentration 
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in the blood times the cardiac output. In man this amounts to rv 105/min. Thus, 
pluripotent hemopoietic stem cells are brought to within one to a very few micro
meters of the gaseous extern al environment. This is of potential importance in pul
monary toxicology in considering the hazards of inhaled toxic gases such as ozone, 
the nitrogen oxides, etc. thus submitting pluripotent hemopoietic to potential in
haled leukemogenic agents. 

Committed stem cell pool 

In man the abundance of the committed stem cells is generally considered to be 
measured by the in vitro bone marrow culture of colony forming units-culture 
(CFU-C). In man their abundance is about 0.1 to 1/104 blood cells and 0.1 to 1/103 

bone marrow cells (18). Their thymidine suicide is of the order of 0.35, represent
ing the fraction in DNA synthesis (19). 

A study of the human stem cell is very difficult. Human cells do not produce 
spleen colonies in mice. It has been suggested by several investigators that the colo
nies formed in culture of human peripheral blood or bone marrow by CFU-C are 
the committed stem cells since they produce differentiated cells (erythrocytic, gran
ulocytic, and macrophagic colonies). 

Since one cannot measure human stem cells satisfactorily, an approach to the 
study of the human stem cell pool is to start from the peripheral blood, where the 
turnover rates of erythrocytes and granulocytes are weIl known. From the sum of 
these turnover rates, the structure of human bone rnarrow (amplification from 
stem cell to nondividing stern cell), absolute cellularity, DNA synthesis time, and 
the fr action of cells in DNA synthesis, the minimum flux of committed stem cells 
into the erythrocytic and granulocytic differentiated pools of the marrow can be 
estimated. The data from which the calculations are made have been reviewed .(20) 
and are summarized as folIows: 

1. Erythrocyte average life span = 120 days 
2. Erythrocyte turnover rate (RTR) = 12 x 107/kg/hr (288 x 107/day) 
3. Granulocyte life span (random loss) half time of 6.8 hrs. (21) 
4. Granulocyte turnover rate (GTR) = 6.8 x 107/kg/hr 
5. RTR + GTR = 18.8 x 107/kg/hr 
6. Erythroid marrow cellularity (NE) = 536 x 107/kg (22,23) 
7. Granulocytis marrow (NG) = 1140 x 107/kg (22, 23) 
8. NE + NG = 1,676 x 107/kg 
9. DNA synthesis time in human bone marrow is about 12 hours for erythrocy

tic and granulocytic proliferating pool. (24) 
10. Amplification from the committed stem cell to the nondividing erythrocytic 

and granulocytic cell averages 16. 

This is shown schematically in Figure 1. 
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STRUCTURE OF HUMAN BONE MARROW HEMOPOIETIC CELL PROLIFERATION 

N= 40X107/kg 

N= 1.8XI07/kg Ns = 14XI07/kg 

Ns= 1.8X 105/kg Kin 

KB= 0.3X105 0.15 X 105 

perkg/hr perkg/hr Kaut = ~ KB+Kin 

! PLURIPOTENT: 
I HEMOPOIETIC! I COMMITIED 

I 
I 

I STEM I I 
I STEM CELL I 

CELLS I I 
I POOL I 

(PHSC) 
(CSC) 

NE =536X107/kg 

NO = 1140 X 107/kg 

NE+NO = 1676x107/kg 

Kin Kout 
~ 

1.17x 107 18.8XI07 

perkgjhr 
ts = 12 HOURS 

AMPLIFICATION = 16 

DIFFERENTIATED 
BONE MARROW 

CELL POOL 

perkg/hr 

BLOOD 
POOL 

Fig. 1'~: Schematic presentation of human bone marrow structure, proliferation and 
possible quantitation of the stern cell compartments. 
Marrow cellularity from Donohue et al (23) 
Amplification from Cronkite and Vincent (20) 
DNA synthesis time from Stryckmans et al (24) 
It is assumed that 1 per 1000 bone marrow cells are pluripotent and that 1 % are in 
DNA synthesis. 

If it is assumed that detection of the most immature erythrocytic and granulocy
tic precursor establishes the cytologic boundary between the committed stern cell 
pool, an estimate can then be made of flux of committed stern cells into the dif
ferentiated pool (red and white) by dividing the sum of the red cell turnover rate 
and granulocyte turnover rate in the blood by the average amplification of 16. The 

,~ This figure published by courtesy of Appleton-Century-Crofts. 
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total turnover rate in the blood is 18.8 x 107/kg/hr. Thus with an amplification 
of 16 in the bone marrow the input of committed stern cells into the cytologically 
differentiated bone marrow pool is 1.17 x 107/kg/hr. 

In astern cell pool the birth rate (KB) must be twice the exit from the stern cell 
pool in order to maintain its steady state size. Thus birth rate is 2.35 x 107/kg/hr. 
By assuming that the DNA synthesis time of committed stern cells is the same as 
that which has been measured in the differentiated pool of 12 hours, one can then 
simply calculate the number of cells that must he in DNA synthesis from the product 
of the DNA synthesis time and the birth rate. Thus, there are 28 x 107/kg in DNA 
synthesis. If one uses the 3HTdR suicide of 0.35 as an estimate of the fraction of 
the committed stern cells that are in DNA synthesis, then the quotient of the num
her of cells in DNA synthesis by the fraction in DNA synthesis gives the absolute 
number or 80 x 107/kg. Referring to Figure 1 one sees that the total number of 
differentiated erythrocytic and granulocytic cells is 1676 x 107/kg. The ratio of the 
committed stern cells to the differentiated stern cells is therefore 1 :21. Thus 4.8 % of 
the total marrow is committed stern cells and one can on apriori grounds say that 
the in vitro marrow culture system does not measure the committed stern cell pool. 

One can ask whether this approach is valid. Does the thymidine suicide for the 
colony forming unit in culture apply to all the committed stern cell pool? If the 
fraction in DNA synthesis is smaller, the fraction of the total rnarrow occupied by 
committed stern cells becomes larger. If the time for DNA synthesis is overestima
ted, the nu mb er is overestimated. If the DNA synthesis time is really less than the 
measured time for differentiated marrow cells, the estimate of the number in DNA 
synthesis is too high. Even reducing time for DNA synthesis to a probably unreal
istic low value of 1 hour for man reduces the number of committed stern cells to 
6.6 x 107/kg or still 1 in 300 rnarrow cells are committed stern cells. The above line 
of logic and assumption leads to a ratio of committed stern cells to total marrow 
cells that is completely incompatible with the in vitro bone marrow culture of 
5/104 colony forming cells in human bone marrow. It can be argued that the cul
ture technique does not have sufficient stimulatory power to switch all the colony 
stimulating cells into proliferation. This is an attractive thought since the ratio has 
tended to increase as more potent sources of colony stimulating factor are devel
oped and culture techniques are thus "souped up." 

Let us take another line of argument and accept that the in vitro colony forrning 
techniques do, in fact, accurately measure the number of committed stern cells in 
the bone marrow. If one then goes through the arithmetic as before and calculate 
on the basis of the DNA synthesis time of 12 hours, thymidine suicide of 0.35 and 
an absolute marrow cellularity of 1800 x 107/kg, it is simple to show that the flux 
of the committed stern cells into the difFerentiated pool is such that an amplification 
of 520 would be required. Such an amplification would require about 9 serial mitoses 
in the proliferating granulocytie pool alone. In the granuloeytic series it is reasona
bly weIl established that the time from the myeloblast to the myelocyte is 130 hours 
(20). If there is equal time for each successive multiplicative cell eyde there would 
be a generation time of 14 hours. The mitotic time is 0.75 hours (25). The mitotic 
index would be about 5 % or 5 times that observed by Killmann et al. (26). With 
a DNA synthesis time of 12 hours (24) the fraction of granulocytic proliferating 
cells in DNA synthesis would be 0.85 compared to the observations in man of 
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0.15-0.30 (26) and become incompatible with the number of myelocytes known to 
have a diploid DNA content. From these lines of reasoning and calculations based 
on experimentally determined data the notion of 9 serial mitoses in the granulo
cytic proliferating pool must be rejected along with the notion that the present in 
vitro methods of culturing bone marrow deterrnines the fraction of committed stern 
cells in human bone marrow. 

In addition, one can argue that knowledge on the cell turnover rate in the periph
eral blood is incorrect. However, this is unlikely. Other arguments are that cal
culations based on average va lues are misleading and that there is a small fraction 
of stern cells that are dividing very rapidly or that the proliferation rate in the 
differentiated pool is grossly underestimated by averages and a sm all fraction of 
rapidly dividing cells will enable on one to "balance the books". The answer is not 
evident and for the moment this autohor feels compelled to question whether the in 
vitro culture bone rnarrow methods really estimate the fraction of the bone mar
row that consists of committed stern cells. 
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Productivity in Normal and Leukemic Granulocytopoiesis~· 

T. M. Fliedner, D. Hoelzer and K. H. Steinbach 

1. Introduetion 

Departrnent of Clinical Physiology 
University of Uirn 
D 79 Uirn (Donau) 

Gerrnany 

At the request of the organizers of this workshop on "Modern Trends in Human 
Leukemia n" we have been asked to review briefly some aspects of the physiology 
and pathophysiology of myelopoiesis, focusing mainly on the problems of the ob
vious deficiency of this system in case of acute myelocytic leukemia to provide an 
adequate number of granulocytes. A vast amount of information has been collect
ed during the last 1 or 2 decades on the possibilities and limitations of cell pro
duetion and differentiation in normal and leukemie myelopoieses. In spite of this, 
we have to confess today that there are many more open questions than solved 
problems. It probably is eorreet to state that "we are still quite ignorant about nor
mal and leukemic eell production and differentiation but at a higher level" than 17 
years ago, when the first cell kinetic study utilizing tritiated thymidine as a specific 
DNA label was performed in Dr. Cronkite's laboratory (1, 2, 3). 

It is therefore the purpose of this presentation to outline the present coneept of 
normal and leukemie eell proliferation and differentiation using granuloeyte kine"
ties as a model. This will lead to the eonclusion that the obvious deficieney of granu
loeyte produetion in aeute leukemia is a eonsequenee of a highly ineffeetive eell 
proliferation and differentiation in the appropriate preeursor compartments and 
points to the stem-cell pool as the major si te of leukemic cell transformation. 

2. Effident granuloeyte production: a property of the normal granuloeytie eell 
renewal system 

The normal granulocytic eell renewal system (Fig. 1) maintains in the peripheral 
blood of man a granulocyte coneentration that appears to be constant from day 
to day, although detailed studies may indicate a cyclic pattern with a phase length 
of some twenty days, the amplitude of which may increase in eertain diseases such 
as eyclie neutropenia (4, 5). The extravascular portion, the function of which guar
antees a suf:fieient blood granuloeyte concentration, is normally loeated ecxlusively 
in the bone marrow, distributed in many bones throughout the body, but never
theless aeting as one organ. The regulatory mechanisms responsible for this unity 

* Research work supported by the Deutsche Forschungsgemeinschaft through the Sonder
forschungsbereich 112 (Zellsystemphysiologie). 
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Fig. 1: Schematic representation of the functional structure of the myelopoietic cell renewal 
system in normal conditions, in chronic myelocytic leukemia and in acute myelocytic leu
kemia. 

of function, in spite of topographie diversity, are far from being understood in 
detail but should include humoral as weIl as neural factors and may weIl be as
soeiated with stem-cell migration via the blood stream. The functional strueture of 
the granulocytic cell renewal system ean be deseribed as a number of catenated cell 
compartments. The granulocytes of the blood - segmented forms and band forms, 
M 8 and M 7 respectively, - represent the functional pool of cells. It is known 
since the work of the Sah Lake City Group (6) that the half-life of the mature 
eells is in the order of 7 hours. The mature granulocytes leave the blood either by 
emigration or after death due to senescence (7, 8). This pool is fed continuously 
by the M 7/M 8 storage pool in the marrow. This is considered to be apart of the 
maturation-only pool in the marrow, but with a variable "time delay": it is known 
through the work of the Brookhaven Group that the time of granulocytes between 
the last division of myeloeytes and their release into the blood as mature granu
loeytes may vary and can be as short as 2 days (instead of 4 days) in eases of infee
tion (7, 8). It is this pool that contains a large amount of reserve cells that can be 
released into the blood after appropriate stimulation and may increase the blood 
granulocyte concentration several times within a few hours (9). This pool in turn· 
is fed by the maturing-only pool of metamyelocytes and juvenile cells - M 5 and 
M 6. Furthermore, there is a dividing-maturing pool of granuloeyte preeursors, the 
myeloblasts, promyelocytes and myelocytes (M 1 - M 4). These cells are considered 
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to be eapable of division but not of self-replieation. On the basis of morphologieal, 
eell-kinetie and einernatographie studies, the number of eell divisions in this pool 
has been estimated to be 2-4 in normal marrow (10-13). The maintenanee of a 
homeostatie equilibrium between produetion and utilization in this system is main
tained by a stem-cell pool which has the dual funetion of maintaining its own size 
and at the same time responding to speeifie stimuli, such as erythropoetin or a still 
hypothetical granulopoietin (14) (which may or may not be identieal to CSF 
(15), with differentiation into the well-known hematopoietie eelllineages. Dr. Cron
kite, in this conference, has indieated the present state of knowledge about this cell 
pool and its eoneeptual difficulties (16). Nevertheless, it appears justified to assurne 
that this pool eontains at least 2 sub-populations of eells which may be denoted as 
"committed and uneommitted", or "determined and undetermined" (14, 17, 18), 
depending on the author. These expressions are meant to indieate that this pool 
eontains cells that have to undergo a certain process of physiological "development" 
or "maturation" in order to proceed from a pluripotent stage - in which most cells 
appear to be in a eytokinetieally resting phase called Go (19) - to a stage of being 
"eommitted" to respond to speeifie stimuli with irreversible differentiation, 
resulting in a eatenated proeess of eell multiplieation and/or maturation. In the 
human, various methods have been developed in reeent years to elueidate one or 
the other aspeet of this pool. In diffusion chambers implanted into irradiated re
cipients (goats (20), rats and miee (21, 22)), human bone marrow cells and blood 
mononuclear eells have been shown to be able to form granulocytes, erythroblasts 
and megakaryocytes and, hence, to be indicative of the presence of a population 
of pluripotent cells. In eell cultures with appropriate media and stimulation faetors, 
one has been able to trigger stem-cells into granuloeytic, erythropoietic and mega
karyoeytie differentiation, thus looking - presumably - at the "eommitted" eell 
population of the stem-eell pool (23, 24). In spite of such efforts, it appears that 
it is not yet possible to charaeterize the stem-eell pool completely in terms of quanti
tative and qualitative properties, but one is "reeognizing" only eertain aspeets and 
is limited by the inherent eonstraints of the methods used to approach the problem. 
It may be of interest at this point to say a few words about the regulatory mecha
nisms of the granuloeytie cell-renewal system. Its partieular strueture led several 
investigators to the hypothesis that it ean be considered as a eell system, regulated 
by a negative feed-back mechanism and that it must have oscillatory properties 
(25, 26). It is assumed that there are factors that are capable of inducing arelease 
of granulocytes into the blood stream in case of need and that there are other fac
tors, both inhibiting as well as stimulating factors, that trigger eells into differentia
tion at the stem-cell level or prevent them from differentiating (27, 28, 29). 

ln conclusion, the characteristic blood granulocyte concentration appears to be 
the result of a feed-back controlled cell-renewal system. This is capable of life
long granulocyte produc'tion without exhaustion and can adapt itself to increased 
demands by an appropriate increase in production. Further research has to explore 
the degree of efficiency under the conditions of the normal steady state. A maxi
mum degree of effieiency would be reached when aB cells triggered into the gran
ulopoietic pathway undergo an equal number of eell divisions and all reach the 
blood as mature ceBs without cell death along the dividing-maturing pathway by 
intrinsic defici p 11.cies. It may weIl be, however, that there is normally a "death func-
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tion" at a11 levels of granulopoietic proliferation and maturation, the extent oE 
which would be highest in the functional cell pool (30). 

3. Inefficient granulocyte production: a consequence of leukemic transformation 
of the granulopoietic cell system 

In leukemia, both in the chronic myelocytic and in the acute myelocytic forms, 
the granulocyte production is drastically altered (Fig. 1). In chronic myelocytic 
leukemia (CML), one observes in the blood and in extramedullary sites the presence 
of granulocyte precursors. In arecent article, Drs. Vincent and Cronkite and 
associates presented a wealth of information on the cell kinetics of this disease and 
came to the conclusion "that increased myelocyte proliferation as weIl as an in
creased stem-ce11 input must contribute to the expansion in granulocytopoiesis seen 
in chronic myelocytic leukemia. Myelocytes in CML divide 3-4 times, compared 
with twice in normal marrow, thus increasing the amplification of the stem-ce11 in
put. The size of the total myelocyte mass in the patients studied was estimated to 
be 3 and 25 times normal (12)". Further studies have to explore the extent of cell 
death of the myelocytes so produced and hence the degree of efficiency or ineffi.
ciency of cell production in the system. 

In acute myelocytic leukemia, the blood picture is characterized by the presence of 
some mature granulocytes and of "blast-cells" (Fig. 1). There is evidence in the 
bone marrow of some proliferation and maturation of myelocytes and promye
locytes, resulting in the appearance of some normal-Iooking and functioning granu
locytes in the blood. However, the bulk of cells usually is comprised of "blast-ce11s" 
showing a spectrum of morphological appearance. There is also today a fair 
amount of information on the kinetics of such blast-cells in bone marrow and blood 
and, more recently, some evidence about the developmental potential of the leu
kemic blast-cells. Usually, the blast-cells in the bone marrow show a low tritiated 
thymidine (SH-TdR) labeling index as compared to normal myeloblasts or promye
locytes, when exposed to SH-TdR in vitro or in vivo. The labeling index of blood 
blast-cells is still lower (31). If leukemic blast-cells are labeled in vitro with tri
tiated cytidine (SH-Cyt) and autotransfused, the calculated blood transit times are 
between 3.7 and 8.5 days, much longer than those of granulocytes (32). Hoelzer and 
Kurrle in our group (33) have studied the fate of leukemic blast-cells in diffusion 
chambers implanted intraperitoneally into irradiated mice. They came to the con
clucion that some leukemic blast-cells appear to have the potential to differentiate 
into granulocytic precursors and to mature into granulocytes. Thus, it may weIl 
be that the accumulation of blast-cells in human acute myelocytic leukemia can be 
taken to indicate the extreme of inefficiency: the bulk of cells accumulates in the 
form of "blast-cells" that, in principle, may have the potential for differentiation 
and production of granulocytes, but rarely do so in the phase of fu11-blown acute 
leukemia. It is, therefore, of interest to ask whether there is any normal rest 
function of granulocytopoiesis and, if so, with what characteristics, or whether 
granulocyte production arises from leukemic precursor cells, some of which exercise 
their potential to differentiate, proliferate and mature. 

In many patients, both in Brookhaven and in Ulm, the kinetics of granulocyte 
production was studied by means of tritiated thymidine labeling (7, 8). The typical, 
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Fig. 2: Labeling index of blood granulocytes as a function of time afker administration 
of 3H-TdR. 
0 Person with undisturbed hemo oiesis. P patient with acute myelocytic eukemia. 

normal labeling pattern of blood granulocytes after thymidine labeling shows the 
appearance of the first labeled, segmented forms in the blood after a lag-phase of 
about 4 days (maturation time from the last division to release) followed by a rise 
of the labeling index to about 60 010 and a subsequent decline (Fig. 2). The Same la- 
beling pattern is Seen for granulocytes removed from the mucous membranes, in- 
dicating that they had migrated onto these surfaces, and for the pycnotic granu- 
locytes, the latter delayed, however, by some 24-30 hours, indicating the upper lim- 
it of life in the blood stream. In various forms of acute leukemia, the labeling 
pattern of blood granulocytes in acute leukemia is markedly different. ~ l t h o u ~ h  the 
first appearance of labeled granulocytes may be normal or somewhat shortened - 
as Seen also in cases of infection - there is a labeling pattern with several abnormal 
features. The labeling indices never reach the normal values but are below 30 010, 

in many cases not exceeding 10-20 percent. The labeled cells disappear again quite 
rapidly, so that, after 6 days, many or all may have disappeared. In  other cases, 
a few may be Seen until 12 days after SH-TdR injection (7, 8). 

The attempt to answer the question as to the reasons for the low labeling in- 
dices combined, usually, with a granulocytopenia in spite of a normal blood emer- 
gence time for labeled granulocytes, leads one to the problem of the efficiency or 



inefficiency of ceIl production and/or maturation in the various precursor pools of 
blood granulocytes. 

In Fig. 2, the labeling pattern of blood granulocytes is shown for a patient with 
undisturbed hemopoiesis (34) and for a patient with acute myelocytic leukemia. 
It is dear that the labeling pattern of the leukemic patient is markedly different 
with respect to the maximum labeling index achieved and to the duration of the 
presence of labeled ceIls. In order to try to formulate questions for further studies 
on the efficiency of ceIl production in leukemic patients, we approached the problem 
by trying to simulate the labeling curve on a computer using the GPSS (general 
purpose simulation system) language (35). In order to simulate the labeling curve, 
the following experimental data had to be recognized (one patient): 

1. The labeling index of the bone marrow cells (M 2-M 4) 1 hour after 3H-Tdr was 
found to be 14 0/0. 

2. The relationship of the relative proportion of the dividing-maturing (M 2-M 4) 
ceIls to the maturing-only cells (M 5-M 7) and hence, the absolute numbers of 
these cells, was 18: 1. 

3. The DNA-synthesis time of the dividing cells was estimated to be 24 hours. 
4. In the circulating pool of granulocytes, there were 123 cells per ",,1. 

M4 
Tc = 40 h 

M5-M7 M6-M7 

6 h 6h 6h O. 87 

M4 
6h 

DISTURBED GRANULOPOIESIS 

aOh 

Fig. 3: The model of the granulocytic cell renewal system in a patient with AML. 

10 h 

A model that allows the approximate reconstruction of the labeling pattern of 
blood granulocytes in this patient with acute leukemia and still recognizes all the 
conditions specified in points 1-4 is given in Fig 3. In this model, one has to assurne 
that ceIls entering the M 1, M 2 and M 3 compartments do so without synthesizing 
DNA and dividing. The compartment transit time must be taken to be 6 hours for 
each. After leaving the M 3 compartment, a divergence of the ceIl "stream" oc
curs. About 87 % of the cells enter an "ineffective" M 4 compartment which they 
leave after 6 hours of further maturation. The remaining 13 % of cells coming 
from M 3 synthesize (in M 4) DNA and divide. The DNA synthesis time was 
determined to be 24 hours, the eell eyde time 40 hours. In such a system, a labeling 
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index of 14 % is found. In order to find now a relationship of 18:1 between M 2-
M 4 cells and M5-M 7 cells and in order to fill the circulating compartment with 
123 granulocytes per ~l, 98.6 % of the cells coming from the two M 4 compart
ments must leave the system (by cell death) and only 1.4 % of the cells enter the 
maturation-only compartment to stay in it for an average of 80 hours. The functio
nal pool, with a transit time of 10 hours, and a marginal and circulating pool of 
equal size is the last compartment of such a simulated system. 'To maintain a 
concentration of 246 granulocytes per ~l in the last compartment an efflux-rate of 
1580 ceIls/h from the stem-cell pool must be provided. 

As already stated, the computer language used was the GPSS. The particular 
advantage of this language is seen in the fact that the inevitable variabilities of ex
perimental data can be fully recognized. 

LABELING INDEX OF GRANULOCYTES 

10 • Experimental Points 

o Simulated Points 

5 

2 3 4 5 6 7 8 

DAYS 
Fig. 4: The computer simulated labeling index in the functional pool in comparison to the 
experimental points. 

Fig. 4 shows the labeling index pattern in the functional pool as it was simu
lated by the computer system in comparison to the experimental points. There is 
evidence that there is reasonable agreement between the experimental points and 
the simulated curve. In the simulation system, the time parameters of the system 
were assumed to follow a normal distribution with a standard error of 50 % of the 
mean. It was assumed that there is a steady state for the duration of the experimen
tal study. 

In order to obtain the labeling indices as shown in Figure 4 and with recognition 
of conditions 1-4 (see above), several mean values for the different system-parame
ters were obtained and are given in Table 1. 

Of course, the information obtained from computer system simulation on one 
patient is far from being sufficient to draw general conclusions. Furthermore, re
sults of system simulation models cannot be taken as evidence that they reflect 
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Table I: Computer derived cell kinetic parameters in the patient with acute 
myelocytic leukemia 

Time of cell cyde 
Compartment transit time (M 1 - M 4) 
Fraction of maturing cells 
Kinetic (Stem-Cell pool) 
Multiplication factor M 1 - M 4 

40 h 
6h 

1.4 0/0 

1580 h-1 

1.13 

4. Leukemic granulocytopoiesis: a consequence of inefficient productivity 

Of course, the information obtaine from computer system simulation on one 
patient is far from being sufficient to draw general condusions. Furthermore, re
sults of system simulation models cannot be taken as evidence that they reflect 
biological facts, processes or dynamic events. They can help, however, to pose ques
tions and to focus on experimental approaches for obtaining information on the 
biological mechanisms underlying the observed sequence of events. 

In the present system-simulation of one patient with acute leukemia, it appears 
of interest to note that the labeling pattern observed points to several possible 
deviations from normal in the dividing-maturing pool of granulocyte precursors. 
First of all, there appears to be decreased degree of proliferation; the cells, orig
inating in an undefined stem-cell pool, cannot undergo the normal sequence of 
doubling divisions. The presence of leukemic blast-cells in marrow and blood may 
thus be regarded as an accumulation of cells that cannot make full use of their 
potential to divide and mature. The facts that some of them can be labeled by means 
of tritiated thymidine and that they show a turnover - when studied after retrans
fusion, labeled with 3H-cytidine - are indications of some renewal which, how
ever, remains totally inept with respect to granulocyte formation. The information 
obtained from leukemic patients with respect to granulocyte turnover, on the other 
hand, shows that some granulocyte formation is possible. It is to be asked whether 
this granulocyte formation is a reflection of a resting of normal hemopoiesis or 
whether it is the inefficient responce of a leukemic blast population for differen
tiation and maturation (as may be observable in diffusion chambers) or both. The 
results of the simulation model could be interpreted to mean an overwhelming dis
turbance of the normal process of proliferation and maturation and would be more 
compatible with the notion of a leukemic cell population with a resting or ma
turing-only capacity. In other leukemic patients, the granulocyte labeling pattern 
resembles more that of anormal hemopoiesis. Thus, it may well be that the dini
cal diversity of hematological findings is due to the wide spectrum of differentia
tion potentialities that may be presented in leukemia: at the one end of the spectrum 
may be seen a complete block. of differentiation for granulocyte formation and an 
accumulation of "blast-cells" unresponsive to differentiation signals; at the other 
end (in remission) may be a "leukemic" population that is practically normal in its 
capability to differentiate, to proliferate and to mature. Between these two extremes 
may be all degrees of lack. of differentiation, proliferation and maturation; cer
tainly, in the overt cases of leukemia, there is a high degree of inefficiency of gran-
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ulocyte production and, at best, an abortive attempt to respond to the demands 
of the periphery in terms of increased granulocyte production. The data obtained 
from the granulocyte kinetic study of leukemic patients also indicate a lack of re
sponsiveness for differentiation at the level of the stem-cell pool. Normally, gran
ulocyte removal from the blood results in a feed-back mechanism resulting in an 
increase in ceIl produetion. In leukemia, the demand is clearly there, but the ap
propriate proliferative pool is not able to respond with normal produetion and 
maturatlOn. 

From all these eonsiderations, it may be eoncluded that the basic defeet in leu
kemia must be sought in the stem-eell pool. It is here that one must locate adefeet 
in the normal response to differentiate into a granulocyte lineage with subsequent 
proliferation and maturation. One must ask whether there is a complete transfor
mation of all normal eells into leukemic cells without a residual normal population 
(even though suppressed) or wh ether there is a normal population remaining in 
conjunction with the leukemic population with a certain "growth advantage" 
which is, however, insufficient to produee normal cells. 
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Summary 

In order to judge differentiation of cells in soft agar colonies, cytological and 
cytochemical classification of single cells within these colonies is necessary. In this 
study, 1,026 colonies from 15 normal and 95 leukemic bone marrows have been 
evaluated using cytological, cytochemical, and immunocytochemical techniques. In 
180 colonies from 15 normal controls no segmented neutrophils have been observed. 
The colonies mostly consisted of monocytes and macrophages, rarely pure 
eosinophil colonies were observed. The number of monocyte/macrophage colonies 
in untreated AML and the percentage of pure eosinophil colonies in AML and 
ALL in remission are reduced, as compared to normal controls. 

In 174 colonies from a total of 926 colonies derived from bone marrows of 
leukemic patients, plasma cells and in 20 colonies, blast cells have been observed. 
In contrast to normal colonies, growth of colonies containing blast cells does not 
depend upon the conditioned medium of the leukocyte feederlayer. 

This investigation has demonstrated the necessity of cytological and cytochemical 
classification in addition to quantiative evaluation of soft agar colonies when 
studying the effect of factors on proliferation and differentiation of normal and 
leukemic stern cells. 
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Introduction 

Human bone marrow contains cells which form - dependent on specific inter
aetions with diffusible faetors - leukoeyte and erythroeyte eolonies in soft agar 
(1-6). On the base of published data, most authors assurne that each eolony arises 
from one single cel!. Leukemie bone marrow eells exhibit a nearly total failure of 
eolony formation in vitro (7-14), which is most probably due to the blocked dif
ferentiation. Reeent results have shown that cells from untreated AML and from 
AML in relapse could be stimulated with PHA to form colonies in soft agar in the 
absence of diffusible factors, i. e. without feeder layer (8). GALLAGHER et a1. 
reports proliferation and differentiation of AML cells in suspension cultures after 
stimulation with conditioned medium from embryonal tissues (15). These data 
suggest that some of the organizational and regulatory features of normal hemo
poiesis persist in leukemic hemopoiesis. In order to judge differentiation of cells in 
soft agar colonies, a cytological and cytochemical classification of single cells with
in these colonies appears necessary. Simple quantitative evaluation of colony forma
tion does not yield enough information regarding differentiation patterns. As a 
first step towards the evalutation of the effect of specific differentiation factors on 
normal and leukemic bone marrow cells in soft agar, more than 1,000 colonies 
from normal and leukemic bone marrows have been classified according to 
cytological and cytochemical criteria (16-19). 

MaterialandMethods 

a) Source of Material 
Normal bone marrow was obtained by aspiration from the iliac crest or sternum, 

taken during the hematologie examination of 13 children and two adults. Six of 
these patients were defined as normal, and the other nine showed no evidence of 
hemoblastosis or granulopoietic abnormalities. For cytological and cytochemieal 
classification of bone marrow cells the usual criteria were used. 

ALL patients reeeived the same chemotherapy described by PINKEL et al (20), 
including vincristine (VCR) and prednisone (PRED), followed by central ner
vous system (CNS) leukemia prophylaxis with CNS irradiation and intratheeal 
methotrexate (MTX). For maintenance a combination of cyclophosphamide, MTX, 
and 6-mercaptopurine (6-MP) was given. Patients with AML were treated with a 
eombination of 6-thioguanine and eytosine arabinoside. 

h) Cell Separation 
For the separation of leukoeytes the method of BöYUM (21) was used. The 

resulting huffy eoat was suspended in eulture medium. The nucleated eells were 
eounted with a hemoeytometre. For the preparation of feeder layers, granuloeytes 
and monocytes were eounted. The eell layer was prepared hy suspending two or 
three drops of aspirated hone marrow into the eulture medium, followed hy a 
hypertonie shock, repeated twiee for lysis of erythrocytes, and by eounting the 
numher of mononucleated hone marrow eells, omitting non-deviding eells like 
metamyeloeytes and polymorphs. 
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c) Culture Technique 
Agar cultures were prepared using the double layer agar technique of PIKE 

and ROBINSON (22). McCoy's 5A medium containing 15 % fetal calf serum and 
supplemented with amino acids and vitamins, was mixed in a 9:1 ratio with boiled 
5 % agar (Difco). After addition of the appropriate number of leukocytes (1.5 -
1.8 x 106), 1 ml of this agar cell medium mixture was pipetted into 35 mm plastic 
Petri Dishes (Falcon Plastics). These prepared feeder layers were stored at 37°C 
in a humidified incubator continously flushed with 8 % CO2• The washed bone 
marrow cells were mixed with culture medium and boiled 3 % agar, in a ratio of 
9:1; of this, 1 ml aliquots were then pipetted onto the fee der layer. The final con
centration of the celllayer was 1 x 105 mononucleated bone marrow cells per ml. 
Following this preparation, no aggregates, clumps, or tissue fragments were found 
in bone marrow suspensions or in agar. The dishes were incubated for three weeks. 
During this time, at intervals of 12 to 14 days, the number of colonies was counted 
with an inverted microscope (Diavert) at 40x magnification. Only those colonies 
containing SOor more cells were counted. For each experiment, at least four plates 
with, und two plates without feeder layer were examined; the counts were ex
pressed as the mean result of these plates. The number of colonies in two plates 
never varied more than 10 % for bone marrow cells, and maximally 100 % for 
peripheral blood leukocytes. 

d) Source of Colony Stimulating Factor 
A fee der layer of peripheral blood leukocytes was used as source of colony 

stimulating factor (CSF). Since the induction of proliferation of colonies depends 
on the age of the feeder layer, the feeder layer was used during the day of prepa
ration or only few days later. After seven days of incubation, the feeder layer had 
lost about 50 % of its original stimulating activity (23). 

Mature granulocytes inhibit the proliferation of colonies (24). Therefore the 
number of granulocytes in the feeder layer was not allowed to exceed 1 x 106 

cells per ml (23). At this concentration of granulocytes the feeder layer contained 
nearly 1-2 x 105 monocytes per ml. 

c) Cytologic Analysis of Colonies 
For cytologic analysis, colonies were picked out of the agar under the inverted 

microscope with an angled (ca 110°) micro-hematocrit. They were put on slides 
and incubated for 10 minutes in a humidified chamber wit a 1 % solution of agarase 
(Calbiochem., Los Angeles). The colonies were prepared according to the method 
of TESTA and LORD (25). After incubation, the agarase was drawn off care
fully, and the colonies were fixed according to the cytochemical reaction necessary 
(10 % formalin alcohol for peroxidase reaction, 60 % cold acetone for acid phos
phatase reaction). Fixation solution was dropped onto the slide. Then a cover
slip was placed on top of the drop. This in turn was covered with a piece of filter 
paper and gently pressed. The slide was frozen on dry ice for 10 minutes, the cover 
slip was removed quickly, and the slide immediately dried. The colony cells were 
stained with May-Grünwald-Giemsa, respectively for peroxidase (16), or acid 
phosphatase (26). 
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f) Demonstration of Immunoglobulins 
To demonstrate immunoglobulin within plasma cells, some colonies were fixed 

as described above, stained for 30 minutes with FITC conjugated anti-human im
munoglobulins (Table 2), and then washed three times with PBS. 

The colonies were investigated with a Leitz ortholux microscope equipped with 
an Opak-Fluor vertical illuminator. 

f 

Fig. 1: Peroxidase negative monocyte colony (a) and peroxidase positive eosinophil colony 
(d), counterstained with Giemsa stain. 
b, c: Monocytes in mi tosis, 
e, f: peroxidase positive eosinophils. 
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Results 

1,026 colonies from 15 normal and 95 leukemic bone marrows have been eval
uated using cytochemical and cytological techniques (Table 1). Quantitative 
analysis of colony formation confirmed the well-known reduction of colony for
mation in untreated ALL and AML and the increased colony formation in CML 
as compared to normal controls (4, 5, 7, 10-14). Cytological and cytochemical 
methods allow further differentiation of colony formation by analyzing the cel
lular composition of these colonies (Fig. 1-3). In untreated AML or AML in relapse 
there is a significant reduction of monocyte/macrophage colonies as compared to 
ALL and an increase of pure eosinophil colonies (Table 1). During remission, fewer 
pure eosinophil colonies are observed in both, ALL and AML, as compared to nor-

Fig. 2: Cells of isolated colonies from patients with AML. 
a: blast cells of a peroxidase negative colony, counterstained with Giemsa stain, 
b: a group of macrophages and plasma cells, Giemsa stain, 
c: plasma cells of a colony with positive fluorescence in the cytoplsma, spread between 
several negative cells, 
d: plasma ceHs with positive fluorescence, the positive background re action is a result of 
immunoglobulin phagocytosed by macrophages. 
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l'abfe I: Cytological Classifikation of Colonies (0/0) 

diagnosis number number mon mac mon eos mon mac mon mon pe pc pe bc 
of of mac eos eos mac mac mon mon bc mon 
patients colonies eos eos mac mac mop. mac 

analyzed neu eos mac 

ALL 
'untreated 21 164 70,5 8. 12 2 2 0,5 4 0,5 0,5 
All 
CR 33 331 53 9 6 2 4,5 4 5 ,~ 7 6 0,5 
ALL 
PR 5 97 44 10 4 4 1 29 1 6 1 
AML 
untreated 12 74 18,5 16,5 5 1 5 4 27 14 6,5 2,5 
AML 
CR 5 76 .64 5 2,5 2,5 6,5 .:.... 17 2,5 
AML 
PR 7 21 58 4,5 4,5 9 24 
CML 
remISSIon 2 83 59 2,5 21 1 2,5 5 10 
normal 
bone marroV{ 15 180 76 2,5 6 5,5 5 1 4 

n = 110 n = 1,026 

eR = eomplet remission, PR = partial remission, mon = monoeyt, mac = macrophag, eos = eosinophil, neu = neutrophil, pe = plasma eells, be = blast cells 



mal controls while the sum of pure eosinophil colonies and mixed colonies with 
eosinophils is of the same order as in normal bone marrow (Table 1). 

The most remarkable observation is the presence of plasma cells in 174 colonies 
and of blast cells in 20 colonies of a total of 926 colonies derived from the bone 
marrows of leukemic patients. Neither plasma cells nor blast cells were observed 
inany of 180 colonies from normal bone marrow. Using immunofluorescence 
techniques we were able to demonstrate that these plasma cells produce im
munoglobulins in vitro (10). Plasma cells in isolated colonies exhibited positive 
immunofluorescence after incubation with goat FITC-anti-human-globulin (Fig. 2, 
Table 2). In colonies from five patients, additionallabelling was carried out with 
specific antisera against IgG, IgA, and IgM heavy chains. Some plasma cells showed 
positive immunofluorescence with only one, others with all three antisera used. In 
addition, plasma cells from these colonies were incubated with anti-kappa and 
anti-lambda sera. The plasma cells of all colonies studied were labelIed by both 
antisera (Table 2). 

In order to study the effect of diffusible factors, produced by the feeder layer, 
on proliferation of leukemic cells, we investigated colony formation with and 
without feeder layer in various leukemias during remission and relapse. Bone mar
rows from patients in complete remission yield fewer colonies as compared to 

Table 11: Demonstration of Immunoglobulins in Plasma Cells from Soft Agar 
Colonies 

patient diagnosis antl- anti- antl- anti- anti- anti-
Ig IgG IgM IgA kappa lambda 

D. ALL 
untreated nt + (2) 11t 11t + (1) + (2) 

B. ALL partial 
remlSSlOn + (1) + (1) nt - (2) + (6) + (6) 

Z. AML partial . . + (3) + (1) + (3) + (3) + (3) remlSSlOn nt 
H. AML partial 

remISSIon + (5) - (2) (2) nt nt nt 
complete 
remISSIon nt 11t - (1) + (1) + (1) + (1) 

Wa. AML compIe-
te remission (4) nt nt nt + (1) + (1) 

We. AMML 
untreated + (4) + (2) - (1) nt nt nt 

O. AMML 
untreated nt nt nt nt nt + (1) 

demonstration of immunoglobulins using FITC coupled anti-human-immunoglobulin (goat), 
and anti-IgG, anti-IgM, anti-IgA (H-chain specific; rabbit), anti-kappa, anti-lambda 
(rabbit) 
+ = positive immunofluorescence 11- = negative immunofluorescence 11 nt = not tested 
/ / ( ) = nu mb er of colonies studied 
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Fig. 3: Mixed colonies of macrophages, blast cells, and plasma cells (acid phosphatase 
reaction). Strongly positive re action in macrophages (a, b), granular positive re action in 
plasma cells (b), negative reaction in blast cells (a, b). 

normal controls with and without leukocyte fee der layer (Table 3). While hardly 
any normal colonies have been observed without feeder layer, colonies consisting 
of blast cells only or of blast cells in combination with normal cells (Fig. 2, 3) 
have been detected in equivalent quantities with and without feeder layer. 

Discussion 

The results described (Table 1) demonstrate that under the culture conditions 
used (of Materials and Methods), normal bone marrow cells mainly produce colo
nies consisting of monocytes and macrophages. In addition, pure eosinophil 
colonies and mixed colonies of monocytes and eosinophils are observed. In all 180 
colonies from 15 normal controls investigated so far, no segmented neutrophils 
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Table III: Dependence of Normal and Leukemic Colony Formation on CSF 

nu mb er of colonies1 / 1 x 105 mononuclear bone 
marrow cells 

with feeder layer without feeder layer 
patient dia gnosis normal pathologie normal pathologie 

P. ALL 1,3 0,3 (j) (j) 
D. ALL 

untreated 0,8 9 (j) 14 
untreated 0,8 0,3 (j) (j) 

W. AMML 
untreated (j) 1 (j) 2 

O. AMML 
untreated (j) 0,4 (j) 1 

B. ALL 
PR 78 0,7 (j) (j) 

H. AML 
PR 96 1,8 (j) 2 
CR 95 0,5 (j) 0,3 

Z. AML 
PR 7 1,5 (j) 0,3 
PR 31 1 (j) 1,5 
eR 55 1,2 2 0,5 

D. AML 
PR 224 0,2 (j) 0,3 

K. AMoL 
PR 238 1,5 (jj 1,3 

H. AMoL 
PR 1,5 1,3 (j) 2,5 

W. AML 
CR 59 1 (j) 1 

1 = mean of five plates 
eR = complete remission - PR = partial remission 

have been observed. These data are in good agreement with the only other systema
tie eytologie study of eolony formation in soft agar we are aware of. This study 
has been earried out by SHOHAM et al. (27), who used spleen eells as souree of 
eonditioned medium. 

The redueed number of monoeyte/maerophage eolonies in untreated AML and 
AML in relapse is probably a result of the redueed number of normal myeloid 
preeursor eells during the aetive stages of AML. The relatively high pereentage of 
pure eosinophil eolonies would then represent the differentiated stages of a residual 
population of normal stern eells. Cytochemieal analysis using the N-ASD-chloraee
tate reaetion, which shows a positive reaetion in leukemic eosinophils only (28, 29), 
as weIl as comparative eytogenetic stupies in these colonies from leukemias with 
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chromosomal aberrations will give some important information regarding this 
hypothesis. Since macrophages are regarded to play an important role in the af
ferent limb of the immune system, the reduced number of monocyte/macrophage 
colonies in AML as compared to ALL and normal bone marrow might be of 
relevance for the clinical course of the disease. The relatively low percentage 
of pure eosinophil colonies from bone marrow of patients with AML and ALL 
in remission as compared to normal controls could be the result of a persisting 
differentiation defect in these cells, since eosinophils have to be regarded as the 
most differentiated myeloid cell in soft agar colonies. This hypothesis would also 
explain the increased number of mixed monocyte/macrophage/eosinophil colonies 
in these patients. Further studies are necessary to investigate the role of pure 
eosinophil colonies as a marker of marrow differentiation capacity and the 
possible correlation with the clinical course of the disease. 

The prescnce of plasma cells in colonies derived from leukemic patients and their 
absence in normal colonies cannot be explained so far. These plasma cells could be 
present accidentally in a colony containing blast cells. A specific interaction be
tween immunologically competent B cells and blast cells would then explain the 
persistence of plasma cells in abnormal colonies only. Due to the limited supply 
of plasma cells as yet no investigations have been carried out regarding the specifi
city of the antibodies produced, e. g. against leukemic blast cells. The alternative 
explanation would be that macrophages, monocytes, eosinophils and plasma cells, 
are derived from one pluripotent stem cell in presence of leukemic blast cells. The 
demonstrated presence of both, kappa- and lambdachains, in colonies containing 
plasma cells does not favour the hypothesis of a monoclonal origin of these plasma 
cells since the simultaneous presence of both, kappa- and lambda-chains, is observed 
in 1-2 % of all plasma cells only. The demonstration of colonies containing blast 
cells derived from leukemic bone marrows suggest the presence of factors inducing 
proliferation and in some cases even differentiation of blast cells under our cultural 
conditions. The experiments described by GALLAGHER (15) and DICKE (8, 30) 
also prove that these factors do exist. Our data, however, demonstrate that these 
factors do not originate from the leukocyte feeder layer, since there was the same 
number of pathologie colonies with and without feeder layer, while normal colonies 
were almost completely missing (Table 3). If it were possible to enhance growth of 
pathologie colonies from AML remission bone marrow with PHA, this technique 
allowed better evaluation of the residual leukemic stern cells during clinical re
mISSIOn. 

Our investigation has demonstrated the necessity of cytological and cytochemical 
classification in addition to quantitative evaluation of soft agar colonies when 
studying the effect of factors on proliferation and differentiation of normal and 
leukemic stern cells. Differentiation patterns should only be interpreted after care
ful cytological and cytochemical identification of the cel!. 
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Abstract 

Cellular organization and communication in leukemic hemopoiesis may be com
pared with its counterpart in normal hemopoiesis. Results obtained using cell cul
ture methods have provided some support for the view that leukemic hemopoiesis, 
like normal hemopoiesis, may involve 3 levels of differentiation: leukemic stern 
cells, committed leukemic progenitors, and more mature cells. Evidence is also 
beginning to emerge that leukemic populations may be regulated by messages frorn 
the environment in a manner analogous to normal hemopoiesis. The apparent simi
larities between leukemic and normal hemopoiesis raise the possibility that the 
target cell for leukemic transformation is the normal pluripotent stern cel!. The 
development of culture methods for the production of leukovirus-like partides 
from human leukemic cells provides a possible :first step toward the direct identi:fi
cation of leukemic target cells. 

Indrotuction 

The purpose of this paper is to discuss leukemic hemopoiesis in relation to 
its normal counterpart. The approaches being used to investigate leukemic hemo
poiesis are analogous to those that have, over the last decade, provided information 
about cellular organization and communication in the normal hemopoietic system. 
These approaches, principally using developmental methods based on colony 
formation either in vivo or in culture, have led to a generally accepted view of 
interrelationships among normal hemopoietic progenitors (1, 2). The earliest identi
fied dass is the pluripotent stern cells, whose proliferative potential includes 
sufficient capacity for self-renewal to maintain the system (3). The next position 
in hemopoietic lineage is occupied by populations of progenitor cells each commit
ted to a specific differentiation pathway such as granulopoiesis, erythropoiesis or 
megakaryocytopoiesis. These committed progenitor cells, while probably lacking 
sufficient proliferative potential for self-maintenance, permit subpopulations of 
cells within the different pathways of differentiation to expand independently 
of each other, giving rise to a variety of functional cells in appropiate numbers. 

Each stage in hemopoietic differentiation represents a potential site of regulation. 
It has been proposed (4) that distinct classes of "managerial" cells with specialized 
regulatory functions coexist with the classes of cells subject to their contro!. A 
defect in the function of one such managerial cell dass has been detected in genet-
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ically anemic Sl!Sld mice (5). Recently developed cell culture methods have 
greatly extended the study of regulatory mechanisms. Extensive studies on granu
lopoiesis in culture have shown that diffusible substances derived from another 
co existent cell dass can promote the production of granulocytes (6, 7). Although 
extrapolation from events observed in cell culture to the corresponding events in 
vivo must be done with great caution, the analytical power of cell culture tech
niques pro vi des justification for their use to study regulation. 

This background of conceptual and methodological information about normal 
hemopoiesis makes it feasible to examine leukemic hemopoiesis. Specifically, one 
can ask whether or not some of the organizational and regulatory features of 
normal hemopoiesis persist in human leukemia. Some evidence that this is tqe case, 
based on results obtained using cell culture methods, will be summarized below. 

Heterogeneity in leukemia 

Leukemic cell populations might be considered to retain features of normal 
hemopoiesis if they were, like normal hemopoietic populations, composed of heter
ogeneous cell dasses interrelated as celllineages and responsive to regulatory mes
sages. Initial evidence in favor of this view came from the application to leukemic 
cell populations of methods for growing granulopoietic colonies in cell culture. 
Reports from a nu mb er of laboratories indicated that marrow specimens from 
patients with apparently similar dinical forms of leukemia behaved very differ
ently in culture. For example, in some patients with acute myelogenous leukemia 
(AML), colony formation was greatly diminished or absent, while in other patients 
it exceeded normal levels (8, 9). Thus, cell populations from different leukemic 
patients showed heterogeneous behaviour in cell culture. In addition, it was evi
dent that marrow from some patients with acute leukemia contained cells capable 
of differentiation in culture and, like their counterparts in normal marrow, were 
dependent for growth in culture on the presence of appropriate stimulatory fac
tors (see, for example, refs. 10, 11). Thus, these initial observations were compatible 
with the view that analogies might be found between leukemic and normal hemo
pOleSlS. 

More clear-cut evidence for heterogeneity in leukemic cell populations has e
merged from studies of leukemic cells in liquid cultures (12, 13). Large quantities of 
morphologically identified bl asts may be obtained from the peripheral blood of 
patients; repeated experiments can be done on cells from a single source by storage 
of the c;eIl populations at -70 oe in 5 % dimethyl sulfoxide. When such cells are 
placed in fluid cultures in appropriate media, little change in cell number is usually 
observed over aperiod of many days. Nonetheless, active proliferation is oc
curring; when cultures are pulse-Iabelled at different times with 3H-thymidine, 
extensive increases are observed in the incorporation of the label into acid-insoluble 
material (12). This incorporation is associated with increased numbers of labelIed 
cells as detected by autoradiography. The increase in 3H-thymidine incorporation 
is sensitive to ionizing radiation and survival curves have been obtained with 
parameters characteristic of mammalian cell proliferation (Fig. 1) (14). Recent 
studies, based on the technique of limiting dilution indicate that the proliferative 
subpopulation detected by 3H-thymidine incorporation is a minority one, con-
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Fig. 1: Radiation survival curve for the incorporation of 3H-thymidine by cells in liquid 
culture, derived from a patient with AML. Ordinate: percent survival of 3H-thymidine 
incorporation over 45 min by 105 cells per ml in 3 ml liquid cultures, 4 cultures per point. 
The cells were exposed to 3H-thymidine 8 days after irradiation and initiation of the 
cultures. Abscissa: dose of 137CS gamma radiation. The Do value is the dose required to 
reduce the percent survival to 37 % of the initial value. The errors indicated are standard 
errors. 

sisting of between 1:100 and 1:1000 of the total cells (14). If it is assumed that at 
least a portion of the proliferating subpopulation consists of leukemic cells (15), 
then these results are compatible with the view that a minority population of 
leukemic cells is able to proliferate and contribute to the numbers of a larger 
leukemic population with a modified capacity for proliferation. Such a situation 
would be analogous to that found in normal hemopoietic differentiation where a 
minority population of stern cells proliferates and gives rise to a large population of 
progeny, most of which have lost stern cell properties. 

Regulation in populations of leukemic cells 

Two of the major properties of stern cells are the capacity for extensive prolife
ration including self-renewal, and the capacity to give rise to cells with different 
characteristics. Approaches to the identification of cells with these properties in a 
minority subpopulation in leukemia were outlined above. The third major property 
of stern cells is their sensitivity to control mechanisms (16). Some evidence for 
cellular interactions of a regulatory nature has also been obtained from studies of 
leukemic peripheral blood cells in fluid cultures. When the usual synthetic culture 
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Fig. 2: Stimulation of 3H-thymidine incorporation into AML cells in liquid culture by 
various concentrations of leukocyte-conditioned medium. Triangles: an active conditioned 
medium prepared in liquid culture in the presence of 1 % phytohemagglutinin (PHA) (12). 
Circ1es: a conditioned medium prepared from cells immobilized in agar, in the absence of 
PHA (47); this conditioned medium showed little or no activity when assayed on these 
particular responder cells. Closed square: the same conditioned medium as for the results 
shown as circ1es, but with 1 % PHA added to the cultures of responder cells together with 
the conditioned medium. 

medium supplemented with fetal calf serum was supplemented further by the 
addition of supernatants from cultures of normal or leukemic leukocytes, in
corporation of 3H-thymidine into peripheial blood cells from some patients in
creased at a more rapid rate. Although considerable patient-to-patient variation 
has been observed, it is usually possible under conditions of limiting dilution to 
demonstrate that the leukemic populations contain cells that proliferate only in the 
presence of an active leukocyte-conditioned medium (Fig. 2). Using cell separation 
methods, preliminary evidence has been obtained that leukemic populations not 
only contain cells capable of responding to growth-promoting factors, but also 
another class of cells capable of producing these growth-promoting factors, either 
spontaneously or in response to phytohemagglutinin (13). Thus, evidence is avail
able that the third major stern cell property, sensitivity to control mechanisms, 
may be retained by leukemic stern cells. This implies that a basic feature of normal 
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granulopoiesis in culture, regulation by cellular inter action, is also found in leu
kemic populations. 

Committed progenitor cells in leukemia 

Progenitor cells committed to granulopoiesis can be detected readily by their 
capacity to form granulopoietic colonies in culture (6). The granulopoietic pro
genitors detected using this assay in the marrow or blood of patients with leukemia 
might belong either to the leukemic population or to a co-existing normal popu
lation. Convincing evidence for the existence of leukemic committed progenitors 
has been obtained for patients with chronic myelogenous leukemia (CML). The 
Philadelphia chromosome has been identified in colonies formed by cells from 
so me but not a11 patients with Ph+ CML (11, 17-20). Analogous evidence is avail
able for acute myelogenous leukemia (AML) in that characteristic chromosomal 
abnormalities found in direct marrow preparations have been identified in pooled 
cultures (21) and in individual colonies (10, 11) derived from the marrow or 
peripheral blood of leukemic patients. These results indicate that at least some 
committed progenitors found in leukemic cell populations are of leukemic origin. 
In some patients, therefore, leukemic stern cells give rise to progeny as detected by 
the culture assay for granulopoietic progenitors. Although the differentiation pro
cesses occurring in cultures derived from leukemic granulopoietic progenitors may 
be abnormal (10, 22, 23), these progenitors are, like their normal counterparts, 
dependent for their growth in culture on diffusible factors derived from either 
normal or leukemic cells (8-11). We conclude that, in addition to cellular heter
ogeneity in leukemia of the kind to be expected if leukemic stern cells are present, 
evidence for parent-to-progeny lineage relationships also exists and that leukemic 
committed granulopoietic progenitors respond in culture to factors simi-lar to those 
that regulate differentiation in culture by their normal counterparts. 

Erythropoietic differentiation from pluripotent leukemic stern cells has been 
demonstrated in CML on the basis of chromosomal evidence (24-26). Analogous 
though less extensive evidence is also available for acute leukemia (27, 28). Colony 
techniques are now available for human erythropoietic progenitors (29, 30); as 
these are applied to cells from patients with leukemia it will become possible to 
investigate the potential for differentiation of leukemic erythropoietic progenitors 
in a manner similar to the studies already carried out on leukemic granulopoietic 
progenitors (10, 11, 21). 

Diffusible regulators of ceU growth in culture 

Granulopoietic colony formation in culture is dependent on the presence of a 
suitable source of certain diffusible factors. These factors, collectively termed col
ony stimulating activity (CSA) have been studied extensively in the serum and 
urine of patients with leukemia. Studies on sera have been complicated by the 
presence of inhibitors (31) and even when these were removed, correlation of CSA 
serum levels with clinical status was not observed (32). These CSA measurements 
have generally been complicated by the use of mouse marrow cells rather than 
human marrow cells in the assay procedure. Evidence is available that CSA 
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Fig. 3: Gel filtration on Sephadex G-150 of CSA assayed by stimulation of colony for
mation by granulopoietic progenitor cells (CFU-C). Upper panel: CSA purified from leu
kocyte-conditioned medium (LCM) prepared from peripheralleukocytes of a patient with 
cllronic myelogenous leukemia (CML). Lower panel: CSA purified from surface membranes 
of leukocytes from the same CML patient, after solubilization of the membranes in 2 % 

sodium dodecyl sulfate. The methods used for isolation of membranes and purification of 
CSA have been described (34, 36). 

deteeted by the mouse assay need not be the same as CSA deteeted using human 
eells (33). For this reason, much of the work on CSA in leukemia is diffieult to 
mterpret. 

More reeent studies using eells of human origin to assay for either CSA or 
CSA-produeing eells have yielded a more eonsistent pattern. A eonvenient souree 
of CSA aetive on human granulopoietie progenitors is medium in which normal or 
leukemie leukoeytes have been eultured for 3-7 days. Purifieation of CSA from 
such leukoeyte eonditioned media has revealed four apparent moleeular speeies; 
of these, three are nondialyzable and have moleeular weights of approximately 
93,000, 36,500 and 14,700 (34). The fourth speeies is dialyzable, hydrophobie and 
has a molecular weight of less than 1300 (35). The cellular loeation of the three 
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high molecular weight species of CSA has been investigated and they have been 
found in assiciation with cell surface membranes (36). 

Leukemic cells also add CSA to culture media. However, when peripheralleuko
cytes from newly-diagnosed leukemic patients are used to prepare conditioned 
media, and the same purification procedure as that used for media conditioned by 
normalleukocytes is applied, only one of the three species of high molecular weight 
CSA is detected in the leukocyte conditioned media (34). 

The difference in number of high molecular weight species of CSA detectable in 
media conditioned by normal and leukemic leukocystes does not appear to be 
simply the result of differences in the relative numbers of various ceU classes in 
the two populations. Evidence supporting this view is presented in Figure 3, which 
shows results from a direct comparison of high molecular weight CSA in media 
conditioned by ceIls from a patient with CML and high molecular weight CSA 
obtained from the surface membranes of cells from the same patient. The leukocyte 
conditioned medium yielded only a single species of high molecular weight CSA, 
even though the ceUs in the peripheral blood of this same patient contained all 
three species, and the cell classes present included all those found in normal blood. 

This approach has also been applied to cells from patients with idiopathic side
roblastic anemia, a condition known to be associated with a high incidence of leu
kemic transformation. Leukocyte conditioned media were prepared from periph
eral leukocytes of six patient.s with idiopathic ~ideroblastic anemia. Although the 
distribution of cell classes in tpe blood of these patients was not abnormal, in three 
instances only a single species of high molecular weight CSA was detected in the 
leukocyte conditioned media (37). Two of these three patients subsequently devel
oped leukemia while the third died of myocardial infarction three months after his 
cells were assessed. None of the patients whose leukocytes released all three high 
molecular weight species of CSA have developed leukemia (5-12 months of follow
up to date). The controls in these studies consisted of four patients with secondary 
or congenital sideroblastic anemia. Leukocyte conditioned media prepared from 
their leukocytes contained the usual three species of high molecular weight CSA. 

These data are consistent with the view that the capacity of leukocytes to re
lease these particular bioactive moleeules into culture media is an expression of 
their phenotype. The findings in sideroblastic anemia support the hypothesis that a 
reduced capacity of leukemic leukocytes to release certain species of CSA in cul
ture may be related to the leukemic phenotype rather than a secondary mani
festation of disordered cell metabolism or altered distribution of cellular popu
lations. Since high molecular weight CSA species are located in or near cell mem
branes the proposal ~hat their abnormal release in leukemia is part of the leukemic 
phenotype is consistent with other evidence suggesting membrane changes in this 
disease and reminiscent of the model proposed for regulation of normal granu
lopoiesis by membrane interactions (36, 38, 2). If the molecular species that are 
essential for proliferation and differentiation in culture are also physiologically 
active in vivo, the decreased ability of leukemic leukocytes to release such bio
active membrane components may contribute to abnormal cell regulation in 
leukemia. In any event, the findings provide further support for the view that 
leukemic populations retain some of the regulatory features of normal hemopoiesis. 
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Leukemic Target Cells 

The cell culture data summarized above provide clues that leukemic populations 
may be heterogeneous, with a hierarmy of cell classes linked by lineage relation
ships and responsive to regulatory memanism in a manneranalogous to the 
relationships found in normal hemopoiesis. These results, however, do not be ar di
rectly on the relationship between leukemic stern cells and their normal counter
parts. The evidence for both granulopoietic and erythropoietic differentiation in 
CML and AML makes it attractive to consider that the target cell for leukemic 
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Fig. 4: Velocity sedimentation profile of marrow cells from a patient with acute lympho
cytic leukemia (ALL). Lower panel: profile of nuc1eated cells. Upper panel: distribution 
of reverse transcriptase activity in pools of cells cultured for 5 days. The total enzyme 
activities in the supernatant medium and the cells from each pool are shown as bars. 
Reverse transcriptase activity as stimulated by poly rC(dG)19_111 was assayed after the 
cells and supernatant medium were fractionated in sucrose gradients, as described (39, 40, 
46). 
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transformation is the normal pluripotent stem cell. If this view is correct, then 
the various types of leukemia recognized morphologically must be determined by 
the transforming events rather than by the ceU class in which they occur. 

If the normal pluripotent stem cells are the target cells for leukemic trans
formation, then methods for studying this transformation are required in order to 
make a direct identification of the leukemic target cells. Astart toward this goal 
has been taken wtih the development of culture methods which result in the pro
duction of particles with many of the physical, biochemie al and morphological 
properties of leukoviruses (39-43). The biological significance of the production of 
these virus-like particles by leukemic cells is still unclear; in particular, it is not 
known wh ether or not they are able to cause a leukemic transformation of normal 
hemopoietic ceIls. However, if the cellular heterogeneity in leukemic populations 
is related, as in the normal, to patterns of growth, it might be anticipated that 
any cell properties with functional significance would be associated with specific 
subpopulations rather than with all cells in the leukemic populations. From this 
viewpoint, the capacity to produce leukovirus-like particles may be regarded 
simply as a functional property of ceUs, and one may test whether or not only a 
subpopulation of leukemic cells exhibit this particular function. On the basis of 
this reasoning, leukemic populations were separated by velocity sedimentation, and 
fractions were pooled to yield suspensions of approximately equal ceU numbers. 
These were then tested for their capacity to release virus-like particles, using as the 
criterion of particle release the presence of RNA-dependent DNA polymerase 
(reverse transcriptase) whose acitivity is stimulated by poly rC(dG)12-18 and is 
associated with densities from 1.17 to 1.22 gm/mI. This criterion was chosen be
cause poly rc( dG)12-18 is considered to be a specific template for viral-related 
reverse transcriptase (44, 45) and because assays for enzyme activity revealed 
peaks of activity in density regions characteristic of intact virus or viral cores 
(1.17 and 1.22 gm/mI respectively). For cells from 6 of 12 patients, including 
patients with AML, ALL, CML, and AMML, particle release was associated with 
pools containing rapidly sedimenting (large) cells. An example of data from a 
typical experiment is shown in Figure 4. Cell populations from 6 other patients 
provided no evidence of particle release in cultures from any of the ceH pools (46). 

As controls, marrow from 11 patients without leukemia were separated by 
velocity sedimentation and pools of cells of appropriate sedimentation velocities 
were examined for particle release using the same criterion. In 4 of these experi
ments small but significant amounts of enzyme activity were detected, although at 
lower levels than those found for the 6 cases of leukemia where particle release 
was detected. In contrast to the leukemic populations, however, enzyme activity 
was always associated with pools of slow sedimentation velocity (small ceIls). 

As emphasized earHer, the criterion for particle release used in these experiments 
was limited to the detection of reverse transcriptase activity in association with 
appropriate densities on sucrose gradients and stimulated by the artificial template 
poly rC( dG)12-1S' In the absence of more detailed characterization, particularly 
of the material obtained from normal cells, the relationship of the enzyme-con
taining particles to known viruses or to preparations from different patients can 
be only a matter of specula.tion. However, the cellular specificity of particle release 
is consistent with the view that this property reflects functionally important aspects 
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of the phenotypes of specific cell populations in normal and leukemic hemopoiesis. 
The relationship -of these particle-releasing subpopulations to the other normal or 
leukemic cellular subpopulations remains to be determined. 

Concluding Remarks 

Information about leukemic populations is much too limited to perrilit the con
struction of a detailed model of celliineage relationships. It is reasonable only to 
postulate the existence of leukemic stern cells capable of extensive proliferation, 
including seH renewal, and of giving rise to other cell classes with different prop
erties. The latter cell classes include leukemic progenitors committed to granu
lopoiesis and other leukemic progenitors committed to erythropoiesis. In acute 
leukemia, the major morphologically-recognizable population consists of'blast cells, 
whose relationship to the leukemic stern cells is unknown. For example, the blast 
cells might be at an early level of differentiation analogous to that of normal com
mitted progenitors, but prevented by the leukemic lesion from further maturation. 
Alternatively, they might be cells that have progressed along another pathway 
unique to the leukemic population. The limited amount of information that is 
available does, however, provide some support for the view that leukemic popu
lations may be organized into cell lineages and regulated by messages from the 
environment in a manner analogous to normal hemopoiesis. If this viewpoint is 
correct, it should be possible to identify a class of "managerial cells" in leukemia. 
At present, it is not known whether messages able to· modulate leukemic growth 
originate from cells within the leukemic population, or frorn normal managerial 
cells, or both. For leukemic leukocytes in culture, the release of a single species of 
high rnolecular weight CSA into culture medium, in contrast to the three high 
molecular weight species of CSA released by normal leukocytes, could be a direct 
manifestation in culture of the defective regulation characteristic of leukemic pop
ulations. Alternatively, the differences may arise from surface membrane changes 
in leukemic cells which are part of the leukemic phenotype, but not direct1y related 
to the defective regulation characteristic of leukemia. We have proposed (36, 38, 2) 
that these molecular species of CSA represent a novel class of surface membrane
associated bioactive macromolecules. From this viewpoint, they represent a means 
to detect surface membrane differences between normal and leukernic cells. To 
date, the only circumstances in which a reduction in numbers of high molecular 
weight species has been observed were for leukemic patients and for patients proven 
to be pre-Ieukemic (37). Thus, the shift from three high molecular weight species 
of CSA to one species may prove to be a very useful marker of leukemic or pre
leukemic cell populations. 

Another very intriguing question concerns the possible significance of the capac
ity of a rapidly-sedimenting subpopulation of leukemic cells to release virus-like 
particles. Is the capacity of this particular subpopulation to produce particles a 
property only of leukemic stern cells? Should this be the case, it need not necessarily 
imply an etiologic role of such virus-like particles in human leukemia. Instead, it 
might be arefleetion of a more extensive capacity for gene expression in the 
leukemic stern cells cornpared with other cell types present in leukernic populations. 
Such a marker for leukemic stern cells, whatever its functional role, would be of 
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great value. However, the basis for the enzyme aCtlVlty detected in pools of 
slowly sedimenting eells derived from non-Ieukemie marrow needs to be clarified; 
it remains to be demonstrated that the particles produeed by the normal and 
leukemic subpopulations are different enough to be useful as speeific markers. Also, 
it should be stressed that the eulture conditions used to obtain release of particles 
are unlikely to be representative of events oceurring in vivo. 

Taken together, the areas of ignorance greatly outnumber those where firm in
formation is available. Nevertheless, the elucidation of the organization and regu
lation of leukemie eell populations should lead to novel therapeutie modalities; 
one ean visualize, in addition to the toxie agents used to inaetivate leukemie stern 
ceIls, a second generation of non-toxie agents able to modify regulatory mechanisms 
and thus eontrol, in a more seleetive way, the proliferation and differentiation of 
cells in leukemic populations. 
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The disturbance in growth of hemopoietic cells in human leukemia takes place at 
the stern cellievel. In order to characterize the leukemic cell populations attention 
has been focused on first steps of the development of the hemopoietic system. 

The stern ceIl level can be understood as a compartment of ceIl populations 
which are distinguished by their capacity of growth anti differentation. NormaIly, 
the system is in a steady state. Little, however, is known about the precise relation
ship between the ceIls within this compartment (Lajtha 75). The variety of these 
ceIls complicates considerably a detailed study. Therefore attempts were made to 
cope with this problem by using isolated cell classes (Moore 72, Quesenberry 74). 

Besides cell density (Leif 70) and cell volume (Miller 67) cell surface specific 
parameters are used for ceIl separation procedures since it has been shown that the 
cell surface is involved in various ceIl functions as maturation (Lichtmann 72), 
antigenicity (Sandford 67), malignant transformation or metastasizing (Aber
combie 62). The negative electric surface charge of mammallian ceIls is one of the 
ceIl surface specific parameters which can be used to discriminate between function
aIly defined ceIls (Ruhenstrodt-Bauer 61). The preparative continuous free flow 
cell electrophoresis enables additionally the functional testing after the separation 
(Hannig 61). The successful application of this method on mammallian cell mix
tures has been shown by several investigators (Hannig 69, Zeiller 72a, 72b, Schu
bert 73, v. Boehmer 74). It is the purpose of this presentation to show that pre
parative cell electrophoresis combined with the diffusion chamber assay contributes 
to further characterisation of the human stern cell compartment. 

For the isolation of human bone marrow cells the electrophoretic cell separator 
FF5 (Bender and Hobein, München) was used. The separation conditions were 
described elsewhere (Schubert 73, Zeiller 75). After separation the single fractions 
were tested for their capacity of growth and differentiation by the conventional 
diffusion chamber method (Benestad 70, Boyum 72). NMRI mice were used as 
hosts. In order to stimulate erythropoiesis the animals were kept at 0.5 atm. 

The work was supported by Deutsche Forschungsgemeinschaft grant 157/Schu. 
1 Holder of scholarship of Kind-Philipp-Stiftung. 
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immediately afler chamber implantation (Schopow 75, Walther 76). Each chamber 
was filled with 750,000 nucleated cells. Harvesting was done on day nine. 
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Fig. 1 : For explanation see text. 

The results of the analysis of normal human bone marrow are shown in Fig. 1. 
The number of nucleated cells grown in the diffusion chamber are plotted against 
electrophoretic migration. Each point represents the mean value of up to six cham- 
ber contents. It is evident that two different stem cell populations based on their 
electrophoretic migration are existent with comparable growth capacity. The 
maxima are in fraction -3 and -6 repsectively. On the right side of Fig. I the 
morphological analysis of the chamber output into erythroblasts, megacaryocytes 
and immature granulocytes is shown. Again a bimodal distribution is also exhibited 
by the subpopulations. The cellular composition in both maxima is nearly identical. 
Besides the cell types described mature granulocytes, unknown blasts and macro- 
phages have also been classified. No correlation exists between the cellular com- 
position filled originally into the chambers (shaded areas Fig. 1) and that harvested 
on day nine. This gives evidence that the cells grown in the diffusion chambers 
are newly generated from stem cells which are not accessible to a precise morpho- 
logical characterisation within the bone marrow cell mixture. The application of 
this method to human acute leukemia shows a striking difference of the growth 
behaviour in comparison to normal conditions as shown in Fig. 2 (The graphic 
presentation is in accordance to Fig. 1). On day nine only those cells caused 
progeny in the chambers which originated from the region of slow electrophoretic 
migration (fraction -5 to -10). The lack of cell growth in the fast migrating region 



which contained originally the myeloblasts of the bone marrow can be due to 
very different growth kinetics or insufficient proliferation capacity. Both state
ments are not in accordance with observations made with unseparated peripher al 
human blood myeloblasts (Hoelzer 74). 

If these results with bone marrow cells of human acute leukemia are specific 
must be proven in further experiments. With the presented experimental approach 
it might be possible to seize upon disturbances at the stern cellievel and contribute 
to further insight into the pathogeneses of human leukemias. 
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Fig. 2: Nucleated cells normalized grown in DC on day nine plotted against electropho
retic migration. (Myeloblasts subtracted). 
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Abstract 

Differentiation of hemopoietic cells appears to depend upon specific interactions 
of certain cell-factors. The phenotypic abnormality in leukemia may involve an 
impairment in these interactions. In this report we present some of our views of 
leukemogenesis with respect to cell-factor inter action and the feasibility of experi
mental approaches to this problem. In culture, the interaction of myelogenous cells 
with factor(s) leading to differentiation can be measured either with a suspension 
mass culture method or by asolid (semi-soft) clonal method. The protein factors 
that support the growth of hemopoietic cells in suspension culture are termed 
growth stimulating factors (GSA) and in semi-solid culture, colony stimulating 
factors (CSA). Studies using conditioned medium prepared from phytohemagglut
inin stimulated human lymphocytes (PHA-LyCM) and whole human embryo ce11s 
(WHE) revealed that GSA and CSA were not identical for growth of either normal 
human or leukemic leukocytes. In some cases maturation of leukemic leukocytes 
was observed. Fractionation of PHA-LyCM showed that there are three peaks for 
CSA. Each peak contains different fractions for supporting cellular proliferation, 
differentiation, and self-renewal of precursor cells in suspension culture. Appar
ently, each contains heterogenous species of protein factors some of which function
a11y overlap, while others do not. 

Introduction 

In order to carry out the normal function of hempoietic tissue, it is essential to 
have a continuous supply of mature functional ceIls, granulocytes, erythrocytes, 
megakaryocytes and plasma cells. These mature cells are derived from some pro
genitor cells which are committed for a particular pattern of differentiation, for 
example, granulocytes derived from a granulocytic cell progenitor (1, 2) and ery
throcytes from an erythrocytic cell progenitor (3). The committed progenitor cells 
are in turn derived from some multi potent stern cells (4, 5, 6). The transition from 
precursor cells to differentiated cells requires some protein factors. Colony stim
ulating activity (CSA) and erythropoietin are examples of factors required for the 
transition from progenitor cells to differentiated cells (1-3). Little is known about 

51 



the factors required for the transition from stern cells to progenitor cells (7). Speci
fic interactions between factors and factor responsive cells appears to be required 
for normal differentiation and proliferation. Disturbances in these interactions 
may impair the normal differentiation process. The phenotypic change in leukemia 
probably involves changes in the normal interaction between factors and the factor 
responsive cells, leading to a block in the normal maturation process (8, 9, 10). In 
this paper we wish to present our concepts of leukemogenesis with respect to cell
factor interactions and, more importantly, to present some preliminary results 
which illustrate the feasibility of experimental approaches to this problem. 

Defectiveness of cell-factor interaction: 

There are at least three means by which cell-factor interactions can be blocked 
(see Table 1). First, defectiveness in differentiation could be, and most likely is, in 

Table 1: Defects in Cell-Factor Interactions 

Defect 

Factor responsive cells 
Factor 
Factor producing cells 

Response to factors in vitra 

+ 
+ 

':. Sometimes a positive response could be obtained either because of artificial conditions 
in vitro (there is less stringent control(s) in vitra) or because of the presence of some other 
factor for the specific abnormal situation. 

the factor responsive cells. For example, if the membrane or factor receptor sites 
of the responsive cells is altered as a result of viral infection or treatment with 
physical or chemical agents, these cells may no longer respond to normal concen
trations of factor (11). Secandly, defectiveness in differentiation could be due to 
the production of abnormal factors or to the presence of inhibitors. This situation 
would result in an insufficient concentration of factors for normal differentiation. 
Thirdly, the defect could be due to alteration(s) in the factor producing cells. For 
example, if the factor producing cells are infected by a virus, inadequate produc
tion of the factor might result. Among the three possibilities just described, the first 
is intrinsic to the factor responsive cells, while the other two are extrinsic to the 
responsive cells. Both the intrinsic and extrinsic causes may result in either an 
accumulation of early immature cells (such as in polycythemia vera and leukemia) 
and/or in a deficiency in the mature cell population (such as in neutropenia, aplastic 
anemia and pancytopenia). 

The response of the factor responsive cells to exogenous factors in culture is 
different in each of the situations described (Table 1). In the first, most of the 
target ceIls cannot respond to factors, and therefore no growth and differentia
tion will be observed in culture. However, sometimes these defective cells might 
respond to factors under artificial in vitra conditions or respond to some specific 
factors. In the second and the third situations, one would predict that the factor 
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responsive cells will proliferate and differentiate in culture if proper exogenous 
factors are provided. In fact, results from many studies strongly suggest that same 
acute myelocytic leukemic cells from same patients grow and differentiate in cul
ture while some apparently do not (12-16). This type of response or non-response 
has also been observed in some cases of neutropenia (17-19). 

Measurement of factor-cell interactions: 

Cell-factor interactions are expressed in three processes: proliferation, differen
tiation, and self-renewal. In granulocytic differentiation, these processes are con
ventionally measured in culture by two methods (Table 2). One is the colony 

Table 2: Measurement of Cell-Factor Interaction 

Methods Factors Involved Measurements/1 

Semi-soft medium 
(agar or methylcellulose) 
Suspension culture 

CSA 
GSA 

Colonies 
Cell. counts and morphology 
[3H]dThd 
Number of colony-forming cells 

1 The procedures for diese measurements are described in the Legend to Figure 1. 

forming assay in semi-soft agar (1, 2) or methylcellulose (20, 21). The factors in
volved in this assay are called colony stimulating activity (CSA) or colony stimu
lating factor (CSF). This method provides a quantitative measurement of the num
ber of progenitor cells and also the differentiation and proliferation capacity of 
the progenitor cells (21, 22, 23). The other method is by suspension culture assay. 
By counting the cell number or by measuring thymidine uptake, it is possible to 

measure the proliferative capa city of the target cells. By observing the morphology 
of the ceIls, it is possible to determine the degree of differentiation. One can also 
measure the process of self-renewal by measuring the growth of colony-forming 
cells in suspension culture using the above mentioned colony technique in cul
ture. The protein factors that stimulate these activities in a suspension culture are 
called growth stimulating activity (GSA). It is worth emphasizing that both CSA 
and GSA are defined according to their function as they might contain a pool of 
many activities. Identification of the protein factors corresponding to each functi
onal entity is obviously critical in achieving an unambiguous understanding of the 
nature of these factor-cell interactions. 

Contitioned medium from human lymphocytes: 

Conditioned medium was prepared from normal human blood lymphocytes (24, 
25). We have previously demonstrated that conditioned medium from this source 
is specific for human and subhuman primates, and it is relatively easy to prepare 
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(24). The procedure for preparation has previously been described in detail (24) 
but is also summarized here. 107 cells per ml are incubated in serum free Dulbec
co's Modified Eagle's Medium for four to six days. When conditioned medium is 
prepared in the presence of phytohemagglutinin (PHA), the culture contains 106 

lymphoid cells per ml, 1 % PHA-M (Difco), and 1 % homologous plasma in 
RPMI-1629 medium. The cells are incubated at 37°C wirh 10 % CO2• The 
medium is harvested the third day after incubation. The cOI;1ditioned medium ob
tained in the presence of PHA (PHA-LyCM) contains CSA for human and monkey 
target cells but not mouse cells (Table 3 and Reference 24). Another advantage of 

Table 3: Species Specificity and Colony Size from LCM and LyCM in the Pre
sence and Absence of PHA 

Source of PHA Colony Formation!! Colony Size 
Condition Medium Human Primate Mouse (Human Cells) 

Leukocytes (LCM) ++ ++ Medium to cluster/2 

+ ++++ + Large to medium 
Lymphocyte (LyCM) ++ + Medium to cluster 

+ ++++ +++ + Large to medium 

1 The procedure for the agar colony assay is described in the Legend to Figure 1. 
2 Cluster: less than 50 cells; small colony: about 50 to 200 cells; and large colony: more 
than 200 cells. 

using PHA for factor production is that the size of colonies stimulated by this 
factor is much larger than those stimulated by conditioned medium without PHA 
stimulation. Very often the colonies contain several thousand cells. Conditioned 
medium prepared from buffy co at leukocytes in the presence of PHA are similar 
to those prepared from the lymphocyte enriched fraction with respect to species 
specificity and colony size (Table 3). In the studies described here, the experiments 
were mostly done with conditioned medium prepared from lymphocyte-enriched 
fraction in the presence of PHA. We found that CSA is produced both from B 
and T lymphocyte populations. While the B lyrnphocyte fraction is able to produce 
CSA without PHA stimulation, the T cell population requires PHA stimulation. 
I t has been reported that CSA for human cells are produced from human mono
cytes (26, 27) or adherent cells (28). Our findings would suggest that CSA are 
produced from more than one type of cello Alternatively, the factor producing 
cells may be co-fractionated with both adherent and non-adherent cells. 

CSA activity in PHA-LyCM: 

As discussed above, PHA-LyCM contained CSA that stimulates the formation 
of large size colonies in semi-soft agar medium. Six types of colonies can be 
distinguished by morphology (Wu, Glick and Gallo, manuscript in preparation). 
Some have been described before (21, 23). Type-1 colonies are compact with un-
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even rigid edges. They contain inainly eosinophilic granulocytes which are 
peroxidase positive. Type-2 colonies look compact in the center with cells loosely 
distrihuted in the periphery. This type of colony consists mainly of neutrophilic 
granulocytes or monocytes which are peroxidase positive. Type-3 colonies are 
those with cells evenly and loosely distrihuted. These are peroxidase negative 
macrophage cells. Type-4 are colonies that are scattered with clumps of cells. Each 
clump contains less than 10 cells. Each cell in the clump is relatively large compared 
with other colony ce11s. It will be of interest to determine if these cells are mega
karyocytes. Type-5 colonies are the clusters which contain less than 50 ce11s. They 
could look like type-l or type-2 except for their sm aller cell numbers. Finally, 
type-6 colonies are those which contain an aggregation of several clusters (less than 
50 cells per cluster). This type of colony resembles the "burst" formation in 
erythrocytic colony formation in the plasma clot system (34). This type of colony 
sometimes is difficult to distinguish betwenn single-cell origin or multi-cell origin. 
At the conclusion of morphological identification, one should point out that the 
correlation between colony morphology and histochemical properties of colony 
ce11s is a relatively rough one. For precise study, the identification of the nature 
of colonies still requires histochemical staining. 

The CSA described here are relatively heat stable. They are active after 
treatment at 70°C for one hour (Table 4). After treatment· at 90°C for an 

Table 4: Some Properties of LyCM 

Treatment/1 

None (37°C) 
56°C 
70 °C 
90°C 
Trypsin (100 (.tg/ml) 
Neuraminidase (100 (.tg/ml) 
0.5 M NaCI 

Colonies/l05 Ce11s/2 

41 
50 
49 
o 
o 
o 
o 

1 LyCM are treated at 37 oe, 56 oe, 70 oe and 90 oe respectively for one hour. Trypsin 
treatment was performed at 37 oe for one hour. Neuraminidase treatment was performed 
at 37 oe for one hour. 
2 Average of 4 plates. 

hour, a11 type-l, 2, 3, and 5 colonies disappear, but type-4 and 6 colonies are not 
significantly affected. This suggests that there are different types of CSA with 
respect to heat sensitivity. All CSA are sensitive to trypsin and neurominidase 
treatment, suggesting that CSA are glycoproteins. Another feature of CSA from 
PHA-LyCM is that they are sensitive to high salt treatment. The activity can be 
completely restored after removal of the salt by a dialysis against phosphate 
buffered saline (PBS), hut dilution of the high salt treated CSA with PBS is not 
sufficient to restore the activity. This observation suggests that an active form of 
CSA is formed du ring the dialysis, for example, the formation of a polymer. 
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GSA in PHA-LyCM 

GSA in PHA-LyCM are measured by three procedures in suspension culture, 
namely, viable cell number, [3H] thymidine uptake and number of CFC following 
culture. The suspension culture technique is similar to that described by Aye 
et al. (29). Three ml of cell suspension containing 20 % fetal calf serum in medium 
106 nucleated cells and 20 % of PHA-LyCM is placed in a T30 plastic fIasko 
When PHA-LyCM is omitted, an equivalent amount of PHA is included in the 
culture medium. The number of viable cells is estimated by the trypan bIue ex
clusion technique. [3H] thymidine uptake is performed by Iabelling cells with 5 {tcl 
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Fig. 1: Growth 0/ Normal and Leukemic Leukocytes in Suspension Culture. 
Non-adherent cells (NAC) are prepared according to the procedures described by Messner 
et al. (28). Bone marrow cells from anormal woman (EH), a woman with acute mye
logenous leukemia (AML), patient (A. S.), and a woman with dlronic myelogenous leukemia 
(CML), patient (OM), were separately placed on petri dishes (Falcon plastic) and incubated 
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at 37°C with 10 % C02 for one hour. Those cells that did not adhere to the dishes were 
decanted onto an dish and the incubations were repeated for 21/2 hours. These NAC were 
then used for all of the experiments. The suspension culture contained 1.6 x 106 nucleated 
ceIls/mI, 60 % (l medium, 20 % fetal calf serum, and 20 % LyCM. Since LyCM contained 
1 % PHA-M, the 1 % PHA-M was used for control culture without LyCM. Three ml 
of this culture were placed in a T60 flask and were incubated at 37°C with 10 % C02. 
Sampies were harvested at different days and viable cell number, [3H]dThd uptake, and 
number of colony forming cells were measured. Viable cell count was performed with a 
standard trypan blue exclusion technique. For [3H]dThd uptake, 15 flc of [3H]dThd 
were added to 3 ml of suspension culture for four hours before the harvest of cells. The 
harvested cells were washed twice with phosphate buffered saline (PBS) and twice with 
high pH buffer (0.01 M Tris; pH 8.8, 0.14 M NaCI, 0.02 M MgCI2) at 4°C. The cell 
pellet was then lysed with 1 ml of the same buffer containing 1 % Triton X-l00. Aliquots 
(50 and 100 fll) of lysate were precipitated with 10 % trichloroacetic acid (TCA) at 
4°C. The acid precipitable count was the determined. The number of colony forming 
cells was measured by an agar colony assay according to the procedures we have previously 
described (24). Briefly, the assay consisted of two layers of soft agar medium in a 60 mm 
petri dish. The upper layer contained 0.8 ml of 0.3 % agar in McCoy's 5A medium 
containing 20 % fetal calf serum and 105 nuc1eated NAC, and the lower layer 2.5 ml 
of 0.5 % agar in McCoy's 5A medium containing 20 % fetal calf serum and 25 % LyCM. 
Cultures were incubated at 37°C with 10 % C02. Colonies were examined between 12 
to 14 days after incubation. When more than 50 cells were found, they were scored as 
positives as a colony. 

ml of [3H] thymidine for 4 hours. The number of CFC in suspension culture is 
measured by plating 105 viable cells in an upper layer of agar medium in a 60 mm 
petri dish containing 20 % of PHA-LyCM in the lower layer of the petri dish. 
Under these conditions, colony formation is still dependent on CSA, suggesting 
that CSA is still required for colony formation although these cells were exposed 
to CSA in suspension culture. 

Figure 1 shows that the growth of non-adherent cells from normal human bone 
marrow ceIls is stimulated by the PHA-LyCM measured both by viable cell count 
and by DNA synthesis. However, CFC from normal non-adherent ceIls increased 
even in the absence of PHA-LyCM. This GSA independent self-renewal process is 
inhibited by PHA-LyCM in the later period of the culture. We observed that 
when unfractionated or adherent marrow cells were used for this study, no stimu
lation of ceIl growth was observed. Results from assays of bone marrow cells from 
a patient with AML and one from CML are also shown in Figure 1. PHA-LyCM 
produces an exponential increase in the number of viable cells in the case of AML 
while there is no detectable effect on the cell number in the case of CML, although 
DNA synthesis is stimulated in both. Cells from both are not able to repli~ate CFC 
nor respond to stimulation with conditioned medium. These results clearly dem
onstrate that PHA-LyCM contains GSA and that these GSA are heterogenous 
with respect to the three activities measured in this study. The GSA responsible for 
each activity appear to be separable, although it is still questionable whether PHA
LyCM contains activity sufficient for self-renewal. However, we would like to 
emphasize that these results are given to stress the heterogeneity among GSA and 
CSA and not to be generalized as a specific pattern of response of a specific 
leukemia to PHA-LyCM. 
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CSA and GSA are not identical: 

Protein species may exist which conta~n overlapping CSA and GSA, but the 
major protein sources of these activities are clearly not identical. For example, as 
illustrated in Table 5, factors A, B, C, D, and E are required for the formation 

Table 5': 'Model of Relationship Betwee~ CSAand GSA 

activity 
CSA 
GSA 

. pro tein species~~ 
A. B. C. D. E.l 

C.D.E. F. G. 

':. The number and name of protein species are hypothetical. 

of one type of colony in a semi-soft agar medium, while factors C, D, E, F, 
and Gare required for the growth and maturation of hemopoietic cells in 
suspension culture. Factors C, D, and E are required for both assays but factor 
A, B, F, or Gare required only for one particular assay. Some observations shown 
in Table 6 illustrate this point. Bone marrow cells from a patient with AML (AS) 
are grown in suspension culture containing either PHA-LyCM or WHE-l CM 
(conditioned m,edium prepared from a particular cellline of whole human embryo), 

Table 6: Some Results wh ich Differentiate CSA and GSA 

Source of Factor Contitioned Colony Formation in Proliferation in 
Responsive CeIIs Medium Semi-Soft Agar Medium/3 Suspension Culture/4 

AML (AS) none 
LyCM +++ 
WHE-l CM/2 +++ 

AMML (JC) none +++ 
NA/1 LyCM +++ + 

WHE-l CM +.++ + 
Normal (EH) none + 
NA LyCM +++ ++ 

WHE-l CM + 

1 NA: non-adherent- cells. These are prepared according to the procedure of Messner et al. 
(28). , . 
2 WHE-l CM denotes conditioned medium prepared from whole human embryo cell 
strain no. 1 in our laboratory. The conditioned medium was harvested 48 hours after 
WHE-l cells reached stationary phase. . 
3 The procedures for the agar colony assay are described in the Legend to Figure 1. - = 
no colony formation; + = one colony per 10" nucleated cells; + + + = one colony per 103 

nucleated cells. 
" This is based on results obtained from viable cell count. - = no stimulation of cell proli
feration; + = slight stimulation of cell growth; + + = moderate stimulation of cell 
growth; + + + = exponential growth of the factor responsive cells. 
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but the same cells do not form any ag ar colonies in the presence of either factor. 
Conversely, marrow cells from a case of AMML (acute monomyelocyte leukemia) 
(JC) form agar colonies in the presence of the conditioned medium, but no growth 
was observed in the suspension culture, although the growth of these cells is ob
served in the absence of exogenous conditioned medium. It is likely that these 
leukemic cells produced some unique pro tein factors that support the growth of 
leukemic ceIls, and these factors are ineffective in the presence of protein factors 
isolated from normal cells. Normal marrow cells grow both in agar medium cul
ture and suspension culture in the presence of PHA-LyCM, but WHE-l CM 
supports the growth of normal cells in agar medium culture but not in suspension 
culture. Apparently, WHE-l CM is able to support the growth of some leukemic 
cells in suspension culture in an exponential manner but not normal cells. In this 
aspect, this is similar to the factor(s) described by Gallagher et al. (30). These 
results not only show that CSA "and GSA are not identical, but also that the ability 
of GSA in supporting the growth of normal and some leukemic leukocytes could 
be different. 

Fractionation of PHA-LyCM: 

An attempt was made to separate various aCtlVltles in PHA-LyCM. Condi
tioned medium was fractionated by conventional biochemical procedures, includ
ing ammonium sulfate precipitation, sephadex gel filtration (G200) and DEAE 
cellulose chromatography. Table 7 summarizes the result of this fractionation pro-

Table 7: Summary of Purification of PHA-CSF 

Purification Volume Activity/2 Protein Specific " Purifi- Yield 
step/l (mI) (units/ml) (mg/mI) Activity cation 

" (units/mg) 

I. Unpurified 15000 120 0.78 153 1 
11. ASP 

(45-65 0/0)/3 200 18000 100 280 1.8 100 
111. Sephadex 

G200 
Peak I 460 2000 1.53 1310 8.5 16.4 
Peak 11 640 6300 0.48 13120 85.8 71.4 

IV. DEAE 
Cellulose 
Peak I 380 4900 0.76 6400 42.1 33.9 
Peak 11 225 10400 0.60 17600 113 41.1 
Peak 111 175 9600 0.36 26700 175 30.4 

1 The details of purification procedures will be described elsewhere (31). . 
2 Unit is defined as colony nJlmber per 105 cells stimulated by 1 % increment of CSF 
(in a linear region). 
3 Inhibitory activity is detected in the ammonium sulfate precipitate (ASP) (45-65 %). 
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cedure; the details of which will be described elsewhere (31). After DEAE cellulose 
chromatography, three peaks of CSA are obtained with estimated molecular weights 
of 70,000, 40,000 and 25,000 respectively. Peak I predominantly stimulates type-3 
colony growth, and Peak II and III stimulate all types of colonies. An attempt was 
made to distinguish their colony stimulatory ability, but clear results were not ob
taned probably because Peaks II and III were not weIl separated. The GSA in each 
CSA peak were measured with normal cells and are shown in Table 8. Peak I sti-

Table 8: GSA in Purified CSA Preparation 

Factors 1 

None 
DI 
Dll 
DIll 

Viable Count 
(x 10-6 ceIl/ml) 

2.3 
2.1 
2.2 
2.2 

Suspension Culture/2 

(normal marrow cells) 
[3H] dThd CFC in Culture 
U ptake ( colonies/1 05 

(cpm x 10-3) ceIls) 

2.6 
5.0 
2.8 
4.5 

105 
105 
165 
125 

Semi -soft/3 

Agar Medium 
Colony Forma
tion (units x 
10-3/ml) 

o 
4.9 

10.4 
9.6 

1 DI, DII and DIll represent Peak I, 11 and III CSA after DEAE cellulose chromato
graphy shown in Table 7. For all experiments only 2 % of each fraction was used. 
2 The procedures for the suspension culture are described in the Legend to Figure 1. 
3 These results were the same as those shown in Table 7. 

mulates [3H] thymidine uptake, but it does not enhance the number of viable cells 
nor of CFC. Peak II enhances the growth of CFC but not of viable cells nor [3H] 
thymidine uptake. Peak III is similar to Peak I in that only [3H] thymidine uptake 
is enhanced in the suspension culture. Although these results are preliminary, they 
suggest that it is feasible to study a specific interaction between protein factors 
and their specific target cells with fractionated defined factors. We are currently 
looking for some peak activities containing the self-renewal activity. Success in the 
isolation of this activity will be important for establishing measurements of multi
potent stern ceIls in culture. 

Conclusions 

We believe that a generalized statement regarding leukemia as astern cell disease 
is unwarranted. It is more likely that stern cells are one cell type that can be 
transformed. Other cell types mayaiso be target cells, but the term leukemic trans
formation should not be loosely used since it is difficult and sometimes impossible 
to distinguish between the accumulation of normal immature cells and the accumu
lation of abnormal blood cells. Elucidation of cell-factor interactions should be 
very useful in making the distinction. 

To study specific cell-factor interactions, well-defined quantitative assays are 
required. At present, the literature concerning CSA and GSA for myeloid ceIl dif-
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ferentiation describe many activities which are ill-defined. Even the growth of 
erythroid colonies in culture stimulated by erythropoietin (3, 32, 33) are not well 
defined. To obtain quantitative measurements of each cell-faetor interaction we 
need: 1) fraetionation and purifieation of protein factors that promote the growth 
and differentiation of hemopoietic cells; 2) determination of the interrelationship 
among various factors; 3) fractionation and identification of target cells for specif
ic protein factors; and 4) identification of specific biochemical events in eells 
associated with a particular ceIl-factor interaction. The studies presented in this 
paper represent some of our initial attempts in pursuing these goals. 
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Summary 

Colony formation in vitro by marrow cells from patients with untreated acute 
myelogenous leukemia (AML) and from patients in AML relapseis infrequent using 
the standard Robinson assay. A newly developed culture system has been describ
ed in which marrow from AML patients in these disease stages form leukemic 
cell colonies. In this in vitro system, phytohaemagglutinin is the essential stimula
tor for colony formation. The leukemic origin of the colonies has been proven by 
ultrastructural morphology and cytogenetics. It appears that colony formation by 
leukemic cells in this system is predominantly independent from the leukocyte fac
tor which is the main stimulator in the Robinson assay for growing colonies of 
marrow cells from haematologically normal individuals. 

Bone marrow cells in untreated acute myelogenous leukemia (AML) demonstrate 
abnormal growth in vitro in the Robinson assay (Robinson et al., 1971; and Bull et 
al., 1973). Characteristically, there is a near total failure of colony ~ormation; pre 
dominantly clusters are formed containing 20 ceIls or less (BuIl et al., 1973; Green
berg et al., 1971; Moore et al., 1973 and 1974, and· van Bekkum et al., in press). The 
absence of colonies has been shown to be due to a marked decrease of the normal 
myeloid precursor ceIl population in untreated AML. The small aggregate for
mation of AML cells has been attributed to the sub optimal response of leukemic 
cells to the leukocyte stimulation factor. Because this poor proliferation in vitro 
might not represent the maximal in vitro and in vivo proliferation potential of 
the leukemic cells, we studied a number of modifications of the in vitro culture sys
tem. A number of factors were studied which may have some influence on cell pro-

:~ Visiting Professor from the Radiobiological Institute TNO, Rijswijk, The Nether
lands. 
:~* Supported by Public Health Service Research Grant No. CA 12687, from the National 
Cancer Institute, Bethesda, Maryland 20014, USA. 
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liferation in general, notably phytohaemagglutinin (PHA), which induces lympho
cyte colonies in vitro (Rozenszajn et a1., 1974), and endotoxin which has been dem
onstrated to increase the labelling index of leukemic cells in vivo (Golde et a1.). 

In this paper an in vitro system is described in which marrow cells from untreat
ed AML and AML in relapse were stimulated by phytohaemagglutinin (PHA) 
to form leukemic cell colonies in soft agar. These (similar) cells predominantly form
ed small aggregates (20 cells or less) in the presence of the normalleukocyte feed
er layer alone. Moreover, in the course of the experiments, it appeared that by 
adding low concentrations of endotoxin to the cultures, the stimulating effect of 
PHA could be amplified. 

Materials and Methods 

Patients with acute myelogenous leukemia 

The clinical diagnosis and the haematological findings of 13 patients with leu
kemia included in the study have been listed in Table 1. Cases both untreated and 

Table I: Differentials and Cytrochemistry of Marrow Cells from Untreated AML 
and AML in Relapse 

Bone Marrow Differential* Wright-Giemsa Staining Cytochemistry 
Patient Blast Promye- Lympho- Mono- Auer Perox- Es- P.A.S. 

locytes cytes cytes Rods idase terase** 

Ca 84 1 1 2 + + 
FI 83 1 13 0.5 + 
He 84 0.8 6.5 0.2 + + 
St 75 3 5 0 + 
Tu 82 7 4 0 + 
Kr 53 6 1 0.2 + 
Sal 70 0,4 5 0 + + 
San 6.1 52,4 11 0 + + 
Se 85 1 4.8 0 + 
Ka 93 0.2 0.6 0.8 + + 
Ne 74 0.6 2.1 0 + + 
Pa 91 1 3 0,4 + 
Po 72 2.8 3.2 0 + + 
Wo~}~}~} 38.5 2 20 15.5 + 
Be~}*~ 91 2 2 1 + 
EI~~~}* 55 2 15 0 + 
Fr~t.:.t.:.r.. 73 0 16 0 + 

* 500 cells per slide counted. 
>.'* Non-specific esterase. 

*'~':- Patiems in relapse. 
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in relapse had greater than 50 % leukemic blast cells on bone marrow differentials 
(Table I). The leukemia was diagnosed morphologically and cytochemically by the 
same criteria as described by Hayhoe et al. (1964). Leukemic relapses as presented 
in Table I, a11 occurred after previous treatment with combination chemother
apy plus immunotherapy according to the protocol documented by McCredie et 
al. (1975) and Gutterman et al. (1974). 

Haemopoietic cell culture in vitro using a leukocyte feeder layer 
as source of stimulation (Robinson assay) 

The technique used in these studies only differed in minor details from that de
scribed by Pike and Robinson (1970). The basic components of the Robinson system 
is a feeder layer of peripheralleukocytes and an overlay of human bone marrow 
cells. Peripheralleukocytes were obtained from peripheral blood from healthy vol
unteers, collected by venipuncture into heparinized tubes. Methyl cellulose (final 
concentration 0.1 %) was added to the blood sampie and the red cells were allow.ed 
to sediment by gravity for 20 minutes. The buffy co at was then collected, and afler 
centrifugation, the cells were resuspended in Dulbecco's modified Eagle's medium 
(MEM) to which 20 % serum plus agar was added (the final agar concentration 
was 0.5 %). The serum was a mixture of 1 volume fetal calf serum (FCS), 1 volume 
horse serum, and 1 volume 3 % trypticase soy broth. From this cell suspension 
1 x 106 ce11s were pipetted into a 35 mm plastic petri dish (Falcon) (final volume: 
1 ml agar medium) and the medium was allowed to gel. Bone marrow cells were 
obtained by aspiration from the posterior iliac crest and collected into heparinized 
tubes. Afler removing the erythrocytes by the buffy co at method (Dicke et a1., 1969), 
the cells were incorporated into the same medium used for the feeder cells with 
the exception of using 0.25 % agar. One hundred thousand cells in a volume of 
0.2 ml agar medium were then pipetted gently over the solidified fee der layer and 
allowed to gel. The plates were incubated at 37 oe in a humidified atmosphere of 
7.5 % CO2 in air. At the end of seven days, a cluster estimate was performed, 
and afler 14 days of incubation, the plates were removed and the colonies scored 
visually. Aggregates containing 50 cells or greater were scored as colonies. Aggre
gates containing less than 50 cells were scored as clusters. All cultures were scored 
in triplicate. 

The in vitro PHA + E assay 

Basica11y, the technique consists of two phases: an initialliquid phase of 15 hours 
at 37°C, and a semi-solid phase of seven days incubation at 37°C. In the liquid 
phase 2 x 106 cells per ml medium (Dulbecco's MEM + 20 % serum) were cul
tured in pyrex gl ass tubes to which 0.05 ml PHA (Difco, PHAM) per ml medium 
and endotoxin (Difco, Lipopolysaccharide W. E. coli, 0111 :B4) 107 glm were added. 
Afler 15 hours of incubation, the cells were washed X 2 using HBSS (305 mOsm) 
and resuspended in agar medium (final concentration agar 0.25 0/0, medium Dul
becco's MEM + 20% serum). Afler resuspension in agarmedium, the cells (1 x 10/5 

0.2 ml per dish) were pipetted into Falcon plastic petri dishes containing 1 ml ag ar 
medium (final concentration agar 0.5 %, medium Dulbecco's MEM + 20 % serum) 
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tO which 1 x 106 peripheral blood leukocytes from normal individuals were ad
ded using the method as 'detailed for theRobinson assay. Simultaneously, the cells 
were plated in petri dishes containing agar underlayers without leukocytes. After 
seven days of incubation in a 7.5 010 CO2 gas controlled humidified incubator 
at 37°C, colonies were visible microscopically. These colonies were counted using 
an inverted microscope. Aggregates containing 50 cells or more were considered 
colonies. Aggregates containing 50 cells or less were considered to be clusters. The 
number of colonies and clusters presented in this paper is the mean value of trip-
licate petri dish cultures. ,.' .. 

Electronmicroscopical procedure 

Soft agar colonies for morphological observation were' fixed in theit petri dishes 
for 12 hours at 37 oe with 2.5 0/0 Sorensen's buffered glutaraldehyde, pH 7.2, for 
30 minutes each and 'then incubated in the dark with 33' diaminobenzidine tetra
hydrochloride reagent for two hours at room temperature. The staining solution 
for endogenous peroxidase was removed with three additional rinses of Sorensen's 
phosphate buffer and postfixed in 1 '0/0 osmium tetroxide, pH 7.2, for one hour at 
4°C. Following three distiHed H 20 rinses the ag ar disks were removed to flat 
covered glass dishes for the acetone dehydration and Epon infiltration steps. Final 
embedding of the agar disks was accomplished in foil weighing cups. After Epon 
polymerization at 80°C, the aluminum föil was temoved from the specimen, 
and the colonies of interest marked under a dissecting microscope. Those coloriies 
selected for observation were cut from the specimen disk and mounted on plastic 
rods for ultramicrotomy. Alternate thick and thin serial seetions werecut for 
light and electron microscopic study of the entire cblony. Epon sections for light 
microscopy were stained with Paragon's stain for frozen sections. For ultrastruc
tural observation, thin sections were stained with 0.5 % uranyl acetate and Rey
nold's Lead- Citrate prior to their examinations with a Siemens' Elmiskop IA at 
80 kV. 

Cytogenetic p,rocedure 

Chromosome studies were performed on cells from both the liquid phase and 
from the colonies which had formed after seven days in culture. The cells obtained 
from the liquid phase, following the 15 hours incubation with PHA + E, were plac
ed in 10 ml Ham's F 10 tissue culture medium supplemented with 20°10 fetal calf 
serum and incubated overnight at 37°C. The following daythe cells were arrested 
in metaphases with 0.01 mg/mI Colchieine, submitted to hypotonie treatment with 
0.075 M KCl and fixed in methanol : acetic acid (3: 1) mixture. Air-dry slide prepa
radons were made, stained with Giemsa and scanned for weH spread metaphases 
using a Zeiss microscope. 

To obtain dividing cells from the colonies which were formed after seven days in 
culture, 0.1 ~gcolcemid was added to the petri dishes and incubated for an addi
tional 3 hours. Tbe colonies were collected with afine Pasteur 'pipette and pooled 
in 0.2 ml Hank~s Balanced Sah Solution (HBSS). The harvesting and slide prepa
rations were completed as above and the slides' scanned for analyzable metaphases. 
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Results 

Colony formation in vitro 

Colony formation by marrow cells from leukemic patients was obtained by ex
posing the cells to PHA and endotoxin (E). As has been mentioned. already in mate
ria~~ anq methods, the culture system consiste.d of two s~ages. An. initial liquid 
phase (15 hrs), in which the cells were cultured in the presence.of the two stimuli 
and a semi-solid phase (7 days) in which the cells were immobilized in an ag ar con
taining medium. In the second phase, theactual colony formation occurred. -In the 
PHA + E assay used for analyzing the marrow of the patients, listed in Table I, 
on colony formation, PHA and endotoxin w~re only added in the liquid phase a~d 
were not present in the semi-solid phase. 

Figure 1 shows a logarithmic plot of the relationshjp between the number of col
onies and the number of ceIls, plated in dishes which contained agar without leu
kocytes. The 12 data points as depicted in Figure 1 were obtained from one individ
ual i~ two experiments on two successive days. The data were consistent between 
experiments and so the data were combined. The calculated slope of the least 
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Fig.' 1: Relationship between number of colonies per plate scored at seven days and number 
of cells .cultured per pl~te. The data of two experiments were combined and hav.e been 
depicted. Each point represents the mean value of colony number of 5-10 plates. The co
efficient of variations at the different cell levels per plate ranged from 10-25 0/0.' The 
stimulated dope of the least squares regression line is 0.98 ± 0.03, which is consistent with 
a slope of one. 
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squares regression line is 0.98 + 0.03, which is consistent with a slope of one and 
shows that the nu mb er of colonies produced is proportional to the nu mb er of cells 
plated (Iscove et a1., 1975). In these experiments, colony incidence was approxi
mately 1 per 1,640 bone marrow cells. 

Table 11: Comparison between Number of CFU-c in the Robinson Assay and the 
PHA + E Assay of Marrow from Untreated Acute Myeloid Leukemics 
and N ormats:~ 

Patient Leukocyte 
Name Feeder Agar:~:~ 

Knt 1 ~~~t.:l- cl )}o:"'** n .. 
San 0 n. d. 
Sal 0 n. d. 
Se 0 0 

AML He 0 0 
Ka 0 0 
Ne 0 0 
Pa 0 0 
Po 0 0 

1 30 n. d. 
2 25 n. d. 

Normal 3 40 1 
4 44 2 
5 32 1 

,~ See materials and methods. 
:"':- Agar underlayer without leukocytes. 

':-:."~ Figure represents number of colonies per 105 cells plated. 
,~,:-,:-,} n. d. = not done. 

Leukocyte 
Feeder Agar::-::-

75 n. d. 
68 n. d. 

290 n.d. 
280 440 

29 30 
59 . 43 
50 54 
14 22 
22 16 

25 n. d. 
30 n.d. 
35 0 
34 0 
22 0 

In Table II, the results of experiments have been listed in which bone marrow cells 
from untreated AML patients and from haematologically normal individuals were 
cultured in the Robinson assay, and the PHA + E assay. It can be noted that in 
the Robinson system, no colonies were present when marrow from untreated AML 
patients were cultured, which is in contrast to the presence of colonies in the 
PHA + E assay. Even in those cases in wh ich no leukocytes had been added to the 
agar underlayer on which the bone marrow cells were plated after the liquid phase 
in the PHA + E assay, a distinct number of colonies could be grown from AML 
marrow cells. In the majority of cases, this number was equivalent to or exceeded 
the number of colonies present in cultures to which leukocytes were added, which 
clearly demonstrates that colony formation of leukemic marrow in the PHA + E 
system is independent of the presence of leukocyte feeder layers. This is in contrast 
with the results obtained with marrow cells from normal individuals which show 
that colony formation by normals is clearly leukocyte dependent, both in the Rob-
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inson system and the PHA + E assay. Moreover, no additional effect of the 
PHA + E on colony growth by normal marrow has been obtained. 

Table III: Comparison between Number of CFU-c in the Robinson Assay and 
the PHA + E Assay of Marrow from AML in Relapse and from AML 
in Remission 

Robinson Assay 
Patient Leukocyte 
Name Feeder Agar':-':-

Wo 2:{·:~:~ n. d. '~'~'r'r 
AML Be 0 0 
Relapse EI 0 0 

Bo 17 n. d. 
We 36 n. d. 

AML Ja 24 0 
Remission Ba 44 0 

Br 6 0 
Mo 5 0 

':- See materials and methods. 
':-':- Agar underlayer without leukocytes. 

::-,~)~ Figure represents number of colonies per 105 cells plated. 
':-)~':-':- n. d. = not done. 

PHA + E Assail-
Leukocyte 
Feeder Agar*:-

52 0 
150 130 
160 103 

8 1 
20 0 
20 0 
46 0 

0 0 
0 0 

In Table IU, the results of growth of marrow cells from AML relapse and from 
AML remission have been listed. It can be observed that the behavior of marrow 
cells from AML relapse in the two in vitro systems was identical to that of marrow 
cells from untreated AML patients, whereas the in vitro growth characteristics of 
marrow cells from patients in complete remission resembled that of haematolog
ically normal marrow. 

In order to make sure that colony formation was not an artifact due to dumping 
of cells by phytohaemagglutinin in the liquid phase of the PHA + E assay, the total 
number of colonies and clusters per plate were counted. It was reasoned that co]
ony formation is unlikely to be caused by dumping in experiments in which the 
total number of colonies and clusters in the PHA + E assay is equivalent to or 
exceeds the number of aggregates in the in vitro systems to which PHA + E was not 
added. In Table IV, results have been documented of cultures in which the total 
nu mb er of aggregates were counted. It is evident from these results that the total 
number of aggregates in the cultures to which PHA + E were added to the liquid 
phase was highly increased. Furthermore, dose observation at the time of plating 
in the semi-solid phase, after 15 hours of PHA + E incubation, did not reveal any 
higher degree of dumping than that observed in the cell suspension used for plating 
in the Robinson system which did not involve previous PHA incubation. 

A summary of the results has been listed in Table V, in wh ich the mean values 
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TableIV: Total Number of Aggregates in the Robinson Assay and the PHA+E 
Assay of Bone Marrow Cells from Untreated AML 

Robinson Assay Without PHA + E* With PHA+E** 
Leukocyte Leukocyte Leukocyte 

Patient Feeder Agar Feeder Agar Feeder Agar 

Tu 0~~~~~~/3 30*~~** 0/0 0/45 0/0 166/590 144/530 
Fl 0/827 0/1867 0/840 14/885 80/1800 300/3200 
He 0/157 0/3 0/3 0/3 29/220 30/226 
Ca 0/20 0/20 0/90 0/140 66/280 60/360 
St 0/360 0/0 0/47 0/0 38/460 20/440 

~~ Incubation of cells in liquid medium without PHS and endotoxin before plating on 
leukocyte feeders and agar underlayers without leukocytes. 

~~* See materials and methods; PHA + E assay. 
~~)~,~ Figure represents number of colonies per lOG plated marrow cells. 

,~,~)~* Figure represents number of clusters per 105 plated marrow cells, the size of the 
clusters is predominantly smaller than 20 cells. 

of the number of colonies per 105 plated cells from marrow obtained from AML 
and haematologixally normal patients has been documented. As has been already 
mentioned, no increase in number of colonies produced by normal marrow has 

Table V: Mean Number of Marrow Colonies from AML Patients and Haemat
ologically Normal Individuals in the Robinson Assay and the PHA + E 
Assay 

Robinson Assay PHA + E Assay~~ 
Bone Leukocyte Leukocyte Agar 
Marrow~~~~~~ Feeder Feeder Feeder 

Haemato- 34~~~~)~* (25-44t~'}'~'~ 29 (22-35) 
logically 

0(0) 

Normal 
Remission 22 (5-44) 

AML 
Untreated 0.0 (0-1) 

AML 
Relapse 0.5 (0-2) 

AML 

* See materials and methods. 

16 (8-46) 0.16 (0-1) 

99 (14-290) 113 (22-440) 

125 (52-160) 95 (0-130) 

Ratio*~ 

PHA+E Robin-
Leuko- son 
cyte Assay 
Feeder 

0.85 

0.72 

1187 

250 

*,~ Ratio between number of CFU-c in the PHA + E assay with leukocyte feeders, and 
in the Robinson assay. 

,~,~* Normals are listed in Table II. AML patients are listed in Tables land II. 
*~*~ Mean number of CFU-c per 105 marrow cells plated. Figures in parentheses represent 

the range of colonies obtained. 
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been observed by adding PHA + E to the system, resulting in a ratio of the num
ber of colonies between the PHA + E assay and the Robinson assay of < 1. The 
same ratio holds for marrow from AML in remission. These results are in contrast 
with the results obtained from marrow cultured from AML in relapse and from 
untreated AML patients. In those cultures, the colony ratio between the two in 
vitro systems is markedly increased, demonstrating the need for PHA and endo
toxin in the liquid phase for colony formation in vitro. 

The effect of PHA + E in vitro 

Speci:fic experiments were carried out to study the efFect of PHA and endotoxin 
on colony formation by the leukemic cell population when these substances were 
added separately to the cultures. The results of such an experiment which is rep
resentative of three other experiments have been listed in Table VI. It can be 
noted that leukemic bone marrow cells without being stimulated in a liquid system 
did not give rise to colonies in an agar system as listed in Table VI, even when 

Table VI: Comparison of Effect of PHA and Endotoxin added Separately and 
in Combination to the Cultures, on Colony Formation of Marrow 
Cells from a Relapse (AML (E 1» 

Semi-solid Phase 
Agar Underlayer Agar + Leuk. Underlayer 
Endo- (PHA+ Endo- (PHA+ 

No Liquid 11- toxin PHA** E'~*'I-) * toxin PHA 1;:***) 
Phase 0 o . 0 0 0 0 0 0 

Liquid 
Phase 

~z.*** 0 0 0 0 0 0 0 ·0 
Endotoxin 0 0 0 0 0 0 0 0 
PHA 138***** 145 178 248 124 180 145 205 
PHA+E)I-*)~ 155 160 171 228 150 170 217 300 

* Agar underlayer without PHA, endotoxin. 
** PHA = phytohaemagglutinin; 0.05 ml/ml medium. 

*** E = endotoxin: 10-7 g/ml medium. 
**** Liquid phase in whidJ. 2xl06 cells have heen cultured for 15 hours in medium with

out PHA, endotoxin . 
. ~**** Mean numher of colonies from triplicate cultures. Colony numher per 105 plated 

cells. The colony incidence in the individual plates do not differ more than 15 Dlo of 
the mean. 

PHA + E were added to the semi-solid phase. When cells were incubated in a liq
uid system, only PHA could induce colony formation. Addition of endotoxin to 
the liquid phase had no effect on the untreated colonies generated by PHA, where
as endotoxin added to the semi-solid phase had an amplifying effect on colony 
formation induced by PHA. Therefore, in the PHA + Ein vitro assay as describ-
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ed in the materials and methods, PHA is the essential stimulator for the leukemic 
cell population. 

Analysis of cell type in the in vitro colonies 

Evidence of eolony formation by the leukemic eell population in the marrow 
from several leukemics in the PHA + E system was obtained by morphology and 
chromosome analysis. In several cases (3), May-Grünwald staining of several col
onies clearly demonstrated the blastic cell population, predominantly present, 
whereas the more differentiated cells of the myeloid series were scaree. Since we 
are aware of the limited value of the May-Grünwald staining procedure as a proof 
for the leukemic origin of a eolony, morphologie al studies of the eolonies were 

Fig. 2: a. Cross-section of a colony from a seven day marrow culture from patient (EI) in 
AML relapse. Magnification 1700x. The diamino benzidine technique for peroxidase ac
tivity clearly shows enzyme activity at the level of granule formation. 
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performed at the ultrastructural level. Figure 2a is a thick Epon cross-section 
through a colony grown from an untreated leukemic marrow. The dark granules 
heavily stained in the cytoplasm of these cells represent the peroxidase positive 
granules demonstrating the myeloid origin of these cells. Figure 2b represents the 
typical ultrastructural morphology of one of the colony cells seen in Figure 2a. The 
cell displays a pocket or bleb on its nuclear surface. This structural abnormality 
in bone marrow cells has been associated with leukemia and lymphoma by a num
ber of investigators (Achong et al., 1966; Anderson, 1966; Ross et al., 1969). More 
recently, a correlation between the presence of a high frequency of these nuclear 
biebs and aneupioidy in acute Ieukemia has been demonstrated (Ahearn et al, 1974). 
This particular case (Ei) was aneuploid and exhibited a complex chromosome aber
ration which has been described in several other cases of acute leukemia (45, X, 
-Y, -C, +D, +E, -G) (Trujillo et al., 1974). This abnormal chromosome pattern 
could be demonstrated in cells collected from the in vitro colonies of this study and 
from the liquid cultures incubated with PHA and endotoxin for 15 hours. Twenty
five metaphases were counted of which 19 clearly demonstrated the chromosome 
abnormality. The remaining six metaphases exhibited a diploid karyotype. 

{} 

b. Cross-section of a cell from a colony obtained from marrow cultures from patient (EI) 
suffering from AML relapse. Magnification 300x. The nuclear bIeb, indicated by arrow, is 
clearly visible. 
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Discussion 

I t has been clearly demonstrated that leukemic cells can form colonies in vitro 
in the absence of a feeder layer of leukocytes. This is in contradiction with the 
data of Moore et al. and Metcalf et al. who observed dependence on CSP~ in vitro 
for leukemic cell proliferation (Moore et al., 1974; Metcalf et al., 1974). An expla
nation for this discrepancy between our results and the Australian da ta might be 
that phytohaemagglutinin stimulates subpopulation(s) of the leukemic cell pool 
which are different from the leukocyte factor dependent leukemic cells. 

In the PHA + E system, aggregates of different sizes are present as can be noted 
from the results presented in Table IV. This spectrum of aggregate size might be 
indicative of different sensitivity to the PHA stimulus by the leukemic cell popu
lation, reflecting the heterogeneity of the blast cell population. More extensive in
vestigation with respect to the number of clusters (aggregates less than 50 cells) 
in relation to the number of colonies has to be performed in the future. Just like 
in the Robinson system, the colony cluster ratio as well as the size of the colonies 
and the clusters might be of significance for further classification of acute myelo
genous leukemia. 

It is evident from the results presented in Table VI that PHA in the PHA + E 
assay is the essential stimulus for growth of leukemic cells. Addition of endotoxin 
to the PHA in the liquid-phase produced no statistically significant increase in col
ony formation (Table VI, line 4 versus line 5). The combination of endotoxin and 
PHA in the semi-solid phase markedly increased the number of colonies (Table VI, 
column 3 versus column 4, and co lu mn 7 versus column 8). The effect of endotoxin 
in vivo is dependent on previous incubation of the leukemic cells with PHA. The 
in vitro endotoxin effect might be an enhancement of leukemic cell sensitivity to 
PHA. The short period of incubation with PHA in the liquid phase (15 hours, see 
materials and methods) does not produce cell clumping as was pointed out already 
in the section results (Table IV). Because of the simplicity, in the future, leukemic 
cells will only be stimulated by PHA without endotoxin during the liquid phase of 
the in vitro assay. 

PHA was also used as stimulus in an in vitro assay described by Rozenszajn et 
al. (1974), to grow lymphocyte colonies. As a source of lymphocytes, peripheral 
leukocytes from normal individuals were used. Although there is similarity be
tween our technique and the assay used by Rozenszajn, in the system employed by 
the Israeli investigators, PHA was added also to the semi-solid phase, which was 
obligatory for growing lymphocytes. Moreover, the use of human AB serum in the 
liquid phase was essential for lymphocyte cultures. In our system, a mixture of 
horse serum and fetal calf serum was used. 

Electronmicroscopic studies and cytogenetic analysis in two cases (EI and Fe, 
Table I), revealed that cells collected from the colonies belong to the leukemic 
cell population. Nuclear pockets have been clearly demonstrated by Ahearn et al. 
(1974) to be a consistent ultrastructural alteration of leukemic cell populations as
sociated with aneuploidy. Other morphological findings specific for leukemic cells 
such as asynchronous nuclear cytoplasmic development, nuclear bodies, and bundles 

':- CSF = colony stimulation factor fromleukocytes. 
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of cytoplasmic fibrils were also found in the cells from the in vitro colonies. These 
latter findings mark the leukemic cell population in case no abnormal chromosome 
marker is present in the leukemic cell population. Only a limited number (10) 
of colonies had been analyzed by electronmicroscopical methods; therefore, these 
studies do not exclude the possibility that cell types other than leukemic cells pro
liferate in the PHA + E assay. 

Cytogenetic analysis revealed the presence of the aneuploid line in the colonies. 
The origin of the diploid cells also found in the cultures is still unclear. Possibilities 
to be considered include the following sourees: lymphoid cells, normal immature 
marrow cells (stern cells?), diploid leukemic elements, etc. This conventional Tech
nique is limited by the fact that only a small number of available metaphases can be 
recovered. I t is possible that the specificity of the PHA stimulation on leukemic cells 
may be further explored by culturing pure populations of malignant and non
malignant cells using cell separation techniques (Dicke et a1., 1973; 1975, in press). 

The mode of action of PHA on the leukemic cell population is not known. Col
ony formation might be a consequence of a humoral factor released by a second 
cell population stimulated by PHA. Experiments of Aye et al. (1974) support this 
concept. These investigators observed proliferation of leukemic cells in short term 
liquid cultures induced by conditioned medium which was prepared from cultures 
of human peripheral blood cells to which was added PHA. Haematologically nor
mal individuals and patients with acute leukemia were used to prepare these condi
tioned media. Tbeir data were not conclusive in proving the need of a humoral 
factor for leukemic cell proliferation due to the fact that residual amounts of PHA 
were still present in the conditioned medium. Moreover, labeIling index and the rate 
of 3H-T dR incorporation were used as parameters for response of the leukemic 
cells to the stimulus, wh ich markedly differs from colony formation as measured in 
our experiments. At the present time, we favor the direct effect of PHA on the 
leukemic cell population. For the time being, only the linear correlation between 
the number of leukemic cells plated and the number of colonies per dish as demon
strated in Figure 1 support the above mentioned concept. Tbe value of these results, 
however, is limited due to the fact that the data were generated from cultures of 
marrow cells from a single patient. In the future, it will be investigated as to 
whether this linear relationship is a consistent phenomenon in cultures of marrow 
from untreated AML and from patient in relapse. 

So far, PHA appears to be remarkably specific in stimulating only leukemic cells 
to form colonies. No effect by PHA was observed on haemopoietic cells in remis
sion. Although the fluctuation of the leukemic sub-populations sensitive to PHA 
with chemotherapy is not yet understood, it will be of interest to determine 
whether or not the in vitro phenomenon described in this paper can be used for 
detection of residualleukemic cells in the remission phase of AML. 
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Abstract 

Clinical Utility of Bone Marrow Culture 

Malcolm A. S. Moore 
Sloan-Kettering Institute for Cancer Research 

New York, USA 

Standardized culture of bone marrow in soft agar permits the detection of a 
population of granulocyte-macrophage progenitor cells (CFU-c). A spectrum of 
qualitative abnormalities serves to distinguish myeloid leukemic CFU-c from 
normal and remission populations. These abnormalities in maturation and pro
liferation are diagnostic of a myeloid leukemic state and serve to functionally 
reclassify acute myeloid leukemia at diagnosis into a number of categories based 
on in vitro growth pattern. The virtue of this classification is that it permits de
teetion of a substantial number of patients who are refractory to conventional 
remission induction protocols. The clear distinction between normal and leukemic 
growth in vitro permits early detection of emerging remission CFU-c during in
duction therapy and of early onset of relapse in patients who are otherwise in 
complete remission. In patients with leukemia undergoing allogeneic bone marrow 
engraftment, marrow culture has proved of value in documenting the reconstitu
ti on of the patient and in detecting re-emergerice of the originalleukemic stern line 
prior to its detection by cytogenetic and hematological techniques. 

Serial studies on patients with chronic myeloid leukemia have allowed early 
diagnosis of blastic transformation and classification of blastic phase disease on the 
basis of in vitro growth pattern has revealed a similar spectrum of in vitro ab
normalities as seen- in AML. 

The cloning of normal or leukemic human myeloid progenitor cells (CFU-c) 
in agar or methyleellulose has permitted analysis of both quantitative and qualita
tive changes in this cell compartment in leukemia and other myelodysplastic states 
(1-7). Among these changes are abnormalities in maturation of leukemic cells in 
vitro (4, 5, 6), defective proliferation as measured by colony size or cluster to 
colony ratio (5, 6), abnormalities in biophysical characteristics of leukemic CFU-c 
(4, 5), regulatory defects in responsiveness to positive an4 -negative feedback con
trol mechanisms (8, 9) and the existence of cytogenetic abnormalities in vitro (10, 

This research was supported in part byNCI grants CA-08748, CA-17353, CA-17085 and thc 
Gar Reichman Foundation . 
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11). Detection of this spectrum of abnormalities has proved of clinical utility in 
diagnosis of leukemia and preleukemic states (5, 6, 12), in classification of leuke
mias and myeloproliferative diseases (5, 6), in predicting remission pro gnosis and 
response to therapy (5, 13), in predicting onset of remission or relapse in AML (13) 
and in monitoring the progession of chronic myeloid leukemia or preleukemic 
disease (4, 14). The present communication serves to illustrate the clinical applica
tions of bone marrow culture in these various areas. 

In vitro growth characteristics of untreated Acute Myeloid Leukemia (AML) and 
its morphological variants 

Marrow and, in the majority of cases, peripheral blood cultures, were estab
lished from 250 cases of untreated AML and its morphological variants (acute 
monocytic, myelomonocytic, promyelocytic, stern cell and erythroleukemia). One 
hundred seventy-four cases represented a random selection of patients presenting 
at 8 hospitals in Melbourne, Australia, over aperiod of 3 years and 76 cases 
presenting at the Memorial Sloan-Kettering Cancer Center over aperiod of 12 

GROWTH PATTERN OF AML CELLS IN AGAR''cULTURE 

% OF (250 UNTREATED CASES) 
CASES 

2% 

13% 

Fig. 1: Schematic representation of the in vitro growth patterns seen in 7 day cultures of 
marrow cells from 250 patients with untreated AML and its morphological variants. Re
mission incidence in the non-growing, macrocluster and microcolony category was 14 % 

and in the remaining categories, 74 %. 
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months. The clinical and hematological characteristics of these patients have been 
reported as have the therapeutic protocols and remission criteria (5, 13). All 
cultures were stimulated by a feeder layer of 1 x 106 normal WBC and were 
scored at 7 days for the presence of colonies of > 40 cells and clusters of 3-40 
cells. For classification of leukemia according to growth in vitro we recognize the 
following categories of growth pattern (see Fig. 1): (a) non-growing: absence of 
persisting cells in CSF stimulated cultures with no colony or cluster formation 
detected in 4 cultures of 2 x 105 marrow cells per plate; (b) microcluster forma
tion: absence of colonies and presence of varying numbers of clusters of 3-20 
cells. The great majority of these cases exhibit a pattern of small clusters in marrow 
culture generally of only 3-10 cells with dispersion and degeneration. Included in 
this category are examples of extensive persistence of leukemic cells in CSF 
stimulated cultures without evidence of cluster formation at 7 days. Marrow cul
tures from these latter patients, when scored prior to 7 days, show cluster forma
tion but with premature dispersion and degeneration of the clusters. The majority 
of microcluster forming leukemias would be considered as non-growing if scored 
later than 7 days; (c) macrocluster formation: absence of colonies and presence of 
varying numbers of clusters approaching the lower limit of colony size, i. e., up to 
40 cells. If the cultures are scored later than 7 days, the majority of cases would 
show evidence of colony formation and merge with category (d); (d) small colonies 
(microcolonies) with an abnormal cluster to colony ratio: maximum colony size 
in this group is less than in control cultures and an abnormal excess of aggregates 
of less than 40 cells is seen (the normal ratio of colonies to clusters is between 
2-10); (e) colony forming with a normal cluster to colony ratio at 7 days of 
culture: we have subdivided this category into cases showing a lower colony 
incidence than normal and cases with a marked elevation in marrow colony forma
tion invariably associated with a pronounced increase in circulating CFU-c. Both 
groups share a similar prognosis, however, the former category is mainly comprised 
of cases where colony growth is non-leukemic, and thus is similar to the pattern 
seen in acute lymphoblastic leukemia, whereas the latter category merges with the 
growth patterns seen in chronic myeloid leukemia. 

Classification of these patients on the basis of our previously reported correla
tion between growth pattern and remission rate (5, 6) indicated that 37 % of all 
these cases fell within a poor prognosis category (Fig. 1). The addition of 76 new 
cases of AML and their clinical outcome has not significantly altered the correla
tion we have observed between in vitro growth pattern and remission rate. 

Ten patients included in this study had acute undifferentiated or "stern cell" 
leukemia and classification into myeloblastic or lymphoblastic type was not 
possible on the basis of morphology, cytochemistry or surface markers. Three of 
these cases showed a myeloid cluster forming growth pattern in marrow culture, 
whereas the remainder showed a colony forming pattern with low plating 
efficiency and normal granulocytic maturation. The indication that colony forma
tion seen in these cases was due to persisting normal CFU-c coexisting with a non
myeloid acute leukemia was supported by cell separation studies. Buoyant density 
distribution of colony or cluster forming cells was determined by the application 
of a simplified density "cut" technique in which marrow or blood cells were 
centrifuged in bovine serum albumin of density 1.062 g/cm3 and the distribution 
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of CFU-c in the supernatant and pellet fracti<?ns determined by subsequent agar 
culture (4, 5). 56 ± 4 % of cluster forming cells in untreated patients were of 
density < 1.062 g/cm3 in contrast to the normal distribution of CFU-c (1-10 0/0 

< 1.062 g/cm3). This light density distribution of CFU-c was also observed in the 
microcolony and high cloning efficiency colony formingacute leukemias (96 ± 5 0/ 0 

< 1.062 g/cm3). In contrast, the CFU-c in patients with low clo~ing ~fficiency 
colony forming acute leukemia had anormal density distribution (1.5 ± 1 % 

< 1.062 g/cm3),as did the CFU-c in untreated acute lymphoblastic leukemia .. 

M;onitoring of relaps.e-re~ission statusby marrow culture 

Unequivocal complete remission was associated with return of a normalgrow.th 
pattern. in inarrow culture. (Fig.. 1), anormal. colony incidence and granulocytic 
maturation and anormal CFU-c buoyant density distribution. The. correlation be
tween return of . normal colony formation and remission was investigated in a 
detailed analysis of 57 patients throughout the induction and .consolidation phase 
of therapy (Table 1.). patients were selected on the basis of marrow growth 
characte.ristics prior, to therapy and only examples of non-colony. forming. AML 
were studied since appearance of colony formation during remission induction 
would provide a simple parameter for detection of non-Ieukemic progenitoJ;' cells. 
Of the 30 patients who showed return of colony formation at ,some poi»t during 
induction, 29 achieved complete remission, on average 21 days after first detection 
of colonies. No examples were o.bserved of a leukemi~ growth pattern persisting 
in clinical remission. There was no correlation between. the actual number of 
colonies observed and the time to remission, however, prelimipary analysis indicates 
some correlation between initial colony incidenc~ and duration of .remission. 

The value of man:ow culture in predicting th~ onset of relapse was investigated 
in 83 cases of cluster-forming AML where complete remission had been achieved. 
In this analysis, four patterns ,of relapse emerged. 

Table I: Analysis of Colony Formation During Remission Induction in 57 Pa
tients with Cluster Forming AML 

Number of Patients Showing 
Colony Formation 

Number of Patients Attaining 
Remission 

Marrow Colony Incidence at Time 
of First Detection of Colonies 
(Mean + Range) 

Density Distribution of Colony 
Forming Cells (0/0 < 1.062 g/cm3) 

Time to A ppearance of Normal 
Colonies (Days Mean + Range) 

Time to Complete Clinical Remission 
(Days Mean + Range) 

82 

30/57 

29/57 

27 (1-172)/105 

'8.5 + 0.5 

41 (5-85)" 

62 (20-105) 



(a) Müst frequently übserved was a cüilcürdance üf a clinical diagnüsis üf relapse 
with a cümplete return tü a cluster fürming leukemic grüwth pattern. 

(b) Lüss' üf cülüny fürmatiün and return tü a cluster-fürming grüwth pattern 
1-4 weeks priür to clinical and hematülügical evidence üf relapse. 

(c) Cüexistence üf nürmal and leukemic cülüny and cluster fürming cells für 
varying periüds preceding üvert relapse. Discriminatiün between nürmal and 
leukemic cells was püssible ün the basis üf cülüny size, cell mürphülügy and 
the dispersiün ür degeneratiün üf the l'eukemic clusters. Density gradient 
separatiün and cytügenetic analysis üf individual cülünies 'and clusters have 
further·cünfirmed the cüexistence üf nürmal and leukemic CFU-c in marrüw 
cultures priür to clinical evidence 'üf relapse. 

(d) The füurth categüry cümprised patients whü shüwed evidence üf early relapse 
based ün hematülügical criteria including elevated marrüw blast ceIl incidence 
(withüut detectable Auer rüds), presence üf immature cells in the circulatiün 
and, in the case üf patients presenting with acute münücytic ür myelümünü
cytic leukemia, abnürmal münücytüid cells in marrüw and blüüd with quali
tatively nürmal cülüny and cluster fürmatiün. In this categüry there exists 
a clear discrepancy between the interpretatiün üf marrüw mürphülügy and 
the in vitrü culture parameters whjch shüwed nü evidence üf leukemic, cell 
prüliferatiün. This paradüx was largely resülved by sequential analysis üf 
CFU-c in the marrüw üf patients in prülünged remissiün. A striking variatiün 
in the incidence üf marrüw CFU-c was übserved in a number üf patients 
which cüuld neither be attributed tü technical variatiün nür in any direct 
sense, tü the maintainance prütücül. 

Cürrelated with the' periüdicity üf marrüw CFU-c iri many patients was a fluc
tuatiün in marrüw blast cell incidence. A marked increase in CFU-c was frequently 
assüciated with ür clüsely füIlüwed by an increase in marrüw blast cüunt tü levels 
cümpatible with early relapse. 'The majürity üf such cases were treated with inten
sive reinductiün; hüwever, a nu mb er were cüntinued ün maintainance therapy 
and, in these cases, büth blast ceU and CFU-c incidence returned tü nürmallevels 
in subsequent marrüw aspirates and the patients remained in cümplete remissiün. 

The detectiün üf incipient relapse in patients whü presented with leukemia 
characterized by the fürmatiün üf micrücülünies with an excess üf clusters was 
aided by münitoring the cluster to cülüny ratiO' tügether with mürphülügical analy
sis üf cülünies and buüyant density characterizatiün üf CFU-c. Iri the case üf 
cülüny fürming leukemias with a nürmal cluster tü cülüny ratiO', cülüny mürphül
ügy and, specifically, CFU-c buüyant density were the main diagnüstic parameters 
capable üf distinguishing between relapse and remissiün status. 

Marrüw culture parameters in preleukemic disürders 

The situatiün in preleukemic disürders is nüt unlike that übserved in AML 
remissiün patients during the time immediately preceding the ünset üf relapse. 
We have übserved that in such preleukemic states as refractüry siderüblastic anemia 
assüciated with a variable spectrum üf cytüpenias ür with chrünic münücytosis, 
that a spectrum üf qualitative defects can be detected in a prüpürtiün üf cases. 
These defects are identical to those seen in overt myeloid leukemia and precede 
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progression to leukemia by 3-18 months. A number of such ca ses show coexistence 
of normal and leukemic ce11 proliferation preceding overt relapse. Clinica11y 
identical cases exhibiting no qualitative defects but generally with a depressed 
incidence of CFU-c in marrow culture did not progress to an acute leukemic 
phase without first developing qualitative defects in CFU-c maturation or pro
liferation. 

The heterogeneity of AML in relapse is reflected in the spectrum of defects 
observed in progression from preleukemia to overt leukemia. Prediction of clinical 
progression of preleukemic disorders must therefore be based on recognition of 
clonal evolution with progressive derangement in CFU-c proliferation and/or 
differentiation similar to that observed in the progression from chronic to acute 
phase in CML (6). Alternatively, the demonstration by ce11 separation and/or 
marrow culture of coexisting normal and leukemic populations in "preleukemia" 
is similar to the situation seen in many cases of early relapse of AML and 
should be considered not as preleukemia but as early leukemia since the minor 
leukemic clone progressively expands but retains its characteristic spectrum of 
qualitative abnormalities. 

In vitro characteristics of chronic myeloid leukemia at diagnosis and in blastic 
transformation 

One hundred-three patients with Phi positive CML were studied at various 
stages of their clinical course; of these 66 were investigated at the time of first 
diagnosis. With the exception of 8 patients, a characteristic pattern of presentation 
was seen. The incidence of colony and cluster forming cells in marrow was in
creased on average 15X normal and circulating CFU-c on average 500X normal. 
The ratio of clusters to colonies, an important diagnostic parameter when pre
dicting blastic transformation, was consistently within the lower range of normal. 
CFU-c in CML at a11 stages of the disease were of an abnormally light buoyant 
density as determined by continuous density gradient or equilibrium density 
centrifugation in bovine serum albumin. The abnormal density distribution of 
CFU-c appears to be a characteristic of the myeloid leukemic state and is only seen 
in normal hematopoiesis during fetal life (15), suggesting the possibility of an 
oncofetal transformation associated with leukemogenesis (14). 

Analysis of the in vitro characteristics of marrow and blood of 42 patients at 
the time of clinical diagnosis of blastic transformation revealed in every case de
fects in proliferation and maturation which served to distinguish this phase from 
chronic phase disease. A spectrum of different patterns of in vitro growth was 
seen and the same six categories of proliferative abnormalities were identified as 
seen in untreated AML (Table 2). Only one patient showed complete absence of 
colony and cluster formation in marrow and blood culture and the most common 
pattern was that of macrocluster or microcolony formation with an excess of 
clusters. These variants accounted for 50 % of the cases studied. The macrocluster 
variant tended to present with a higher WBC count, higher blast incidence, lower 
platelet count and after a shorter duration of chronic disease than did the micro
colony variant. Both categories showed minimal response to therapy, no remissions 
were observed and survival in blastic phase was brief. The next most common 
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Table 11: Characteristics of Untreated CML and Blastic Transformation 

No.of Age 0/0 Blasts Marrow/105 Duration Blast Phase Remission 
Cases (Years) inBM Colonies Clusters ofCML Survival Rate 

(Months) (Weeks) 

Untreated chronic 58 47 < 5 404 1506 
Untreated blastic trans. 

Macroc1uster 9 54 50 0 2417 20 7 0/9 
Microcolony 12 51 36 22 1043 41 6 0/12 
Microc1uster 6 39 52 0 136 14 35 3/6 
Colony Forming-Blast 

ProM. 8 52 8 345 1967 13 33 1/8 
Colony Forming-Low 

Plating 6 49 49 4 17 22 27 3/6 



variants were cases showing a microcluster growth pattern (14 0/0) and a colony 
forming growth pattern with a high plating efficiency and maturation arrest at 
the blast-promyelocyte stage. Both these categories are associated with a high 
remission rate in AML. The colony forming' cases had higher platelet counts and 
considerably lower blast counts in marrow and blood than did any other category 
and generally followed a more subacute course reflected in their Ion ger survival 
in bl asts crisis. The microcluster category of patients were, on average, younger than 
the other groups and had the longest average survival after diagnosis of blast crisis 
due to the fact that 50 % achieved complete remission which in two cases was 
prolonged. The relatively short me an duration of chronic phase disease in the 
microcluster group may be attributed to the fact that 2/6 cases presented at first 
diagnosis in blastic crisis with no antecedent history of chronic phase disease. 
A final category, comprising 14 % of cases was characterized by a low WBC count, 
high blast count in marrow and blood and a very low incidence of colonies and 
clusters with normal colony maturation and cluster to colony ratio. As we have 
previously reported, the blast cells in these patients possessed no discernible myelo
blastic features as determined by marrow culture, did not respond to or produce 
colony stimulating factor and had the buoyant density characteristics of leukemic 
lymphoblasts rather than myeloblasts (6). A similar groWth pattern is seen in 
acute lymphoblastic leukemia (4) and in the majority of acute undifferentiated 
leukemias (6). In these latter leukemic states, granulocytic colony formation re
flects the persistence of low numbers of normal CFU-c coexisting with a non
myeloid leukemic blast cell population which cannot. totally suppress normal 
granulopoiesis. It appears probable that a similar situation exists in this variant of 
blastic transformation and that the low incidence of colonies reflect residual chronic 
phase CFU-c coexisting with an acute leukemic blast population which is either 
non-myeloid or so undifferentiated that it lacks the capacity to proliferate in 
response to a regulatory macromolecule (CSF) and is defective in its capacity to 
specifically suppress chronic phase myelopoiesis. Recognition of this variant of 
blastic CML may be of particular importance, since we have observed a 50 % 

remission rate using protocols including vincristine and prednisone. 
Of 103 patients who were Phi positive, 8 presented at first diagnosis with 

abnormalities of in vitro CFU-c proliferation and differentiation characteristic of 
blastic phase disease.Of these, three were unequivocally in blastic phase at presenta
tion by clinical and hematological criteria. Of the remaining five cases, two died 
within a week of diagnosis and three progressed to overt blastic transformation 
within 8-16 weeks. 

The number of CML patients who have been sequentially studied using the CFU
c assay is relatively small; however, certain generalizations may be made concern
ing early detection of acute leukemic clones. 
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(a) Progressive increase in the cluster to colony ratio in marrow and/or blood 
cultures may precede by weeks or months clinical or hematological evidence of 
blastic transformation. During this period, chronic phase CFU-c coexist with 
emerging acute clones characterized by a microcluster, macrocluster or micro
colony growth pattern. The rate of progression may be determined by the relative 
proportions of the coexisting clones as determined by achanging ratio of 
clusters to colonies or physical separation and quantitatiori of CFU-c subpopula-



tions (6, 14). This prQgr~ssion. is frequently, but not invariably, associated with 
cytogenetic evidence of aneuploidy involving additional Ph1 chromosomes andl 
or additions or deletions of C, Fand G group chromosomes (14). 
(b) Progressive increase in the incidence of colony and clus~er .forming cells 
in the circulation with a normal cluster to colony ratio and in "vitro maturation 
arrest at the blast-promydocyte level 'preceeds a terminal colony forming blast 
cnSlS. 

(c) A declining incidence of colony and cluster forming cells in marrow ·and 
blood with a normocellular to hypercellular marrow and normal to elevated 
WBC count with an increasing blast cell incidence preceeds clinical evidencc of 
a terminal blast crisis associated with the development of a non-myelo~d or 
undifferentiated acute leukemia. A subnormal in ci den ce of marrow CFU-c 

. with a normal cluster to colony ratio and no'rmal maturation mayaiso be seen 
in CML patients with myelofibrosis, however, in SU9J cases, 'circulating CFU-c 
are increased in number. . 

Marrow culture studies in allogeneic hone marrow transplantation 

The ability of the CFU-c assay to monitor a population of stern cells closely 
related to the multipotential stern cell compartment, together with its capaci~y to 
discriminate between normal and leukemic cell populations, has proved of value in 
allogeneic marrow transplantation of patients with acute leukemia. The se1ection 
of potential transplant recipients is assisted by detection, at first diagnosis, of 
patients exhibiting· a poor prognosis patter:l1- of leukemic CFU-c proliferation. The 
efficiency of pre-transplant cytoreduction remains a considerable problem in 
marrow transplantation in leukemia, possibly due to the marked heterogeneity of 
the disease. We have observed persisting leukemic cell proliferation in AML patients 
at the time of marrow transplantation and also total absence of detectable leu
kemic cell proliferation in patients who subsequently relapsed with their original 
leukemia (16). The regeneration of donor CFU-c following marrow engraftment 
showed considerable variation, ranging from rapid reconstitution with an overshoot 
and return to normal incidence, to delayed or absent marr.ow CFU-c repopulation 
despite cytogenetic evidence of marrow reconstitution. The number of transplant 
patient analysed by in vitro culture parameters is, as yet, too small to assign any 
prognostic significance. to the rapidity of regeneration of CFU-c, but Jrom a 
theoretical standpoint, monitoring reconstitution at the level of astern cell com
partment should provide a more significant parameter than either peripher al WBC 
counts or analysis of marrow cytogenetic status based on mitosis in predominantly 
differentiating hematopoietic cells. 

The clinical utility of bone marrow culture is illustrated in the case history of 
marrow transplantation in a patient with acute erythroleukemia (Fig. 2). Seven 
months prior to transplantation the patient's marrow showed 90 0/0 blast cells 
and a diagnosis of acute erythroleukemia was made. Despite six courses of cytosine 
arabinoside and daunomycin, only a transient partial remission was observed. 
Bone marrow culture 14 days and 10 days prior to transplantation showed a poor 
prognosis acute .1eukemic growth pattern of the microcolony type with an excess 
of poorly differentiated clusters. of 3-40 cells and small colonies of 40-60 cells. 
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Fig. 2: In vitro culture parameters in the marrow and blood of a patient with acute 
erythroleukemia before and after a fe male sibling bone marrow transplant. Note the ab
normal ratio of colonies to clusters in the pre-transplant marrow cultures and the return 
of this leukemic growth pattern in both marrow and blood 70-100 days post-transplan. 
tation. Methotrexate was administered at 3, 6, 11 and 18 days post-transplantation and 
at weekly intervals thereafter. 
ATG - Horse anti-human thymocyte globulin 
ALG - Goat anti-human lymphoblast gamma globulin 

The clusters and small colonies could be further distinguished from normal by 
their compact nature rather than the dispersed morphology of normal colonies. 
Following cytoreduction and immunosuppression with daunomycin, cytosine 
arabinoside, cyclophosphamide and total body irradiation (1,000 rads), the patient 
received an ABO, HLA and MLC matched female sibling marrow transplant. The 
donor marrow contained 22 CFU-c per 105, indicating minimal dilution with 
peripher al blood. Engraftment was confirmed by cytogenetic analysis of the marrow 
on day 18, when 100 % female donor metaphases were observed. Although normal 
donor colony formation may be detected within 10-12 days following transplan
tation, this patient showed delayed recovery of marrow colonies which were not 
seen until 38 days post-transplantation. At no stage of the clinical course did the 
marrow CFU-c incidence approach or exceed normal levels. A diagnosis of mini
mal GVH disease in skin, liver and GI tract was made 38 days post-grafting 
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and was reversed with 7 dos es of horse anti-human thymocyte globulin (HAHTg). 
Seventy-two days post-transplantation, peripheral blood cultures which previously 
had shown no detectable colony and cluster formation, showed a sharp increase in 
cluster incidence with no detectable colony formation. Bone marrow culture 3 
days Iater showed a mixed population of normal colonies with leukemic clusters 
and colonies identifiable by their compact nature. At this stage no hematological 
or cytogenetic evidence of recurrence of leukemia was found. Eighty-nine days 
post-transplantation both marrow and peripheral blood cultures showed leukemic 
cell proliferation with a growth pattern and colony formation characteristic of 
the leukemic clone observed prior to transplantation. No evidence of persisting 
donor CFU-c was obtained. At this stage the marrow morphology revealed 10 0/0 

abnormal proerythroblasts and monocytoid cells; however, an unequivocal
diagnosis of early leukemic relapse was not possible on hematological or clinical 
grounds. Cytogenetic studies at this time revealed 24/24 normal female donor 
metaphases. Eight days later, marrow aspiration revealed 20 % blast cells with a 
persisting leukemic growth pattern and cytogenetic studies showed at least 3 dif
ferent populations of cells: (1) 24/50 normal female metaphases, (2) 12/50 trans
located male metaphases that resembled the original stern line defect and (3) ab
normal male cells containing multiple hyperdiploid alterations. The patient ex
pired on day 101 post-transplantation in full hematological relapse with a high 
circulating blast count and leukemic infiltrations in multiple organs. 

It is apparent from studies of this and other patients that marrow culture can 
detect leukemic relapse following marrow transplantation considerably earlier 
than conventional diagnostic criteria and at a time when marrow cytogenetic 
analysis showed no evidence of emerging host leukemic stern lines. More extensive 
analysis of bone marrow transplantation in patients with AML, aplastic anemia 
and myeloproliferative disorders will be necessary before the ultimate value of 
monitoring in vitro culture parameters can be determined, but the preliminary 
observations suggest that such a venture will not be unrewarding. 
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Proliferative Behavior of Hemopoietic Cells in Preleukemia 
and Overt' Leukemia Observed in One Patient::-

P. Dörmer 

Institute of Hematology of the Gesellschaft für Str~hlen- und -
Umweltforschung, München 

~ummary 

Hemopoietic cell proliferation was studied il1~a patjent suffering from preleukemia 
chClracterized by peripheral pancyt~penia and, hyperc~Hular bone marrow with~~
effective erythropoiesis. Two years later when overt acute myelogenous leukemia 
had developed the 'study was repeated. The kineticsof proliferation were in
vest~gated by a new method which cillows evaluation of' the rate and time of 
DNA synthesis in individual morphologically def1ned cells. '. 

Erythropoiesis was found ineffective to the same degree in both stages of disease. 
The rate of erythroid cell proliferation, however, was reduced in overt leukemia 
only. The myeloid system showed a grossly reduced production rate of myeloblasts 
in preleukemia whilst the same parameter was strongly increased in leukemia. This 
high production rate of myeloblasts in overt leukemia was interpreted as indi
cation of a far-reaching self-maintenance of the myelo~last pool in this stage of 
disease. The proliferative activity of the individual myeloblasts was reduced al
ready in preleukemia, and even more so in leukemia. In order to explain the 
amplification of the myeloblast pool with the onset of overt leukemia a change in 
the mode of myeloblast divisions is assumed. For this a transition from steady 
state to some degree of exponential growth gives the most plausible explanation. 

A 71 year-old female suffered from severe peripher al pancytopenia with an 
anemia of 7.9 gm % of hemoglobin, leukopenia of 1,240/mm3 and thrombocyto
penia of 24,OOO/mm3• The anemia was classified as refractory anemia. The hone 
marrow was hypercellular with a G:E ratio of 1 :2. 69 % of the erythroblasts 
were ringed sideroblasts according to the Prussian blue reaction. By ferrokinetic 
examination a highly ineffective erythropoiesis was found with a P.LT of 3.55 
mg Fe/100ml/day whilst the red bloodcelllifespan,tl,lrned out to be normal. 

After unsuccessful therapy with vitamins B6, B12 and folie acid the. patient 
received merely occasional transfusions of packed red blood cells. She remained 
under out-patient control and did not show significant changes for the next 20 
nionths. Then a gradual rise in the white blood cell count with an increasing num
ber of myeloblasts i~ the blood smear was observed. 2 years after the first examina
tion overt acute myelogenous leukemia (AML) had developed. Retrospectively 
the phase of pancytopenia was classified as preleukemia. 

,t· Study peiformed under the association contract for hematology between EURATOM 
and GSF no. 089721 B1AD. Supporte'd bythe Deutsche Forschungsgemeinschaft: SFB 51/ 
E-3. 

91 



In the preleukemic state and at the stage of untreated AML sternal bone marrow 
was aspirated for the study of cellular proliferation. The suspended cells were 
incubated in a short-term incubation schedule with 14C-thymidine (14C-TdR) and 
5-fluorodeoxyuridine (FUdR). By me ans of quantitative 14C-autoradiography the 
duration of DNA synthesis (ts) was evaluated in individual cells. The method as 
weIl as the pertinent principles of cell proliferation kinetics have been discussed 
in detail elsewhere (2). By Feulgen microphotometry euploid DNA values were 
obtained for the leukemic myeloblasts. 

Preleukemia AML 

Pr. E. Bas.E. Pol. E. Pr. E. Bas.E. PoI.E. 

Ne (re!.) 163 334 503 Ne (rel J 110 283 607 

Ns/Ne 0.78 0.70 0.32 Ns/Ne 0.69 0.56 0.24 

t s (h) 9.1 13.1 16.2 ts (h) 10.3 15.5 23.0 

Ns Its(relJ 1.0 1.3 0.7 Ns /ts (re!.) 1.0 1.4 0.9 

40 

80 

120 

Fig. 1: Parameters of cell kinetics and smemes of divisions of erythroid cells in preleukemia 
(left side) and AML (right side). Between the smemes of divisions a time scale in hours 
is inserted. Abbreviations: Pr. E. = proerythroblasts; Bas. E. = basophilic erythroblasts; 
Pol. E. = polymromatic erythroblasts; Ne = relative number of cells in a compartment; 
Ns/Ne = 3H-TdR labeling index; ts = DNA synthesis time; Nglts = relative rate of cell 
production in a compartment. 

Fig. 1 contains a compilation of the parameters of erythroid cell proliferation in 
preleukemia and AML. In preleukemia normal labeling indices (Ns/Ne) as weIl 
as normal values of ts were found for the different morphological cell compart
ments. These data correspond to the values obtained in a collective of healthy in
dividuals (2). However, the relative production rates (Ns/ts) show considerable 
deviation from the normal ratio of 1 :2:5 for proerythroblasts:basophilic:polymro
matic erythroblasts. Th~ reduction in relative production of more mature erythro
blasts most likely is an expression of intramedullary cell death. On the left side of 
Fig. 1 a scheme of divisions derived from the ratio of production rates illustrates 
the birth of 3 basophilic erythroblasts from 2 proerythroblasts, and of 2 poly
chromatic from the 3 basophilic erythroblasts. 
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The scheme of erythropoietic cell division has not changed much in AML (Fig. 1, 
right side) as is obvious from the ratio of production rates of 1 :1.4:0.9. The rate 
of cell proliferation, however, is reduced as far as conc1usions can be drawn using 
Ns/Ne and t s only. Similar findings have been reported in other bone marrow 
infiltrating diseases (2). 

Preleukemia 

MB PM Me MB PM Me 

Ne (rel.) 723 77 200 Ne(rel.) 889 39 72 

NsfNe 0.06 0.47 0.25 Ns/Ne 0.07 0.20 0.15 

t s (h) 15.6 12.8 17.2 ts (h) 18.1 15.8 17.9 

Ns fts (rel.) ·1.8 2.0 2.0 Ns/ts (re I.> 14.4 2.0 2.4 

111111 1111111 

Fig. 2: Parameters of ceU kinetics and schemes of divisions of myeloid ceIls in preleukemia 
(lef!: side) and AML (right side). Abbreviations: MB = myeloblasts; PM = promyelocytes; 
Me = myelocytes. For the other abbreviations, see legend to Fig. 1. 

In the myeloid series (Fig. 2) a prolonged ts is found already in preleukemic 
myeloblasts and myelocytes. Normal values for these cells obtained with the same 
method have been reported by Brinkmann and Dörmer (1). The labe1ing index of 
myeloblast in preleukemia is as low as in AML. In this latter stage ts ist prolonged 
in all myeloid compartments. From the production rate in AML amounting to 
14:2:2 a high degree of self-renewal of the mye10blast compartment can be deduced. 
In addition, there may be some ineffective myelopoiesis at the stage of myelocytes 
which is also observed in the preleukemic phase. Possibly the production rates in 
preleukemia already indicate that half of the myeloblasts do not give rise to 
promyelocytes after division but remain myeloblasts. 

The various parameters of cell proliferation in preleukemia, especially the high 
percentage of 94 % of myeloblasts in phases other than DNA synthesis, suggest 
that these cells already constitute a leukemic population. Table 1 shows that the 
production rate of this population is much lower than that of erythroblasts at the 
same stage. In normal bone marrow the ratio of production rates of myeloblasts: 
proerythroblasts is in the order of 1:1 (3). On the other hand, in AML there is a 
six-fold increase of the myeloblast production rate over that of proerythroblasts. 
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Table I: Relative Production Rates (Cells Produced' per Unit of Time per 100 
Proerythroblasts) in Bone Marrow ofPreleukemia and AML 

Myeloblasts 
Promyelocytes 
Myelpcytes 
Proerythroblasts 
Basophilic erythroblasts 
Polychromatic erythroblasts 

Preleukemia 

11 
12 
12 

100 
·130 

70 

AML 

640 
89 

106 
100 
141-

88 

The findings in this investigation raise one cardinal question: How can myelo
blasts in preleukemia characte~ized by a reduced proliferative activity as weIl as 
a very .low production rate overgrow the other ceIl types and attain such' a high 
rate of new ceIl formation in AML? The most plausible explanation depends on 
the assumption of a change in the mode of proliferation. By this change is meant a 
transition from .steady state growth of myeloblasts to some kind of exponential 
expansion. Under steady state conditions a compartment is being replaced by ex
actly the same number of cells which are leaving it. In exponential growth some 
of the daughter cells do not leave the compartment and remain mitotable. This 
increases the production rate of the compartment even if the individual ceIllooses 
some of its proliferative activity. In overt AML, fina11y, the myeloblast compart
ment has grown to suCh a size that it can be regarded as mainly self-maintaining. 
From the present study there is no answer to the question whether at a11 or to 
what extent such a compartment is dependent on the influx of stern cells. How
ever, it is most likely that the rate of cell birth in the compartment exceeds by 
far the rate of influx into it. 
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Leukemie Anaplasias Refleeting Physiologie 
Cytogenesis of :M;yeloid System 

M. R. Parwaresch, H. K. Müller-Hermelink and K. Lennert 

Department of clinical and general phatologie 
. University of Kiel 

Cytologcal abnormalities in granulocytes occuring in myeloproliferative diseases 
prove sometime to be highly revealing in connection with cytogenetical considera
tions. A good body of techniques have been applied in tracing the developmental 
line of hlood cells .. In tänIe 1, a: survey of the wiaely ~pplied methods for the 
demonstration of the deriva~ion of the' granulocytes from their marrow precursors 
is presented.' \'. , . 

Table 1: Survey of methods'devised for'cytogertetic studieson hemopoetic cells 
" , , . " 

1. GENERAL MORPHOLOGY 
Size, Form, Granules 

2. MORPHOLOGY OF NUCLEI 
Size, Form, Density, Segmentation 

3. ULTRASTRUCTURE 
4. FUNCTIONAL ACTIVITY 

Phagocytosis, Granule discharge 
5. CYTOCHEMICAL PROPERTIES 

Chemical markers 
6. DIRECT OBSERVATION 

Derivation in mono-cultures 
7. CELL-TRANSFER IN SYNGENEIC ANIMALS 

Radio-labelled 
Enzyme polymorphism 

8. MARKER-CHROMOSOMES 
9. OBSERVATIONS INLEUKEMIAS 

Revealing informations have heel1 gained on the hases of cytochemical studies. 
Of special significance proved hydrolytic enzymes as weIl as .dyes with a special 
affinity to certain cellular structures. These reactions could appropriately be used 
for the identification of different granuIocytic strains. ln this context they rep
resent "chemical markers". 

Being aware of the differences in the significance of each of these techniques yre 
are going to depict their applicability to the problems of the granulocyte deriva
tion. For the selective visualization of the different granuIocytic ceIl-line the 
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following four techniques have been applied. These methods fulfil the pre
requisites indispensable for cytogenetical considerations: reproducibility, specifity 
to special cell strain and constancy of the reaction pattern. 
1. The naphthol AS-D chloroacetatesterase reaction performed as described by 

MOLONEY (1960) and LEDER (1964) to visualize promyelocytic azurophil 
granuIes and the neutrophilic cell-line (Fig. 1). 

I 
MARROW I BLOOD 

I 

cQ)@@@@ 
I 

Neutrophils 100% + 

Monocytes 

Bosophils 100%-

Eosinophils 100% -

Fig. 1: Naphthol AS-D chlorocetate esterases activity in normal granulopoetic cells from 
promyelocytes to mature granulocytes. 

2. a-naphthyIacetatesterase as given by WACHSTEIN and WOLFF (1958) for 
the staining of bIood monocytes (LöFFLER 1961). 

3. Toluidin bIue stain for the demonstration of the metachromasia in basophil 
cell-line following proper fixation of their water soluble granules (PARWA
RESCH and LENNERT 1967). 

4. Para - dimethylaminobenzaIdehydnitrite (ADAMS 1957) reaction for the 
selective visualization of eosinophil cell-line (LEDER et al. 1970; LEDER and 
PAPE 1971). In this re action structures rich in tryptophane as extracellular 
fibrin precipitations and RUSSEL bodies reveal also a positive reaction. The 
separation of these structures however presents no significant difficulties. 
Under non neoplastic conditions significant variations in the re action pattern do 

not occur. By combination of these methods it is possible to trace back the deriva
tion course of the monocytes (LEDER 1967); basophils (PAR W ARESCH et al. 
1971) and eosinophils (LEDER and PAPE 1971) from the promyelocytes. 
Promyelocytes, as schematically demonstrated in Fig. 2, gradually develop specific 
properties of monoytes (activity to a-naphthylacetatesterase reaction) or that of 
basophils (toluidin blue metachromasia) or that of eosinophils (positive ADAMS 
reaction). In the same time a progressive reduction of the chloroacetatesterase activ
ity occurs as the specific secondary granules develop. All transitional forms 
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presenting both, proper ti es of promyelocytes and those of individual granulocytes, 
can easily be detected (fig. 2). 

MARROW I BLOOD 

I 
e'" e'" I ~ ~ 0" I 0" ~ 

~ ~, 
~.Ji\ ~c; I q, ... o ~e 

Monocytes 

Basophils 

Eosinophils 

Fig. 2: Demonstration of the granulocyte maturation as observed by the combined appli
cation of LEDER's esterase with «-naphthylacetate esterase reaction (monocytic ce 11-
line), with toluidin (basophil cell-line) and with light green or ADAMS reaction (eosinophil 
celline). For further explanation refer to text. 

In fig. 3 the reactivity of the individual granulocytes to the four applied 
methods is demonstrated. In case of naphthol AS-D chloroacetatesterase re action 
neutrophils reveal an invariable strong activity. A minor number of monocytes 
present a fine granular weak reaction. Basophils and eosinophils are invariably 

R\!activity to: 

Naphthol AS - D 
ChlaroQcelate E.R. 

a. - Naphthyl 
Acetate E.R. 

I Tolui dinblue 

I MetachromQsio 

ADAMS R. 

Neutrophil s ~onoc)'tu Ba$ophil s Eas lnoph ils 

'@+.': . . . 

Fig. 3: Reactivity of mature granulocytes and monocytes to the four cytochemical techniques 
applied. 
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negative. Monocytes are the only leukocytes presenting a significant activity to a
naphthylacetatesterase reaction. Toluidin blue metachromasia is strictly confined 
to basophils. The same is valid for eosinophils respecting ADAMS reaction. 

In case of myeloproliferative diseases a variety of divergences from the normal 
reaction pattern have been demonstrated (UNDRITZ 1963; LEDER 1972; PAR
WARESCH 1975). These deviations have been regarded as neoplastic abnor
malities. 

There have been reports on basophils (PARWARESCH 1975) and eosinophils 
positive to chloroacetatesterase reaction (LöFFLER 1969; LEDER 1970) in cases 
of myeloproliferative diseases .. Irrespective oE. the presence of this property in the 
marrow precursors of basophils and eosloophils, "theirselves lacking this property 
as normal mature granulocy~es, it were impossible tö understand the mechanism 
and the significance of such an occurance in neoplastic vari~E.ts. Apparently normal 
populations of basophils or eosinophils positive tö chloroacetatesterase reaction in 
myeloproliferative diseases reflect the farreaching. disturbance of the control 
mechanisms of the maturation process. This abnormality seen with eosinophils 
and basophils is strictly confined to myeloproliferative' diseases. In fifteen cases 
of excessive reactive leukocytoses including some leukemoid reactions no single 
basophil or eosinophil positive to chloroacetatesterase could be detected. It further 
underscores the exsistence of a single promyelocyte as the common precursors of 
at least these two granulocyte types and neutrophils. The latter is the only one 
of the three granulocytes, which retains the azurophil promyelocytic granules up 
to the mature stage. 

A further observation in myeloproliferative diseases is the occurance of granulo
cytes in bone marrow and peripheral blood which possess specific eosinophil as 
well as basophil granules. They are positive to chloroacetatesterase and to ADAMS 
re action as well as to toluidin blue metachromasia. Coiricideing of different 
properties, specific to individual granulocytes in the same cell is a further and a 
highly suggestive argument in favour of a common precursor for the three 
granulocyte types. Recent investigations have maintained further proof for this 
mode of granulocyte derivation. It could be weIl established, that monocellular 
cultures of single promyelocytes give rise to neutrophil granulocytes and mono
cytes. A fact which has been long expected Oh the basis of the frequency of 
myelomonocytic leukemias (LEDER 1970). 

Summary 

Naphthol AS-D chloroacet.atesterase activity in peripheral blood granulocytes 
is confined to neutrophils w:hich are all positive and to a minor part of monocytes. 
Its occurance in eosinophils. a~d basophils indicate a myeloproliferative disease. 
This chemical property can reliably be applied to separate neoplastic from reactive 
forms of quantitative and qualitative leukocyte alterations. The developmentai 
line of this specHic inyeloid cellular attribut has been presented to elucidate its 
diagnostic significaJ,lce and its validity as proof for existence of a common 
promyelocyte from which neutrophils, monocytes, basophils and eosinophils 
originate. 

98 



References 

Adams, C. W. M.: A p-dimethylaminobenzaldehydnitrite method for the histo
chemical demonstration of tryptophane and related compounds. J. din. Path.: 
10, 56-62 (1957). 

Leder, L.-D.: Der Nachweis von Naphthol AS-D Chloracetat Esterase und seine 
Bedeutung für die histologische Diagnostik. Verh. dtsch. Ges. Path.: 48, 317-
320 (1964). 

Leder, L.-D.: Die fermentcytochemische Erkennung normaler und neoplastischel 
Erythropoiesezellen in Schnitt und Ausstrich. Blut: 15, 289-293 (1967). 

Leder, L.-D.: Akute myelo-monocytäre Leukämie mit atypischen Naphthol AS-D 
Chlor acetat Esterase-positiven Eosinophilen. Acta haemat. (Basel): 44, 52-62 
(1970). 

Leder, L.-D., H. J. Stutte und B. Pape: Zur selektiven Darstellung von eosino
philen Granulozyten und ihren Vorstufen in Ausstrichen und Schnitten. Klin .. 
Wschr.: 48, 191-192 (1970). 

Leder, L.-D. and B. Pape: Cytological and cytochemical investigations on the 
origin of human eosinophilic granulocytes. Beitr. Path.: 143, 241-248 (1971). 

Leder, L.-D.: Histochemie und Cytochemie der Leukosen. In: Leukämie. Ed.: R. 
Gross u. J. van de Loo, Springer Verlag Berlin-Heidelberg-New York (1972). 

Löffler, H.: Cytochemischer Nachweis von unspezifischer Esterase in Ausstrichen. 
Klin. Wschr.: 39, 1220-1227 (1961). 

Löffler, H.: Cytochemische Klassifizierung der akuten Leukosen. In: Chemo- und 
Immuntherapie der Leukosen und malignen Lymphome (Stacher, A., Hrsg.) 
Wien: Bohmann-Verlag (1969). 

Moloney, W. C., K. McPherson and L. Fliegeiman: Esterase activity in leukocytes 
demonstrated by the use of naphthol AS-D chloroacetate substrate. J. Histo
chem. Cytochem.: 8, 200-207 (1960). 

Parwaresch, M. R. und K. Lennert: Löslichkeit und Fixierungsmöglichkeiten der 
Blutbasophilen-Granula des Menschen. Z. Zellforsch.: 83, 279-287 (1967). 

Parwaresch, M. R., L.-D. Leder and K. E. G. Dannenberg: On the origin of 
human hasophilic granulocytes. Acta haemat.: 45, 273-279 (1971). 

Parwaresch, M. R. : Pathologie, Histochemie und Elektronenmikroskopie der 
basophilen Leukämie. 3. internationale Arbeitstagung über Proliferative Erkran
kungen des myeloischen Systems. Wien, 19.-22. März (1975). 

Undritz, E.: Die Peroxydasereaktion und ihre praktische Bedeutung. In: Cyto
und Histochemie in der Hämatologie. S. 193-216. 9. Freiburger Symposion 
(Merker, H. Hrsg.). Berlin-Göttingen-Heidelberg Springer Verlag (1963). 

Wachstein, M., and G. Wolf: The histochemical demonstration of ester ase activity 
in human blood and hone marrow smears. J. Histochem. Cytochem.: 6, 457 
(1958). 

99 



Membrane Remodeling During Phagocytosis in 
Chronic Myelogenous Leukemia Cells 

Introduction 

Stephen B. Shohet, M. D. 
Cancer Research Institute 

University of California, San Francisco 

First, I would like to thank Dr. Neth and the organizers for making this meeting 
possible r For those of us who have co me a long distance, the trip has clearly been 
educationally profitable and the hospitality of Dr. Neth and his delightful teams 
of wagon drivers have certainly made this a memorable personal experience as 
well. 

This evening I would like to tell you very briefly the results of some experi
ments we conducted with duonic myelogenous leukemia cells following phago
cytosis. The experiments were initially undertaken in the hope that we could detect 
some difference in the biochemical behavior of leukemic cells and normal ceUs which 
might further our understanding of the former or suggest some therapeutic 
approaches. At the very beginning, I must tell you that we found no differences 
between the leukemic and normal cells. However, in both cells we did note some 
unusual changes in the lipid composition of sub-cellular membrane eonstituents 
following phagocytosis of considerable biologie interest. These changes may offer 
so me possibilities for therapeutie manipulation of abnormal phagocytic cells. 

Since the lipid eomposition of biologieal membranes is a major determinant of 
their barrier qualities and their permeability charaeteristics, and since during 
phagocytosis there is a major architectual rearrangement of membrane constituents 
in the phagocytie ceU, we sought to determine the lipid eomposition of various 
permeability barriers within the phagoeytic cell both before and after phagocytosis. 
Although at the time, we were not aware of any therapeutie implications of such 
potential differenees, recent observations of Dr. Tulkens in Brussels suggest that 
such changes may modulate the effects of some so-called "lysosomotropic" drugs 
eurrently utilized in leukemia chemotherapy. 

Methods 

The basic procedures foUowed are outlined in Figure 1. In brief, we collected 
heparin anti-eoagulated blood from untreated human patients with chronic 
myelogenous leukemia. We then separated the CML granulocytes from the red eells 
and platelets by gravity sedimentation and gentle saline washing. Throughout the 
isolation proeedure, plastic containers and pipettes were used to minimize white 
cell aggregation. The isolated washed cells were then incubated with an excess of 
opsonized polystyrene beads so that a large amount of phagocytosis occurred with-
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Schema for isolation and lipid analysis of whole cells, Lysosomal Membranes, 
Plasma Membranes, and .Phagosomal Membranes of CML Gran!Jlocytes 

Fresh Heparinized Blood from CML Patients 

. . ~d' . 
Gravuy Se ImentatlOn 1 

1 (RBC) 

Saline Washes 1 
1 (Platelets) 

CML Granulocytes~ 

Incubation with Latex Beads 

Resting Cells Phago~tic Cells 

H ~ . H ~ . omogemze omogemze 

/ DeJsity Tris and Sucrose Sucrose Gtadient (1) 
/ Gradtt (2) Gradient (3) ~ 

Whole Cell Lysosomal Membrane "Plasma Membrane" Phagocytic Vesicle 
Preparation Preparation Preparation Preparation 

A ·B C D 

A-D 
/./ \~ 

/ Lipid Extraction "'.. 

Thin Layer Chromatography Gas Chromatography for 
./ Total Fatty Acids 

Lipid Class Isofation 

Gas Chromatogra~ for Lipid Class 
Fatty Acids 

.Fig.l 
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in approximately 15 minutes. The re action was stopped by the addition of excess 
cold saline and the cells were then homogenized in order to liberate the latex beads 
which were now coated with a phagocytic membrane which was probably derived 
from a combination of lysosomal. membranes and plasma membranes which had 
fused to form the phagocytic vacuole following particle ingestion. These membranes 
were then isolated by density centrifugation following the method of Wetzel and 
Korn (1) while resting cells were similarIy homogenized and fractionated to ob
tain both primary lysosomal membranes and plasma membranes by the methods 
of Cohn and Hirsch; and Warren, Glick and Nass, respectively (2, 3). The resultant 
membrane preparations were then extiacted for lipid analysis with chloroform and 
methanol following the method of Folch, Lees, and Sloane Stanley (4) with the 
modification of adding of one miligram per 100 cc's of Butyrated Hydroxy 
Toluene as anti-oxidant to all of the solvents. The liquid extracts were then assayed 
by thin layer chromatography using the method of Skipski, Peterson, and Barclay 
(5) and by a total lipid phosphorus assay (6). The lipid classes were isolated from 
the thin-layerplates by elution and analyzedfor fatty acids bygas chromatography 
utilizing methods published elsewhere (7). An "unsaturation index" (V.I.) was 
calculated for each sampie as the sum of the number of double bonds in each fatty 
acid species multiplied by its mole percentage as determined by the gas chromato
graphy. This index served as a gross es ti mate of the "fluidity" of the membranes 
analyzed ",:nd also probably reflects their flexibility and permeability. 

Results 

A summary of the overall results is presented in Table I. Here the "unsaturation 
index" of the lipids in the whole cells used as starting material is compared to the 
unsaturation indices of both lysosomes and plasma membran es isolated from those 
cells prior to phagocytosis, as weIl as phagocytic vesicles isolated following phago
cytosis. Plasma membranes are presented in quotation marks in this table because 
the product derived by this technique, although the best available, is still subject 
to some question in terms of purity. In terms of overall unsaturation indices, 

Table I: Vnsaturation Indices and Representative Fatty Acids of Total Phospho
lipids in Various Fractions of Chronic Mye1ogenous Leukemia Granu
locytes:~ 

Whole Granules "Plasma Phagocytic 
Cells Membrane" Vesicles 

V.I.** 110±8 124±4 100±8 65±9 
20:4 14+2 17+ 1 11 ±2 5±1 
16:0 20+3 16+ 1 28±6 31 +6 

::. Tables land n modified from Smolen & Shohet (6) with permission of the Journal 
of Clinical Investigation. ± figures = 1 S. D. 

*,~ Unsaturation Index and Sum of Mole % FA Times # Double Bonds/FA. 
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phatocytic vesicles have a considerably lower unsaturation index than any of the 
other fractions. This includes particularly both the granule and plasma membrane 
fractions which are feit to be the precursors of the phagocytic vesicle membranes. 
When representative polyunsaturated and fully saturated fatty acids are also ex
amined in the same table, it can be seen that there is a consistent reduction in 
polyunsaturated fatty acid and an increase in saturated fatty acid in the phagocytic 
vesicles. Similar changes are noted in Table II which presents lipid analyses for the 
phosphatidylcholine and phospatidylethanolamine lipid sub-classes; again, the data 
are presented for whole cells prior to phagocytosis and phagocytic vacuoles follow
ing phagocytosis. This data may be somewhat more significant than the whole lipid 
analyses in that the specific lipid sub-classes, which might be expected to enter 
into metabolie rearrangements following phagocytosis, were particularly analyzed. 
Again, the phagocytic vesicules have considerably reduced unsaturation indices in 
both lipid classes in comparison to whole cells, and consistent changes are found 
when representative fatty acids are examined. 

Table 11: Unsaturation Indices and Representative Fatty Acids of Separated 
Phospholipids in Various Fractions of Chronic Myelogenous Leukemia 
Granulocytes 

U. I. 
20:4 
16:0 

Discussion 

Phosphatidylcholine 
Whole Phagocytic 
Cells Vesicles 

70 
35 
33 

49 
26 
52 

Phosphatidy lethanolamine 
Whole Phagocytic 
Cells Vesicles 

140 
24 
12 

122 
98 
43 

Figure 2 outlines our current understanding of the phagocytic process in terms 
of the disposition of membrane constituents. Here it can be seen that the phago
cytic membrane is composed of elements of both the primary lysosomal membrane 
and the plasma membrane. Unfortunately, we do not know the percentage of each 
antecedent constituent and the diagram drawn here is not meant to imply any 
quantitative accuracy. Nevertheless, it can be seen from Tables land II that the 
final lipid composition of the phagocytic vacuole membrane is considerably more 
saturated than that of either of its parent membranes, so that simple mixing of 
membrane constituents, in any proportion, can not explain the observed composi
tion of the phagocytic membrane. 

Two possible mechanisms for this change in membrane lipid saturation are also 
outlined in Figure 2. The first is a hydrogen peroxide mediated attack on the un
saturated fatty acid bonds of the lipids making up this membrane. Karnovsky 
and Sbarra showed long ago that the oxidative burst produced during phagocy
tosis is re1ated to the generation of hydrogen peroxide within the ingesting 
granulocyte (8). Many subsequent investigators including most prominately Dr. 
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MEMBRANE REMODELING TO FORM 
'PHAGOSOMES' ·IN GRANULOCYTES 

PLASMA 
MEMBRANE 

DERIVED _--
MEMBRANE-

b 2 -, 0·, H 2 O2 ' 

Q0tf?:;N.G'~I:::ti%·;'~;~t:~ 
UNSAT. F.A. 

i P.LlPASE \ 
\ H202IT.G. ;' 
'SAT. F. A. 

'\ LYSOSOME 
\ DERIVED 

MEMBRANE 

'PHAGOSOME' WITH INJESTED PARTICLE 

Fig. 2: A schematic diagram representing changes in lipid membrane constituents of granu
locytes during phagocytosis. The plasma membrane invaginates and fuses with lysosomal 
membrane elements to form the eventual phagosomal membrane. This new membrane is 
thus derived from two parent membranes. However, the final concentration of saturated 
fatty acids in the phagosomal membrane is greater than that of either the parent membranes. 
It is assumed that either peroxidation of the phagosomal membrane through the action of 
hydrogen peroxide or superoxide, or the selective reacylation of that membrane through 
the activity of a phospholipase or a reacylation system, is responsible for this remodeling. 

Klebanoff (9) have suggested that this hydrogen peroxide may be crucial in 
mediating the subsequent killing of the phagocytized bacteria. Hydrogen peroxide 
either directly, or indirectly by one of its unstable precursors, superoxide, is weIl 
known to attack double bonds of unsaturated fatty acids; and if liberated in elost. 
proximity to the newly formed phagocytic membrane, might weIl be responsibh 
for much of its changed unsaturation index. Alternatively, or perhaps additionally, 
a phospholipase-reacylase enzyme cyde has been described in white cells (10) 
which, also perhaps under the influence of hydrogen peroxide, may preferentiall) 
attack unsaturated fatty acids on phospholipids replacing them with saturated 
fatty acids derived from tri glycerides (11, 12). 

Whether one or both of these mechanisms is operative, it seems dear that the 
permeability of the phagocytic vesiele may be quite different from that of other 
membranes within the cell. One might argue that this would be of considerable 
importance physiologically in that activated lysosomal products would be retained 
in a contained space surrounding the ingested foreign partide. This would facilitate 
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the rapid destruetion of the ingested baeteria on the one hand while proteeting the 
cell from auto-digestion on the other. I should hasten to add that direct measure
ments of phagocytic vacuole membrane permeability for large enzyme molecules 
have not been made, and that this line of reasoning is dependent upon assumptions 
eoneerning the influenee of the unsaturation index. 1tloreover, it is mum more like
ly that small eo-faetor perm~ability would be influenced than gross enzymatie 
permeability by these manges. Nevertheless, a dynamic compartmentalization of 
digestive capacity of the cell following phagocytosis is strongly suggested by these 
experIments. 

A possibility of therapeutically exploring these phenomena has been suggested 
by the recent studies of Dr. Tulkens and this is the reason I wish to bring this 
data to the attention of this audience this evening. Dr. Tulkens in Dr. DeDuve's 
laboratory has shown that eertain antibioties permeate lysosomes quite readily and 
then apparently beeome trapped there, perhaps in part due to manges in their 
ionie state indueed by the aeidie environment (13). Daunomyein and Adriamyein 
are included within this classifieation of drugs. Dr. Tulkens also feels that the 
Daunomyein probably enters the cell by "piggyback endoeytosis" a proeess some
what analogous to the phagocytosis proeess we have studied with larger latex gran
ules. It may be that the therapeutie effeetiveness of these drugs, whim is probably 
dependent upon nuclear penetration, is limited by this preferential sequestration in 
the lysosomes. It is not ineoneeivable that interference with the remodeling proeess 
whim has been deseribed here, by the addition of an anti-oxidant group to the 
memotherapeutie moleeules, would reduee lysosomal sequestration and inerease 
the biologie effeetiveness of those agents. 
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Erythroid Cell Differentiation 

Bernard G. Forget\ Jonatham Glass2
, and David Housman3 

Harvard Medical School, Boston Masschusetts, Institute of 
Technilogy, Cambridge 

I. Introduction 

The study of erythroid cell differentiation is pertinent to the study of human 
leukemia from two points of view. First, since a common stern cell gives rise to 
both erythroid and myeloid cells, it is not unexpected that disorders of myeloid 
cell proliferation and differentiation should be occasionally associated with ab
normalities of erythroid cell differentiation. In fact in many cases of human leu
kemia, there are abnormalities of erythroid cells. Secondly, the study of erythroid 
cell differentiation can serve as an experimental model for the study of normal 
and abnormal gene expression, a topic of vital import an ce to the understanding of 
the etiology and pathogenesis of human leukemia. The erythoid cell provides a 
number of advantages as a model system for the study of the control of gene ex
pression. This highly specialized cell devotes approximately 95 % of its protein 
synthesis to the production of one protein, hemoglobin, and therefore only a lim
ited number of the cell's genes are expressed. In addition, a number of biochemie al 
techniques are currently available for the isolation, characterization and quanti
tation of globin messenger RNA (mRNA), the necessary intermediary between 
globin gene expression and globin main synthesis. 

Erythroid cell differentiation can be considered from two points of view: 1) 
differences between fetal and adult mature red blood cells; and 2) differences be
tween erythroid cells at different stages of morphologie maturation. We will discuss 
first the abnormalities of red cell differentiation, mainly the emergence of fetal 
erythropoiesis, which can occur during the course of various human leukemias. 
Then we will discuss experimental studies on the quantitation of heme synthesis, 
globin synthesis and globin messenger RNA content in murine erythroid cells at 
different stages of maturation. 

1 The Divison of Hematology-Oncology of the Department of Medicine, Children's 
Hospital Medical Center, the Sidney Farber Cancer Center and the Department of Pedia
trics, Harvard Medical School, Boston, Mass. 02115. 
2 The Department of Medicine, Beth Israel Hospital and Harvard Medical School, Boston, 
Mass. 02115. 
3 The Department of Biology and the Center for Cancer Research, Massachusetts Insti
tute of Technology, Cambridge, Mass. 02139. 
Abbreviations used: 
Hb: hemoglobin; mRNA: messenger RNA. 
RNase: ribonuclease. 
cDNA: DNA copy of globin mRNA synthesized by RNA dependent DNA polymerase 
(reverse transcriptase) of avian myeloblastosis virus. 
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11. Abnormalities of erythroid cells in the human leukemias 

1. Abnormal proliferation of erythroid cells. 
A nu mb er of abnormalities of erythroid cell proliferation and differentiation 

have been observed in various human leukemias. Some of these abnormalities can 
be traced to the fact that a common stern ce11 gives rise to a11 three types of blood 
ce11s: granulocytes, erythroid ce11s and platelets. In the myeloproliferative dis
order, polycythemia vera, which can be considered as a "pre-Ieukemic" condition, 
there must be autonomous proliferation of the common progenitor stern cell, be
cause a11 three ce11lines proliferate and accumulate in excess with resulting ery
throcytosis, granulocytosis, and thrombocytosis. After many years this condition 
can revert to myelofibrQsis with myeloid metaplasia and/or acute myelogenous leu
kemia; very rarely Philadelphia chromosome-positive chronic myelogenous leu
kemia may develop after a long period of myelofibrosis and myeloid metaplasia 
and prior to acute myeloblastic transformation. 

In chronic myelogenous leukemia, the acquired chromosomal marker in the 
leukemic myeloid ce11s, the Philadelphia or Ph1 chromosome is present not only in 
the granulocytes but also in the erythroid (and megakaryocytic) precursor ce11s. 
This finding aga in points to alesion in the common progenitor cells as a basis for 
at least some forms of leukemia. 

Since the common stern ce11 is affected in at least some myeloid leukemias, it is 
not unexpected that in some forms of myeloid or undifferentiated leukemia, there 
appears to be an associated frank neoplastic transformation of the erythroid cell 
line: thus the term erythroleukemia, also referred to as the DiGuglielmo syndrome. 
In this condition there are bizarre, multinucleated megaloblastic erythroid pre
cursors, clover leaf nuclei, abnormal mitoses with endoreduplication, and bizarre 
mature red cell morphology; alm ost invariably there is concomitant or subsequent 
proliferation of myeloblasts and development of frank acute myeloblastic leukemia. 

2. Abnormal hemoglobin synthesis 
In certain cases of erythroleukemia and more rarely in other myeloproliferative 

disorder~, an abnormality of hemoglobin synthesis has been detected, termed 
acquired hemoglobin H (Hb H) disease. Normal hemoglobin consists of two (l 

and two ß chains (<l2ß2), and normally there is equal synthesis and accumulation 
of (l and ß chains in erythroid ce11s. If' there is decreased synthesis of (l chains 
relative to ß chains, then ß chains will accumulate in excess and form tetramers 
of Rb R (ß4). Rb R is relatively unstable or insoluble: with time it precipitates in 
the cell, forming inclusion bodies which damage the red cell membrane and lead 
to premature destruction of the red cel!. Studies of globin chain synthesis have been 
reported in one such case of acquired Hb H disease and these studies directly 
demonstrated a decrease in (l chain synthesis relative to ß chain synthesis (1). 
Other studies have indicated that the defect, in at least the case studied, is a clonal 
one, and limited to only some but not a11 of the patient's red cells (?the neoplastic 
clone) (2). 

Rb H disease more commonly occurs as an inherited disorder, a form of <l
thalassemia in which there is a genetic defect causing reduction of <l chain syn-
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thesis. In this latter condition, the patient has no increased susceptibility to de
veloping leukemia. 

3. Fetal hemoglobin synthesis 
During human development there is a change in hemoglobin synthesis from fetal 

hemoglobin synthesis (Hb F: CX2 Y2) to adult hemoglobin synthesis (Hb A: CX2 ß2) 

[Fig. 1]. The phenomenon starts during the third trimester of pregnancy and is 
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Fig. 1: Diagrammatic representation of the changes in human globin synthesis during pre
natal and neonatal development. (Modified from Huehns et al, Cold Spring Harbor Symp. 
Quant. Bio!. (1964) 19,327). 

usually complete by 6 months of age. The process involves the inactivation of the 
genes for the y globin chains and the activation of the genes for the ß globin chains. 
The precise mechanism involved and the factors controlling it are unknown. 
There are two different types of y chains of Hb F, which are the products of two 
different genes. The two y chains differ by only one amino acid residue at position 
136 of their amino acid sequence: in one chain it is alanine (the Ay chain), in the 
other it is glycine (the Gy chain). The relative amounts of Ay and Gy chains produced 
vary du ring development: in the fetus and newborn there is more Gy than Ay 

synthesis, but in the adult the small amount of residual y chain synthesis consists 
of more Ay chain synthesis than Gy chain synthesis (Table 1). There are also other 
differences between fetal and adult red blood cells (Table 1): in fetal cells there is 
virtual absence of Hb A2 (cx2 ö2) and of the enzyme carbonic anhydrase B, where
as these proteins are easily detected in hemolysates of adult red cells. The fetal and 
adult red cells also differ by one of their surface antigens: i (fetal) vs I (adult). 
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Table 1: Features of Fetal Versus Adult Erythroid Cell Differentiation 

Fetal rbc Adult rbc 

Hemoglobin type Hb F Hb A 
Hemoglobin F subtypes 

gly:ala ratio 3:1 2:3 
Membrane antigen 1 I 
Carbonic anhydrase B 0 + 
Hemoglobin A2 0 + 

In many cases of leukemia there is reactivation of fetal hemoglobin synthesis. 
This phenomenon is not peculiar to any specific type of leukemia but has been 
observed in virtually all types of leukemia: erythroleukemia, acute lymphoid leu
kemia and acute or chronic myeloid leukemia. In most of these cases however, the 
finding of increased Hb F is variable and the levels observed are usually low 
(2-15 0/0). In erythroleukemia elevations of Hb F are more common and the levels 
can be quite high (up to 60 0/0) (3). 

In one form of leukemia, juvenile chronic myeloid leukemia (CML), striking 
elevations of Hb F are almost invariable. The Hb F level usually increases as the 
disease progresses and can attain up to 70 % of the total Hb. This condition is 
associated with absence of the Phi chromosome and differs in its clinical course 
from the adult type of chronic myeloid leukemia (3). The fetal Hb in this condition 
almost invariably is of the true fetal type with respect to its content of Gy and 
Ay chains (G/A or gly/ala ratio). As the disease progresses the red cells also 
gradually acquire other fetal characteristics: increase in i antigen, and diminution 
of I antigen, Hb A2 and carbonic anhydrase B. In this condition, there is there
fore an apparent total reversion from adult to fetal protein synthesis. In rare cases 
of erythroleukemia in infants, a similar total reversion to fetal protein synthesis has 
been 0 bserved (4). 

In most other cases of leukemia however, the synthesis of Hb F is less striking 
(2-15 % of total Hb) and when it occurs, the Hb F is heterogeneously distributed 
among the red cells: it is usually limited to a small proportion or clone of red 
cells. In these cases there is usually no other evidence of fetal red cell protein syn
thesis as in juvenile CML. The significance of the phenomenon is uncertain. Re
activation of Hb F synthesis is also seen in a nu mb er of other medical conditions, 
usually associated with some bone marrow stress and hyperplasia. It is possible 
that these phenomena cause the nonspecific proliferation of usually dormant fetal 
clones of red cells. On the other hand, the expression of fetal globin genes may be 
a consequence of the neoplastic process: other neoplastic processes are sometimes 
associated with the synthesis of other fetal proteins, such as carcinoembryonic 
antigen (CEA) in colonic carcinoma and a-feto protein in hepatoma. The precise 
relationship of these events to the malignant process remains to be elucidated. 

Another observation has been made wh ich may have relevance to stern cell 
regeneration and proliferation following chemotherapy for leukemia. Sheridan, et al 
(4) studied hemoglobin synthesis in a number of patients undergoing chemotherapy 
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for acute myelogenous leukemia. In most cases they observed a burst of fetal 
hemoglobin synthesis at about 90 days after start of therapy usually following a 
period of marrow hypoplasia wh ich preceded a remission. Peak levels of 13 0/0 

were observed. The Hb F was distributed in a distinct cell line and the levels 
decreased to normal du ring the period of remission. The G/A ratio of the Hb F 
produced was usually of the true fetal type rather than of the adult type (4), but 
other features of fetal protein synthesis were not observed. Similar observations 
have been made in the early stage of bone marrow regeneration following bone 
marrow transplantation for aplastic anemia or leukemia (4 a). It is conceivable that 
stern cells after suppression of growth and during regeneration go through a cycle 
of producing committed stern cells which proliferate and differentiate as fetal cells. 
These observations will no doubt serve as the basis for further studies on the mech
anisms and control of stern cell growth and proliferation. 

IU. Hemoglobin synthesis du ring erythroid cell maturation 

1. Introduction 
In order to delineate mechanisms involved in the control of gene expression 

during normal cell development, we studied a model system consisting of erythroid 
cells at various stages of differentiation. Erythroid precursor cells were isolated 
from the spleens of anemic mice, then fractionated by velocity sedimentation into 
relatively pure populations of cells at different morphologie stages of maturation. 
These cells were then analyzed before and after overnight culture in the presence 
of erythropoietin for heme synthesis, globin synthesis and globin mRNA content 
by RNA-DNA hybridization assays using as probes the radioactive DNA copy 
(cDNA) synthesized from reticulocyte globin mRNA by viral reverse tran
scriptase. The results demonstrated that heme synthesis is maximal at an earlier 
stage of maturation than hemoglobin synthesis, indicating a certain degree of asyn
chronism between heme and globin synthesis during erythroid cell maturation. The 
least mature cells had a low but substantial level of globin mRNA indicating a 
greater degree of biochemie al differentiation than otherwise suggested by the cells' 
morphological appearance and very low level of hemoglobin synthesis. After cul
ture overnight with erythropoietin, the globin mRNA content of these cells increas
ed three- to five-fold, to levels found in the more mature erythroid precursor 
cells. These results indicate that the major control of globin gene expression in this 
system is probably at the transcriptional level, but some degree of translational 
control may be operative in the early stages of differentiation. 

2. Materials and Methods 
Hemolytic anemia was induced in vlrgm female CD1 mice (Charles River 

Breeding Labs), 18-24 grams in weight, by intraperitoneal injections of phenyl
hydrazine, 30 mg per kg, on days 0, 1 and 3. The spleens were removed on day 4, 
minced in phosphate buffered saline - 15 % fetal calf serum, forced through 
stainless steel mesh and filtered through 35 micron Nitex cloth. The more mature 
erythroid cells were lysed with antibody prepared against adult red cells, accord
ing to the method of Borsook et al, (5), and Cantor et al, (6). The cells were 
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then refiltered through Nitex cloth and separated as a function of size by the 
velocity sedimentation technique (7, 8) in a Staput Cell Separator with an 18 cm 
diameter bowl. Approximately 7 x 108 cells were loaded in one hour and allowed 
to settle for 3 hours. After the cone volume was removed, 30 ml fractions were 
collected and the cells were pelleted at 300 x g. Fractions containing similar 
morphologie classes of cells were combined into larger pools to provide sufficient 
material for assay of mRNA and for short-term culture. 

Replicate aliquots of cells were suspended in modified McCoy's 5A medium 
containing 15 0/0 fetal calf serum, penicillin (0.1 units/ml), streptomycin (0.1 ~gl 
ml) and human urinary erythropoietin (0.2 units/ml) at cell concentrations of about 
5 x 106 cells/ml. Cells were cultured for 16 ho urs at 37 oe in a humidified at
mosphere with 5 0/0 CO2• In orie experiment cells from fr action I were cultured 
in the presence of 100 ~Ci/ml of 3H-uridine, (46.2 Ci/m mole) [New England 
Nuclear Corp.]. 

Total cellular RNA was extracted from the various velocity sedimentation cell 
fractions by SDS-phenol-chloroform-isopropyl alcohol extraction at pH 9.0 (9). 
The cells labeled with 3H-uridine were washed and lysed by homogenization in 
0.1 M Tris, pH 7.5, 0.03 M KCI, 0.002 M MgC12 containing 1 0/0 Triton X 100 
and 50 ~g/ml of Dextran 70 (McGraw Laboratories). The nuclei were sedimented 
at 100 x g and RNA was prepared from the supernatant cytoplasm by SDS-phenol
chloroform extraction. The ethanol precipitated RNA was then fractionated by 
oligo (dT) cellulose column chromatography (9). The RNA initially bound to the 
column and subsequently eluted by 10 mM Tris HCI, pH 7.5, was ethanol precipi
tated in the presence of 50 ~g of E. coU tRNA. It represented 8 °/0 of the initial 
total cpm in the cytoplasmic RNA. 

Mouse reticulocyte RNA was prepared by detergent-phenol-cresol extraction 
of membrane-free reticulocyte lysates (10), and fractionated by sucrose gradient 
centrifugation; the RNA sedimenting between 4S and 18S RNA served as parti
ally purified reticulocyte globin mRNA. Further purification of the globin mRNA 
was achieved by oligo (dT) cellulose chromatography of the sucrose gradient 
mRNA fraction. The RNA initially bound and t~en eluted from the oligo( dT)
cellulose was labeled with 1251 by Dr. Wolf Prensky (11). 

RNA-dependent DNA polymerase was purified from avian myeloblastosis 
virus by the method of Verma and Baltimore (12). In some preparations, further 
purification of the enzyme by phosphocellulose chromatography was omitted. 3H
labeled globin cDNA was synthesized from the sucrose gradient purified reticulo
cyte globin mRNA as previously described (13, 14). cDNA for DNA excess 
hybridization was synthesized with the following components: a_32P_ TTP 22.5 
~Ci/ml (116 Ci/mmole); TTP, 0.1 mM; dCTP, dATP, dGTP, 0.5 mM; Tris pH 
8.3, 50 mM; Mg acetate, 6 mM; NaCI, 60 mM; dithiothreitol, 8 mM; actinomy
cin D, 50 ~g/ml; globin mRNA, 10 ~g/ml; RNA-dependent DNA polymerase, 
100 ~1!ml; and oligo (dT12- 1S)' 2~g/ml. RNA saturation hybridization was then 
accomplished by incubating a fixed amount of labeled cDNA with varying amounts 
of total RNA from the different cell fractions for 40 hours at 70°C, in 0.2 M sodi
um phosphate, pH 6.8, and 0.5 0/0 SDS (14, 15). Per cent hybridization was then 
determined after digestion of the residual nonhybridized cDNA with the S1 nucle
ase of Aspergillus oryzae (14, 15). DNA excess hybridization was performed in 5 ~l 
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of 0.2 M sodium phosphate, pH 6.8 and 0.5 % SDS containing 200-400 cpm of 
either 3H- or 125I-Iabeled RNA. Various amounts of 32P-Iabeled mouse globin 
cDNA were added to the re~ction mixtures which were incubated for 40 hours at 
70°C, in sealed, siliconized, disposable 5 ~l micropipettes. After incubation, the 
reaction mixture was diluted into 2 ml of 2 x SSC (0.3 M NaCl, 0.03 M Na citrate) 
and incubated for 30 minutes at 37°C in the presence of 20 ~tg/ml of boiled pan
creatic RNase. Yeast RNA was added to a final concentration of 0,4 mg/mI and 
TCA added to a final concentration of 10 0/0. The TCA precipitable radioactivity, 
collected on Millipore filters was assayed in a Beckman liquid scintillation counter 
and correction made vor 32p, counts. 

3. Results 
Erythroid precursor cells at different stages of differentiation were obtained 

from the spleens of mice with phenylhydrazine-induced hemolytic anemia, by 
immune hemolysis of the more mature cells followed by separation according 
size by the velo city sedimentation technique. The differential counts of erythroid 
cells in the three cell fractions examined are listed in Table 2. Fraction I (120 ml) 

Table 2: Differential Counts of Erythroid Cells in Velo city Sedimentation Frac
tions Before and After Culture with Erythropoietin 

Velocity Hours in Erythro- Pro-
Sediment- Culture poietin normo-
ation blasts 
Fraction 

%~~ 

I 0 0 73.3 
16 + 18.5 
16 1.6 

III 0 0 34.1 
16 + 1.9 

V 0 0 4,4 
16 + 0.0 

Baso- Poly-
philic chromat-
Normo- ophilic 
blasts Normo-

blasts 

0/ ., 0" %~~ 

17.8 7.7 
35.8 24.3 

7.0 24.6 
30,4 31.3 
14.6 28.6 
25.0 48.7 
0.9 21.3 

Ortho-
chromat-
ophilic 
Normo-
blasts 

D/O)~ 

1.0 
17.6 
48.9 

4.3 
34.0 
21.0 
56.8 

Enucleat
ed RBCs 

5.5 
17.9 

20.3 ' 

21.3 

~:. Percentage of all erythroid cells. Slides were prepared by cytocentrifugation, stained 
with benzidine-Wright-Giemsa, and differential cell counts performed on 400 cells using a 
modification of criteria outlined in Reference no. 5. 

contained primarily pronormoblasts 73.3 0/0), the earl,est recognizable erythroid 
precursor, and basophilic normoblasts (17.8 0/0). Only 8.7 % of the cells contained 
demonstrable hemoglobin as evidenced by positive staining with benzidine. The 
more slowly sedimenting fractions (60 ml each) contained progressively smaller, 
more mature cells. Fraction III contained approximately equal numbers of pro
normoblasts, basophilic normoblasts and polychromatophilic normoblasts, while 
fraction V consisted primarily of poly- and orthochromatophilic normoblasts. As 
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shown in Table 2, eells from these fraetions underwent progressive maturation 
when eultured for 16 hours in the presenee of erythropoietin. Coneomitantly, there 
was a 39-60 % rise in eell number leading to a substantial inerease in the absolute 
numbers of the more mature erythroid eells in each eell population eultured. Cells 
eultured without erythropoietin differentiated but did not proliferate. Cells from 
the velocity sedimentation fraetions aetively synthesized heme and hemoglobin and 
these funetions were also erythropoietin-responsive. The results of heme and globin 
synthesis by these eells have been reported in detail elsewhere (16). In summary, 
the results show that, in these eells, heme synthesis is maximal at an earlier stage 
of differentiation than hemoglobin synthesis indieating a eertain degree of 
asynchronism between heme and hemoglobin synthesis during erythroid eell ma
turation. These results are summarized in Figure 2. The results of the latter studies 
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Fig. 2: Relative rates of heme and globin synthesis in the erythroid cells of the various 
velocity sedimentation cell fractions. The detailed results have been previously published 
(16) and the figure represents a summary of these results, which indicate a degree of 
asynchrony between heme and globin synthesis during erythroid cell maturation. 

also suggested that erythropoietin is eapable of stimulating biochemie al differentia
tion of erythroid preeursor eells in vitro (16). 

Globin mRNA eontent of the eells was assayed immediately after velocity sed
imentation and after eulture of replieate sampies in the presenee of erythropoietin. 
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Fig. 3: Hybridization saturation curves using a constant amount of cDNA and increasing 
amounts of total cellular RNA extracted from velocity sedimentation Fractions I, UI, V. 
Arrows designate 50 % hybridization. The details of the hybridization re action and its 
assay are described in Methods. In Fraction I, RNA for the curve (0) was extracted from 
cells with the differential count listed in Table 2; for the curve (L) the RNA was cx
tracted from a cell population containing only 2.0 % benzidine positive cells (81.5 % 

pronormoblasts, 16.5 % basophilic normoblasts, 2 % polychromatophilic normoblasts). 

Figure 3 shows aseries of hybridization-saturation curves using a constant amount 
of labeled cDNA and increasing amounts of total cellular RNA extracted from 
the cells in fractions I, III and V. Total cellular RNA varied from about 1.8 
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A260 units per 107 cells in fraction I to 1.1 A260 units in fr action V. The arrows 
designate 50 % hybridization.The curve for the most immature cells (fraction I) 
indicates that 50 % hybridization required 5-fold more RNA than in the more 
mature fractions III and V; i. e., the proportion of the total RNA that is globin 
mRNA is 5-fold less in the immature as compared to the mature cells. After over
night incubation of the cells with erythropoietin, the proportion of total RNA 
that was globin mRNA increased markedly in fraction J, approaching the levels 
found initially in the more mature fractions. However, no significant change was 
observed in fractions III and V. 

Since globin mRNA levels increased after culture with erythropoietin only in 
fraction I, an additional experiment was performedwith c"ells from this fraction 
cultured in the presence or absence of erythropoietin (Figure 4). The 50 % hybrid-

o 80 200 400 800 1600 

ng RNA ADDED 
Fig. 4: Hybridization saturation curves using 32p-Iabeled cDNA and increasing amounts 
of total cellular RNA from cells of Fraction I cultured in the presence (x) or absence (e) of 
erythropoietin. Arrows designate 50 % hybridization. The saturation curve for the cells 
prior to culture was similar to that for cells cultured without erythropoietin and is not 
presented. 

ization values in this experiment indicate that about 3.5 times more globin mRNA 
was present in the cells cultured with erythropoietin. The level of globin mRNA 
after culture without erythropoietin was similar to that observed in the same cells 
prior to culture. 

In one experiment the amounts of antiserum and complement used for immune 
lysis were titered so as to remove nearly all benzidine positive cells (Fig. 3). 
After velocity sedimentation fraction I contained only 2.0 % benzidine positive 
polychromatophilic normoblasts. Although the point of 50 % hybridization was 
achieved with approximately 1.5-fold more added RNA than in previous ex
periments, the hybridization curve still demonstrated significant levels of globin 
mRNA. 
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The quantity of globin mRNA present as apercent of the total cellular RNA 
was determined by reference to a standard curve for purified mouse globin mRNA 
hybridized to the same cDNA used in previous studies (14). Levels of mRNA ob
served in the most immature cel1s (fraction I) were about 0.008-0.013 % of total 
cellular RNA and increased to 0.05-0.075 % in more mature precursors (Table 3). 

Table 3: Amounts of Globin mRNA in Velo city Sedimentation Fraetions Be
fore and After Culture with Erythropoietin 

Velocity RNA hybridized to cDNA 
sedimentation Hours in as % of cell RNA)!-
fraction culture Expt. no.: 1 2 3 4 

I 0 0.013 0.009 0.012 0.0083 
16 0.05 0.043 

III 0 0.075 0.05 
16 0.075 

V 0 0.075 
16 0.075 

,~ See text for calculation of values. 

Similar levels have been observed by Harrison et al in studies of fetal erythroid 
cells (17). On culture with erythropoietin, globin mRNA increased 4-5-fold in 
fr action I, but remained constant in fraction III and in fraction V. The apparent 
stability of globin mRNA in the more mature fractions was associated with mor
phologie maturation to the point that large numbers of orthochromatophilie 
normoblasts and enucleated RBC's were now present (Table 2). 

To demonstrate definitively de nova synthesis of globin mRNA, eells from frae
tion I were eultured in the presenee of SH -uridine and erythropoietin for 16 
hours. The poly(A) containing RNA fraction was then isolated by oligo(dT) cel
lulose chromatography of the total cellular RNA. Approximately 5 % to 8 % of 
the sH-Iabeled RNA was initally bound and subsequently eluted from the oligo(dT) 
cellulose column. The level of globin mRNA in the poly(A) containing RNA was 
estimated by hybridization to varying amounts of s2P-Iabeled mouse globin 
cDNA. The fraction of zH-Iabeled material in hybrid form was determined by 
resistance of the hybrid to digestion with RNase. Mouse globin mRNA labeled 
with 1251 in vitra was also hybridized to mouse globin cDNA to serve as a con
tro!. The results are shown in Table 4. At least 65 % of the 1251 mRNA could be 
protected from RNase digestion by the globin cDNA, indicating that the cDNA 
contains at least 65 % of the sequences of the globin mRNA molecule. Protection 
of 3H-Iabeled RNA was about 50 % suggesting that at least 50 % of the stable 
poly(A) containing cytoplasmic RNA synthesized by erythroid cells of fraction I 
during the 16 hour incubation period was specifically globin mRNA. 
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Table 4: DNA Excess Hybridization of Radioactive RNA 

RNA added ng cD NA cpmRNA 0/0 

added Hybridized H ybridization 

A) 3H-uridine labeled poly 0 39.4 
A-containing RNA 0.5 52.7 1'0 

1.0 60.8 16.5 
2.5 68.9 23 
5 99.2 46.5 
6.6 105.0 51 

B) 125I-Iabeled Mouse 0 33.3 
Reticulocyte lOS RNA 0.01 44.3 4 

0.025 57.7 7 
0.05 102.5 18 
0.1 192.0 40.5 
0.25 185.5 39 
0.5 244.2 54 
1.0 287.8 65 

A fixed amount of radioactive RNA was hybridized to the indicated amounts of cDNA. 
The quantity of cD NA was calculated on the basis of the specific activity of a,_S2p_ TTP 
incorporated into the cDNA. The details of the hybridization reaction and its assay are 
outlined in Methods. 

A) Reaction mixtures contained 149 cpm of sH-Iabeled RNA derived from the cyto
plasm of mouse spleen cells of Fraction I incubated overnight in the presence of erythro
poietin and sH-uridine. Only the poly A-containing RNA (bound to oligo-(dT)-cellulose) 
was utilized. 

B) Reaction mixture contained 418 cpm of 12öI-labeled mouse reticulocyte lOS globin 
mRNA, which had been purified by oligo(dT)-cellulose chromatography prior to iodination. 
Background was 20 cpm. 

4. Discussion 
The purpose of this study was to investigate the development of globin mRNA 

in erythroid ceIls in an experimental system in which cell differentiation can be 
readily assessed in vitro and wh ich is responsive to erythropoietin. The cell separa
tion methods employed yielded a population of immature cells which contained 
low levels of globin mRNA but in which the level of globin mRNA increased 
substantially during the course of incubation with erythropoietin. 

The most immature erythroid cell population isolated by the cell separation 
procedures was comprised primarily of pronormoblasts, the earliest recognizable 
erythroid ceIl, whereas the most mature ceIl population contained predominantly 
weIl hemoglobinized precursors. SmaIl. amounts of globin mRNA were already 
detectable in the earliest ceIl fraction, but levels were higher by a factor of 4-5 
in the more mature nucleated erythroid cells. This suggested that the latter must 
have synthesized significant amounts of globin mRNA as they matured in vivo. 
A similar correlation between globin mRNA levels and progression of erythroid 
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cell maturation has been demonstrated with erythroid cells from the spleens of 
mice after phenylhydrazine treatment, using a cell-free translation assay (18, 19). 

New synthesis of mRNA during erythroid cell maturation was demonstrated 
more directly in the short-term culture experiments. As the cells in fr action I 
underwent morphological differentiation in vitro, there was a substantial increase 
in the content of globin mRNA. This change was found only when the cells were 
cultured in the presence of erythropoietin. Newly synthesized sH-Iabeled globin 
mRNA could also be demonstrated in the 3H-uridine labeled RNA of these cultur
ed cells, using RNA-cDNA hybridization (Table 4). On the other hand, the levels 
of globin mRNA remained stable with culture of the more mature cell fractions. 
Erythropoietin has also been shown to increase the globin mRNA content of fetal 
liver erythroid cells, as measured by both translational (20) and hybridization 
assays (21). 

The precise point in the sequence of erythroid differentiation at which globin 
mRNA synthesis is initiated is yet to be determined. Terada et al have studied this 
problem by using translation in a cell-free system to assay globin mRNA in prim
itive erythroid cells from mouse fetal liver (20). These authors found negligible 
levels of functional globin mRNA in cell populations consisting of about 30 % 

proerythroblasts, 70 % basophilic erythroblasts and less than 7 % benzidine posi
tive cells. These cells required culture with erythropoietin for at least ten hours 
before their RNA developed the capacity to direct globin synthesis. Ramirez et al 
(21) using hybridization techniques have found only negligible amounts of globin 
mRNA in very early fetal erythroid cells, but this level increased 250-fold after 
culture for 22 hours in the presence of erythropoietin. Using similar cDNA:RNA 
hybridization assays, we have consistently detected small but significant levels of 
globin mRNA in the very early erythroid cell population of fr action I. 

The low levels of globin mRNA already present in this youngest cell population 
may have been contributed in part by the nearly 9 % benzidine-positive cells that 
contaminated this fraction (Table 2). However, substantial hybridization was ob
served in an experiment in wh ich fraction I contained only 2 % benzidine-positive 
cells (Fig. 3). Thus, early cells apparently did contain much of the globin mRNA 
found in the RNA of fraction I cells. This result indicates that there is more 
biochemical differentiation in these cells than is apparent from the morphology of 
these otherwise very primitive cells. The erythroid cells were obtained from ani
mals with severe anemia and hence had been subjected to high levels of ery
thropoietin in vivo. As suggested by Harrison et al (17), erythropoietin may in
crease the proportion of pronormoblasts containing globin mRNA. 

Other findings which lend support to the presence of globin mRNA in immature 
erythroid cells have been reported by Harrison et al (17, 22). These investigators 
localized globin mRNA by radioautography after in situ hybridization to SH
labeled cDNA and found a small amount of globin mRNA in the cytoplasm of 
some pronormoblasts and most basophilic normoblasts from 13.5 day fetal liver 
in the mouse. The radioautography technique permits localization of mRNA in 
specific cells, but probably is not as reliable as saturation hybridization to quanti
tate globin mRNA. The same authors also performed conventional hybridization 
studies (17), the results of which also indicated that immature fetal erythroid cells 
contain substantial amounts of globin mRNA. These studies in fetal erythroid cells 
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are therefore very similar to the findings for adult erythroid precursors in the 
present study. Unexplained are the differences between these results and those 
which suggest very low levels of globin mRNA in the immature fetal system (20, 
21). 

The new techniques used in this and other recent studies begin to make it possible 
to investigate the specinc mechanisms controlling the synthesis of globin mRNA. 
Several groups (23-25) have shown that erythropoietin stimulates the synthesis of 
several species of RNA in cultures of erythroid precursor cells, but no specific 
assays were used to identify newly synthesized globin mRNA. In future studies, 
the use of specific hybridization probes now available for the detection of globin 
mRNA should lead to a better understanding of the interaction between erythro
poietin and the expression of the genes that control globin synthesis. 

IV. Summary and Conclusions 

We have reviewed erythroid cell differentiation from two points of view: 1) 
differences between fetal and adult human red cells with particular reference to 
alterations which can occur in the normal pattern of erythroid cell development 
during the course of leukemia; 2) beochemical events wh ich occur during ery
throid cell maturation, as a model system for the study of the control of gene ex
preSSlOn. 

During the course of many leukemias there is the synthesis of red cells contain
ing fetal hemoglobin. In most cases this phenomenon is limited to a small population 
or clone of red ceIls and probably represents a nonspecific response of the bone 
marrow to a hematologic stress. However, in juvenile chronic myeloid leukemia 
and, in rare cases of erythroleukemia, there is a major reversion to fetal eryth
ropoiesis, with progressive increase in fetal hemoglobin levels and synthesis of red 
cells which contain not only fetal hemoglobin but have a true fetal pattern of 
protein synthesis affecting proteins other than Hb F, namely Hb A2, carbonic 
anhydrase and the membrane antigens i and 1. In this case, the fetal erythropoiesis 
may be a more specific manifestation of the leukemic process and may be related 
to the phenomenon of fetal protein synthesis (a-fetoprotein of carcinoembryonic 
antigen) observed in other types of neoplasia. 

Further information on the etiology and pathogenesis of abnormal cell prolifera
tion and differentiation in the leukemias can be obtained by the study of experi
mental systems permitting the investigation of the regulation of gene expression in 
differentiating mammalian cells. Maturing erythroid cells provide a promsing sys
tem for such investigations for many reasons: differentiating erythroid cells can 
be obtained relatively free of other cell types; a large amount of a weIl character
ized product, hemoglobin, is synthesized; techniques are now available that permit 
isolation of erythroid precursors at different stages of differentiation (5-8); and 
finally, highly sensitive methods of measuring globin mRNA levels by DNA-RNA 
hybridization are currently available (13, 26, 27). We have used such techniques to 
measure levels of globin mRNA in separated populations of murine erythroid cells 
at different stages of maturation. These studies demonstrated a correlation between 
globin mRNA content and degree of morphological maturation. In the least well 
differentiated cells, however, there appeared to be a disproportionate amount of 
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mRNA for the level of hemoglobin synthesis in these eells. These results suggest 
the presenee of some translational eontrol of globin mRNA in the early stages of 
erythroid development, although the major eontrol of globin gene expr.ession in this 
system seems to be at the transeriptionallevel. Finally, when the immature eryth
roid eells were eultured in the presenee of erythropoietin, de novo synthesis of 
3H-uridine labeled globin mRNA was demonstrated by the speeific RNA-cDNA 
hybridization assay. These results clearly demonstrate the utility of this model 
system and these techniques for the study of the interaction between a specifie 
gene and the faetors which regulate or modulate its expression. 
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Molecular Mechanisms in Erythroid Differentiation 

John Paul 

Beatson Institute for Cancer Research, 
132 HilI Street, Glasgow G3 6UD, Scotland. 

The most striking molecular event during erythroid differentiation is the accu
mulation of haemoglobin but this is only one of many overt changes which occur 
in the maturing erythroid cel!. Other proteins accumulate progressively, notably 
carbonic anhydrase and catalase while yet others, particularly the enzymes of 
haem synthesis, such as aminolaevulinic acid synthetase, accumulate during early 
maturation and diminish later (Freshney, R. I. and Paul, J. 1972). Membrane 
changes also occur. These incIude the accumulation of spectrin on the inner surface 
of the membrane, of specific antigens on the outer surface and changes in lectin 
binding properties. Simultaneously, there is progressive reduction of transcription 
leading eventually to a complete cessation of RNA synthesis and, indeed, in most 
mammals, to the extrusion of the nucleus itself. These changes are orchestrated in 
the orderly manner that we associate with many differentiating systems and, for 
this reason, erythropoiesis has been regarded as a very good model for investigat
ing normal differentiation in mammals and, hopefully, therefore, for providing 
information about the mechanisms which are disturbed in leukaemia. 

In any experimental situation, it is desirable that one should be able to initiate 
the process at will and to follow at least some components of it in detail. Erythroid 
tissues readily respond to increased demand and at least part of this response is 
mediated through erythropoietin wh ich is produced in the juxtaglomerular cells 
of the kidney in response to anoxia and prornotes the maturation of erythroblasts. 
It has been possible to purify erythropoietin at least partially and to demonstrate 
its effects on cultured erythroid tissue in vitro (Krantz, S. B., Gallien, Lartigue, 
O. and Goldwasser, E. 1963; Krantz, S. B. and Goldwasser, E. 1965; Cole, R. J. 
and Paul, J. 1966). Hence, part of the requirement can be met by using these 
techniques. Relatively recently, however, an alternative system of considerable 
power has emerged following the discovery that Friend erythroleukaemic cells of 
the mouse can be induced to synthesise large amounts of haemoglobin when treated 
with dimethylsulphoxide although normally they synthesise minimal amounts 
(Friend, C., Scher, W., Holland, J. G. and Sato, T. 1971; Scher, W., Holland, 
J. G. and Friend, C. 1971). Experiments with both these systems will be discussed. 

In analysing the places in metabolie pathways where the accumulation of a 
protein can be controlled, the first principle to be appreciated is that accumulation 
occurs when synthesis exceeds degradation. This applies both to the final product, 
the protein, and also to intermediates in its synthesis such as messen ger RNA. 
Degradation is unquestionahly just as important as synthesis hut here are more 
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technical difficulties in studying changes in rates of degradation than in studying 
changes in patterns of synthesis. Moreover, powerful new tools have been fashion
ed in recent years to enable us to study the synthesis of specific messenger RNA in 
cells. Accordingly, this communication will deal mainly with information concern
ed with the synthesis and accumulation of globin and the nucleic acids involved in 
its synthesis. However, it is emphasised that our knowledge will be incomplete 
until we have an equally detailed understanding of degradative processes. 

Control of globin synthesis could, theoretically, occur at several levels. There 
could be an increase in the number of genes for globin chains (gene amplification): 
the rate at which RNA is transcribed from DNA in chromatin could alter: the 
processing of newly transcribed RNA into messenger RNA could be subject to 
control: finally, the efficiency oE utilisation of messenger RNA in the translational 
machinery could be involved. Each of these will be discussed. 

Experimental Methods 

Globin me55enger RN A - The greatest single technical advance in this work has 
been the isolation of pure messenger RNAs (Williamson, R., Morrison, M., Lanyon, 
W. G., Eason, R. and Paul, J. 1971). Since a messenger RNA is a direct transcript 
of a gene, it bears the same absolutely specific relationship to the sense strand of 
that gene as does a photographic print to its negative. Moreover, it is possible to 
form hybrid .molecules between RNA and DNA and thus it can be used as an 
absolutely specific probe for globin gene sequences. 

Globin messenger RNA was initially isolated from reticulocyte polysomes on the 
basis of size. More recently, other techniques have become available, especially 
techniques of affinity chromatography which exploit the existence of a polyadeny
late tract at the 3' end of messen ger RNA. These methods make it possible to 
isolate globin messenger RNA in large amounts. That it is a messenger RNA 
molecule can be proven by using it to programme a cell-free protein synthesising 
system to make a and ß globin chains. 

Complementary DNA - The second important technical advance has been the 
discovery of techniques to prepare DNA copies of messenger RNA with the enzyme 
reverse transcriptase from RNA tumour viruses (Kacian, D. L. and Spiegelman, 
S. 1972; Ross, J., Aviv, H., Scolnick., E. and Leder, P. 1972). Since cDNA is an 
exact transcript of messenger RNA, it is a precise replica of at least part of the 
sense strand of the globin gene. Consequently, it can be used as an absolutely 
specific probe both for the nonsense strand of the globin geneand also for globin 
messen ger RNA. Since it is possible to synthesise it at very high specific activity, 
it is not only an absolutely specific probe but an exquisitely sensitive one. 

Results 

15 there a change in globin gene number du ring erythroid differentiation? At least 
three major possibilities must be entertained. The first is that every cell in an 
organism has the same number of globin genes. The second is that globin genes are 
segregated in such a way that most cells have no globin genes whereas erythroid 
ce11s do. The third possibility is that a11, or most, ce11s contain globin genes but the 
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number is increased in erythroid tissues, like the ribosomal genes in amphibian 
oocytes. Within the past two or three years, methods have been devised for measur
ing the concentration of globin genes in DNA using either messenger RNA or 
cDNA. The kinetic analysis is very sensitive and has made it possible to determine 
that, on average, each globin gene occupies about 4 x 10-7 of the genome, i. e. 
there are 1-2 copies of each globin gene sequence in each genome. These methods 
are so specific and so sensitive that they have made it possible recently to show 
that a-thalassaemia is due to adeletion involving the two a genes in the human 
(Ottolenghi, S., Lanyon, W. G., Paul, ]., Williamson, R., Clegg, J., Pritchard, J., 
Pootrakul, ]. and Wong Hock Boon, 1974). 

These methods were used to investigate globin gene dosage in different animal 
tissues (Harrison, P. R., Birnie, G. D., Hell, A., Humphries, S., Young, B. D. 
and Paul, J. 1974). In particular, we estimated the globin gene concentration in 
DNA from mouse sperm, from the total mouse embryo and from mouse foetalliver 
(which is an active erythropoietic tissue). We found that the concentration of 
globin genes was identical in all three kinds of DNA and corresponded to about 
one copy of each gene per genome. Hence, the gene segregation and amplification 
hypotheses can be discarded; all tissues in the mouse seem to have one copy of 
each globin gene per genome. 

1s there evidence for regulation of transcription of the globin gene? It has been 
shown by a number of workers that it is possible to transcribe mammalian 
chromatin with bacterial RNA polymerase and that the transcript resembles very 
closely the nuclear RNA of the cell from which the chromatin was derived. We, 

. therefore, undertook experiments to determine wh ether we could demonstrate 
differences between chromatin from erythroid and non-erythroid tissues. Chroma
tin from mouse foetal liver and from brain was transcribed with E. coU RNA 
polymerase and cDNA was then used to measure the concentration of globin 
messenger RNA in the transcript (Gilmour, R. S. and Paul, J. 1971; Paul, J., 
Gilmour, R. S., Affara, N., Birnie, G .. D., Harrison, P. R., Hell, A., Humphries, 
S., Windass, J. and Young, B. 1974). These experiments revealed detectable 
amounts of newly synthesised globin messenger RNA in the RNA transcribed from 
mouse foetalliver chromatin but no detectable globin messenger RNA in the RNA 
transcribed from brain chromatin (Table 1). This, therefore, provided presumptive 
evidence for transcriptional specificity embodied in the structure of the chromatin 
itself. 

Are there controls at other levels? In the reticulocyte, there is good evidence that 

Table I: Transcription of the globin gene from chromatin by E. coli RNA-depen
dent RNA polymerase (see Paul et al. 1974, Cold Spring Harbour Symp. 
Quant. Biol. 28, 885. 

Source of 
Chromatin 

Mouse brain 
Mouse fetalliver 
(erythroid) 

Globin mRNA as fraction of total 
RNA synthesised x 107 

< 3 
25 
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a control exists at the level of translation. This evidence indicates that there is a 
high molecular weight diffusible repressor of globin synthesis, the effect of which 
is inhibited by haemin (Gross, 1974). Hence, ha emin can act as an inducer of 
translation of globin from messenger RNA. Evidence to be cited later indicates 
that controls at this level mayaiso occur in maturing erythroblasts. 

Mode 0/ Action 0/ Erythropoietin - The most primitive erythroid cell to be 
identified positively in the adult mammal is the colony forming cell (CFC); it can 
be demonstrated by injecting bone marrow into animals which have received a 
lethai dose of irradiation, such as to eliminate their own erythroid capacities. If a 
small enough dose of bone marrow is injected, colonies form in the spleens of the 
recipient animals and these can give rise either to granulocyte or erythroid cells. 
There is evidence too that these then give rise to acelI, the erythropoietin-sensitive 
cell (ESC) which is capable of developing into mature erythroid cells on treatment 
with erythropoietin. In theory, therefore, erythropoietin could act by influencing 
the decision of astern cell to form granuloid or erythroid tissue or to increase, by 
multiplication, the number of ESC, or again, by stimulating the erythropoietin
sensitive cells to enter into maturation rather than self-maintaining cell divisions 
or, more specifically, by stimulating the synthesis of globin and other messenger 
RNAs. There is good experimental evidence against the first and second of these 
hypotheses, rather good evidence to support the third and mixed evidence concern
ing the last. Unfortunately, it has not proved possible to culture CFC and ESC 
continuously. Consequently, most of these deductions are drawn from experiments 
in whole animals which are sometimes difficult to interpret and experiments with 
tissue culture materialof foetalliver which relate to stages from the proerythroblast 
onwards. Nevertheless, in short-term cultures, it has proved possible to demon
strate quite striking effects of erythropoietin. 

When mouse foetalliver from embryos of 12-14 days gestation is cultured in 
vitro, it retains some capacity to synthesise haemoglobin but this diminishes quite 
rapidly in the course of 48-72 hours. On the other hand, if erythropoietin is added, 
then after a lag of about 2 hours, there is increased synthesis of DNA, RNA and 
haemoglobin at rates which continue to increase for 24 hours and at that time are 
considerably greater than those of untreated tissue (Figure 1) (Cole, R. J. and 
Paul, J. 1966; Paul, J. and Hunter, J. 1969; Ortega, J. A. and Dukes, P. P. 
1970; Gross, M. and Goldwasser, E. 1969; Gross, M. and Goldwasser, E. 1970; 
Nicol, A. G., Conkie, D., Lanyon, W. G., Drewienkiewicz, C. E., Williamson, R. 
and Paul, J. 1972). 

Some reports about the response to erythropoietin differ. The increases in 
messenger RNA and protein synthesis are generally agreed by all workers. Paul 
and Hunter (1969) originally proposed that while there was an early increase in 
RNA synthesis, this was followed by an obligatory DNA synthetic step before a 
specific increase in globin messen ger RNA and haemoglobin synthesis occurred. 
Similar observations have been made by Gross and Goldwasser (1969; 1970) but 
these have been disputed by Djaldetti, Marks and Rifkind (1972) although this 
group reported that a rapid decrease in DNA synthesis, which they observed in 
their cells in culture, was prevented by erythropoietin. Paul. J., Freshney, R. 1., 
Conkie, D. and Burgos, H. (1971) and Harrison, P. R., Conkie, D. and Paul, J. 
(1973) are of the view that the entire erythropoietin effect in short-term cultures 
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Fig. 1: Rates of synthesis of DNA (a), haemoglobin (b) and RNA (c) in primary mouse 
foeta! liver cultures in the presence or absence of erythropoietin, -x-x-, contro!; -0-0-0, 
erythropoietin present from zero time. Labelled precursors were added during the times 
indicated in the time axis. 
(Paul, J. and Hunter, J. A. (1969) P. N. A. S. 42,31) 

can be explained by increased production of haemoglobin-synthesising ceIls, 
achieved by promotion of division of proerythroblasts. They claim that many of 
the resulting 'G2' cells are unable to divide in tissue culture and form giant 
cells which are double-sized and contained double the normal amount of haemo
globin. It is certainly agreed that there is no specific increase in the rate of globin 
synthesis per cell as a result of erythropoietin treatment although there is some 
disagreement concerning the rate of RNA synthesis. 

In this discussion, it is obviously of importance to determine at what stage in 
erythroid development globin messen ger RNA synthesis commences. There is diffi
culty about obtaining sufficient amounts of pure populations of immature eryth
roid cells to permit direct biochemical studies with globin cDNA. Accordingly, 
Rarrison, P. R., Conkie, D., Affara, N. and Paul, J. (1974) applied an in situ 
hybridisation method, developed by Harrison, P. R., Conkie, D., PauI, J. and 
Jones, K. (1973) which permits the demonstration of the distribution of globin 
messenger RNA in individual cells. Using this technique, they were able to show 
that globin messen ger RNA makes its appearance during the transition from pro
erythroblast to basophilic erythroblast. This observation is of considerable interest 
for a number of reasons. For one thing, haemoglobin synthesis is usually not 
detectable until the next stage in differentiation, the polychromatic erythroblast 
stage. Rence, the observation provides presumptive evidence for translational 
contro!. Secondly, an increase in the number of basophilic erythroblasts at the 
expense of proerythroblasts is produced by erythropoietin and this also results 
in the appearance of globin messenger RNA in a few late proerythroblasts. This 
observation can be considered in the context of other observations by Paul, J., 
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Freshney, R. 1., Conkie, D. and Burgos, H. (1971) which indicated that eryth
ropoietin was necessary for the completion of cell division in some proerythro
blastic cells. It seems possible that erythropoietin is needed to facilitate the 
maturation divisions wh ich occur in erythrocyte precursors. These may be essential 
for the transition to occur and to permit activation of globin genes. 

The Friend Cell System - Experiments with short-term primary cultures of 
erythroid tissues have given us some idea of the ways in which globin synthesis 
may be regulated but unfortunately they leave us witha very incomplete picture 
of mechanisms. The discovery of the induction of haemoglobin synthesis by di
methylsulpho:x:ide in the Friend system has pr~vided us with a means of studying 
so me of the molecular events (Figure 2). 
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Fig. 2: Induction of haem and benzidine-stained cells following treatment of Friend cells 
with 2 % DMSO. 
1. Abscissa: time (hours; ordinate, pmoles haem/106 cells. 
FtID+, no DMSO added (L,.-L,.); DMSO added (A-A). 
FwID-, no DMSOadded (0-0); DMSO added (e-e). . 
2. Abscissa, time (days); ordinate, percentage of cells staining with benzidine. 
FtID+. 
(From: Paul, J. and Hickey, 1. (1974) E. C. R. 87, 20). 

When Friend ceIls are grown in suspension cultures, they have a doubling time 
of 12-14 hours and rarely show evidence of haemoglobinisation. Following treat
ment with dimethylsulphoxide, haemoglobin synthesis occurs at quite a high rate 
after a lag period of 24-48 hours. The cells rapidly become haemoglobinised unti!, 
after about 5 days, upwards of 80 % contain quite large amounts of haemoglobin. 
Simultaneously, they exhibit many other phenomena characteristic of erythroid dif
ferentiation; cell division diminishes and eventually ceases irreversibly; RNA syn-
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thesis diminishes and the nucleus becomes condensed and there is some other evi
dence that other specific molecules accumulate. The accumulation of haemoglobin 
is accompanied by an accumulation of globin messenger RNA (Ross, J., Ikawa, Y. 
and Leder, P. 1972; Harrison, P. R., Gilmour, R. S., Affara, N. A., Conkie, D. and 
Paul, J. 1974; Gilmour, R. S., Harrison, P. R., Windass, J. D., Affara, N. A. and 
Paul, J. 1974). This may occur slightly ahead of haemoglobin accumulation but for 
practical purposes, the two events occur almost simultaneously. 
At what level does control öl haemoglobin synthesis occur? - To determine wheth
er globin messenger RNA synthesis is the controlling step for subsequent process
ing and translation, we undertook experiments in which cDNA was used to meas
ure the concentration of globin messenger RNA sequences in nuclear, polysomal 
and cytosol RNA (the cytosol being the non-polysomal cytoplasmic compartment 
of the cell) (Harrison, P. R., Gilmour, R. S., Affara, N. A., Conkie, D. and Paul, 
J. 1974; Gilmour, R. S., Harrison, P. R., Windass, J. D., Affara, N. A. and Paul, 
J. 1974). To our surprise, in the two substrains we first studied, we found evidence 
for different mechanisms. In one, designated clone M2, we found low levels of mes
sen ger RNA in all three cell eompartments in unindueed cells but, on induction 
with demethylsulphoxide, messen ger RNA increased both in nucleus and cyto
plasm, although the increase in the polysomes was considerably greater than that 
in the nucleus. This argues for transcriptional control (and possibly translational 
control) in this cell line. In the other substrain, designated line 707, however, we 
found that the increase in messenger RNA on induction was confined to the poly
somes; there was no evidence of any increase following induction in nuclei of these 
cells. Hence, the evidence is strongly in favour of pöst-transcriptional controls. 
Further support for these conclusions came from experiments in which chromatin 
was isolated from the two different cells and transcribed with E. coli poly
merase. It was found that the concentration of globin messenger RNA sequences 
in transcripts from chromatin from uninduced M2 cells was low and was much 
higher in transeripts from chromatin from induced M2 ceIls; in contrast, it was 
equally high in chromatin from both uninduced and induced 707 cells. Since clone 
M2 was originally isolated from the 707 cell population, we concluded that the 
original population hadprobably contained cells of M2 types in which both tran
scriptional and post-transcriptional controls and were rather tightly linked. 
We postulated that during the course of continuous culture, a cell had arisen in 
which transcriptional control had become relaxed. This cell had eventually exten
sively overgrown the original cell so that the culture had the characteristics of the 
variant, but sufficient of the original ceIls were present that we were able to pick 
one out by cloning. Whether this speculation is correet or not, these findings im
mediately suggested a much higher degree of variation among Friend cell clones 
than we might.have expected. 

This observation encouraged us to undertake somatic cell genetic studies with 
a view to elucidating the situation further (Paul, J. and Hickey, I. 1974). It was 
found that non-inducible variants could be isolated by culturing Friend ceIls contin
uously in DMSO. Those cells which differentiated failed to divide further and the 
population rapidly became overgrown by non-differentiating ceIls. We therefore at
tempted to isolate a number of lines of non-inducible cells, to characterise them and 
to fuse them with other cells. Inadvertently we had already obtained one non-
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inducible cell line in the laboratory. This cell line, Fw, is therefore of different 
origin from the other non-inducible variants which will be referred to. 

Using standard procedures, lines of cells were now developed which lacked certain 
of the salvage enzymes of nucleic acid synthesis, namely thymidine kin ase (TK) and 
hypoxanthine-guanine phosphoribosyl transferse (HGPRT). TK- cells and 
HGPRT- cells will not grow in HAT medium (containing hypoxanthine, ami
nopterin and thymidine) whereas wild-type cells will. However, if a TK
HGPRT+ cell is fused to a TK+ HGPRT- cell, the hybrid will survive in HAT 
medium by complementation. Accordingly, we first prepared stocks of cells which 
were either TK- or HGPRT- to facilitate the isolation of hybrids. In an early 
experiment, a hybrid cell was produced by fusing the non-inducible Fw cell line 
to an inducible Friend cel!. The hybrid cell was found to be inducible although to 
a lesser degree than the parent. This experiment has now been repeated several times 
and the same result has always been obtained. It would seem, therefore, that in 
this fusion, inducibility is dominant and exhibits dosage effect. 

Other non-inducible variants were produced by mutagenising the two different 
cell stocks and isolating variants in the presence of DMSO. Many resistant cell 
lines were isolated in this way but most of them reverted. The selection was, there
fore, performed repeatedly until stable resistant cell lines were obtained. One of 
these was then fused to an inducible line. In this instance, the hybrid was non
inducible. This cross, therefore, provides evidence for trans dominant repression. 

The nature of the lesion in the Fw cell was further clarified by the finding that, 
while DMSO would not by itself induce haemoglobin synthesis, addition of haemin 
to the medium would. In this instance, it would seem that the defect may lie in 
the haem synthetic pathway. 

Further evidence concerning the control steps was obtained by attempting tO 

obtain hybrids between Friend cells and non-erythroid cell lines. In particular, a 
hybrid was obtained between an inducible Friend cell and a clone (Ly-T) of thc 
L5178Y lymphoma cel!. This cell never synthesises haemoglobin although, inter
estingly enough, very low concentrations of globin messenger RNA can be meas
ured in nuclear RNA. The hybrid celliine proved incapable of synthesising haemo
globin, but it was found to contain quite significant amounts of globin messen ger 
RNA in both nucleus and cytoplasm. Moreover, on treatment with DMSO, the 
concentration of globin messen ger RNA molecules increased although there was 
little other evidence of erythroid differentiation. When this cell was treated with 
haemin as well as DMSO, it was then found that it could make haemoglobin. In 
other words, this hybrid behaved very much like the non-inducible Fw line which 
had arisen spontaneously from the original Friend cell line. The behaviour of this 
hybrid accentuates points which have been already made. Clearly, haemin releases 
a translational block. On the other hand, hybrid cells can make globin messenger 
RNA and the levels can be induced to higher levels with treatment with DM SO 
although this has little or no effect on haemoglobin synthesis in the absence of 
haemin. 
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Conc1usions 

Before attempting to draw conclusions from these results, it is necessary to 
consider the relationship between DM SO stimulation of the Friend cell and eryth
ropoietin induction of mouse foetal liver cells. When mice are inoculated with 
Friend virus, there immediately ensues an acute condition called Friend disease 
which is a polycythemia. This occurs in hypertransfused mice which are producing 
no erythropoietin as well as in normal mice. In this disease, therefore, the normal 
erythropoietin machinery seems to be by-passed. Moreover, Friend cells are non
responsive to erythropoietin, confirming the suggestion that in these cells the 
normal process of erythropoietin regulation is in some way by-passed. It seems 
quite possible that the Friend cell represents a transformed cell closely related to 
the erythropoietin-sensitive cell. 

It is very likely that in normal differentiation, erythropoietin is responsible for 
an early event, which results in the commitment ofESCto erythroid differentiation. 
Experiments with cultured foetal liver suggest that the continued presence of 
erythropoietin accelerates completion of maturation. In the course of normal eryth
ropoiesis, it may be assumed that there is adequate production of ha emin but this 
may be rate-limiting in many Friend cells and the DMSO effect may have to do 
with increasing ha em availability. 

The regulation of maturation of erythroid cells clearly involves aseries of co
ordinated events, two of which have been considered here. One is the rate of 
transcription of the globin gene which appears to increase on induction of many 
inducible Friend cells. The other is the rate of translation for which there is evi
dence in all varieties of the Friend cell studied. That this may be an important 
mechanism in vivo is also suggested by the fact that globin messenger can be 
detected in large amounts in basophilic erythroblasts before haemoglobin synthesis 
is detectable. 

Despite their sophistication, one is aware of the deficiencies of some of these 
methods. In particular, because the measurement of haemoglobin is in sensitive, we 
have to be cautious about drawing hard and fast conclusions about some of these 
phenomena. Nevertheless, these studies have given us considerable insight into some 
of the probable mechanisms involved in differentiation and promise quite soon to 
yield a detailed understanding. 
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Summary 

In most systems involving cellular differentiation and cellular transformation 
the biological process is non-synchronous and the sampie heterogeneous. In order 
to answer some of the basic questions about the control mechanisms of cellular 
changes and the order in which they proceed one must have access to homogeneous 
classes of cells. Friend virus transformed erythroid cells which are stably main
tained in tissue culture can be chemically induced to differentiate and are thus 
very advantageous for in vitro studies (1-3). 

With such a system the questions which we pose are a) the reversibility of the 
differentiation process; b) the order of steps in the production of specialized 
messenger RNA; c) the time of shut-off of undifferentiated messen ger produc
tion; d) the relationship of viral RNA production to the differentiation process; 
e) the onset and extent of specific protein synthesis; f) the correlation of DNA 
metabolism with the timing or course of events. By using a computer-controlled 
cell separator we can select live cells on the basis of their macromolecular content, 
membrane properties (using a new parameter, fluorescence emission anisotropy), 
and size (4, 5, 34). Thus with proper probes as described here, we are able to select 
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cells at different stages in their differentiation and can begin to attack the questions 
posed above. 

Materials .and Methods 

The Instrument 
Systems for separating suspensions of living mammalian cells on the basis of 

spectroscopic properties present or induced in the cells have been developed in 
several laboratories (4-7). Our instrument differs from the others in that it is 
controlled on-line by a computer and thus a) facilitates the use of numerous de
tectors (up to five) for both light scattering and fluorescence, b) allows the 
simultaneous separation of cells into four categories to be performed on the basis 
of complex functions of the measured signals (such as the fluorescence anisotropy 
shown here) and c) generates, displays and stores frequency distributions of the 
number of cells having any measured property or the combination of several 
properties. These features make the instr_ument ideally suited to the selection of 
cells from complex biological mixtures. 

Figure 1 shows a schematic diagram of the instrument and its general features. 
The aqueous suspension of cells exits from an inner nozzle 50 microns in diameter 
and is narrowed into a thin stream by the colaminar flow of the sheath liquid 
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Fig. 1: Schematic diagram of the computer-controlled analyzer-sorter. 'The flow system 
leading to the nozzle is omitted. Excitation and detection are represented symbolically; the 
actual components used are described elsewhere (4, 22). The five independent analog pro
cessing modules can accept signals from up to five different detectors, usually a combination 
of two independent fluorescent detectors and 2 or 3 light scattering detectors and a laser 
reference signal. The 10 peak or valley (P/V) and integral (I) output signals derived from 
each cell at the time of interseetion with the laser beam are digitized by parallel analog 
to digital convertors (A2C's) and multiplexed into the central processor (CPU, Digital 
Equipment Corporation PDP11/45) (taken from reference 4). 
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such that individual cells follow one another. These streams pass through the outer 
nozzle (also 50 microns in diameter) into air and just below the tip the fluid 
column intersects a focussed laser beam. As each cell passes through the laser be am 
a spectroscopic "fingerprint" is registered by the detectors and recorded by the 
computer. That is, the cells scatter light according to their size, membrane prop
erties, and internal structures. They emit inherent fluorescence if excited in the 
ultraviolet. More generally, specific fluorescence proportional to the content of 
macromolecules in the cell or on its surface can be elicited by the use of 
fluorescent probes. In all cases the magnitudes of the optical signals from an in
dividual eell are -measured and eonverted to a proportional voltage by the various 
detectors for the light-scattering and fluorescence. These voltages are simulta
neously recorded by the computer. Thus each eell is assigned to a particular 
category by the eombination of this information aecording to freeIy programable 
algorithms. 

For example, the DNA content of a eell ean be determined by the direet pro
portionality it has to the fluoreseenee of bound aeriflavin after Feulgen treatment 
or to the fluorescenee of bound Hoechst benzimidazole dyes in living eells.1 The 
number of antigen bin ding sites can be determinded by the fluorescent signal from 
labelled antibody bound to cells and likewise the number of lecitin or hormone 
binding sites ean be measured direcdy from the fluorescence of labelIed hormone 
or lectin bound to the cells. In addition to determination of eontent by the ab
solute fluoreseenee intensity of the labelled cells one can derive information about 
the environment of a fluorescent moleeule, e. g., the fluidity of the plasma mem
brane, by measurement of polarized fluoreseence emission or anisotropy (5, 34). 

Beeause a crystal oseillator is imposed on the stream the liquid column breaks 
into droplets at a constant distanee from the tip of the nozzle. At the preeise 
moment when the cell reaches the place in the stream where it will be trapped in a 
droplet the computer gives an eleetrieal charge to the stream, the magnitude and 
polarity depending upon the category to which the eell has been assigned. Thus 
the droplet containing the desired eell is given a known charge. The droplets pass 
through an electrical field established between two metal plates and are deflected 
aecording to their charge. Four defleeted and the undefleeted streams are collected. 
In addition, the spectroseopie information from each eell is processed by the 
computer and displayed as the eumulative frequeney or number of eells plotted 
against the size of a particular signal or combination of signals. 

Automated cell separators ean select living cells sterilely at speeds up to several 
thousand cells per second with high purity. The fluoreseent prob es can include, 
besides those alluded to above: fluorogenie substrates for intracellular enzymes 
and non-covalent or covalent dyes which equilibrate nonspecifically, e. g. in the 
eytoplasm as for the purpose of size measurement. Since cells are separated on the 
basis of an expression of a specifie cell funetion or strueture it is a seleetion re1ated 
direcdy to their biologie al state as opposed to conventional gradient eentrifugation 
or electrophoretic methods which separate on eombined gross physieal properties 
often less related to biological function. 

1 D. Arndt-Jovin, unpublished results. 
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The ceU system 
The Friend virus or spleen focus-forming virus transformed cells are erythroid 

cells which are arrested in the proerythroblast stage and can be maintained per
manently in uncloned or cloned culture (3, 8-10). If aprotonic solvents such as 
dimethylsulfoxide (DMSO) or dimethoxyethane (2, 3, 11) or short chain fatty 
acids such as butyric acid (12, 13) are added to the growth medium the cells 
resume the process of erythroid differentiation which had been block.ed by the 
transformation event. However all cells are not equally responsive to the induc
ing stimulus (17, 20). During the 2-4 cell divisions required to reach the stage of 
non-dividing late erythroblast or non-nucleated cell containing 25 % of its soluble 
cytoplasmic protein as hemoglobin, a number of morphological and biochemical 
changes in the cells can be observed. Generalized RNA synthesis decreases while 
mRNA for proteins specific to the differentiated state such as globin increase 
dramatically (8, 9, 14, 15, 16, 17). The increased production of viral RNA and 
the activation and release of an endogenous spleen focus-forming virus complex 
are observed in virus positive celllines and in some virus negative ones, but no 
activation of the Friend helper virus takes pI ace (10, 17, 18). These processes are 
coordinated temporally with· the synthesis of globin mRNA (10, 17, 18). In 
some other virus negative cell lines virus release appears to be inhibited buta 
10-fold increase in other endogenous virus-like intracisternal A particles can be 
observed (10, 17, Krieg et al. unpublished observations). The de novo synthesis of 
hemoglobin (3, 19) and the appearance of spectrin in the membrane2 occur later 
in differentiation and are characteristic for all the celliines. 

Tissue culture. The isolation and characterization of erythroleukemia cell lines 
F4N and B8 from DBA/2 mice have been described (3, 8, 10). The lines at a cell 
density of about 1 x 106 were induced to differentiate by treatment of F4N at 
1-1.2 % and B8 at 1.5-2 % DMSO. 

Antibody to the H-2 mouse histocompatibility antigens. Antibody was prepared 
as previously described (5) and used at 1:2 dilution in phosphate buffered saline 
(PBS). The bin ding of the antibody to erythroleukemia cells was visualized using 
fluoresceinated rabbit antimouse IgG as described (5). 

Concanavalin A. The methods for the purification and the radioactive and 
fluorescent labelling of Concanavalin A (Con A) for use in subsequent bin ding 
studies to the cells have been described (5). 

Labelling 0/ cells with DPH. 1 ,6-diphenyl-l , 3, 4-hexatriene (DPH) was ob
tained from Aldrich and a fresh dispersion in PBS was prepared daily as 
described by Shinitzky and Inbar (29). The methods for labelling cells with 
DPH and measuring its fluorescence emission anisotropy have been described (5, 
34.) 

Results 

We have investigated various properties of the differentiating Friend cells with 
the help of the cell separator and correlated them with other biochemical changes 
as is discussed in more detail elsewhere (5, 21). Table I summarizes the properties 

2 H. Eisen, manuscript in preparation. 
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TAßLE I 

MOUSE SPLEENIC CELLS TRANSFORMED WITH FRIEND ERYTHROLEUKEMIA VIRUS 

CElLULAR PROPERTIES WHICH CHANGE AFTER DM SO INDUCTION 

PROPERTY 

CELL SIZE 

LECTIN BINDING 

CHANGE 

DECREASES OVER 2-3 CELL CYCLES 

EARLY: INCREASED AGGLUTINABILITY 

LATE: INCREASED IN NUMBER OF 
BINDING SITES 

MEMBRANE VISCOSITY INCREASES WITH DIFFERENTIATION 

ANTIGENIC DETERMINANT H-2 HISTOCOMPATIBILITY ANTIGEN 
DECREASES 

SYNTHESIS OF DNA, CELL CYCLE KINETICS 
MACROMOLECULES 

VIRUS 

SPECIFIC MRNA 

MEMBRANE PROTEIN, SPECTRIN, 
INCREASES 

HEMOGLOBIN PRODUCTION 

VIRAL RNA 

V I RUS PRODUCTI ON 

BASIS FOR SELECTION 
IN CELL SEPARATOR 

YES, LIGHT SCATTERING 

NO 

YES, FLUORESCENT-LABELLED 
LECTIN 

YES, ANISOTROPY OF DPH 
FLUORESCENCE 

YES, FLUORESCENT ANTIBODY 
TO THE H-2 LOCUS 

YES, ACRIFLAVIN-FEULGEN OR 
HOECHST 33342 STAINING 

NO 

YES, FLUORESCENT ANTIBODY TO 
SPECTRIN 

CORRELATES WITH HIGH SPECTRIN 
CONTE NT AND HIGH ANISOTROPY 

NO 

YES, FLUORESCENT ANTIBODY TO 
V I RAL ANTI GENS 

of the ceIls which change upon induction and how they can be probed by the ceIl 
separator. The following results show representative data for 3 surface phenomena 
of the cells. 

a) Lectin binding: The mobility of the lectin bin ding sites for Con A on Friend 
Virus transformed cells seems to change during the first day of differentiation as 
measured by the increased agglutinability of the cells (21) and coincides with a 
decrease in membrane permeability 6 hours after addition of DMSO. However, 
measurements of the number of binding sites for the lectin assayed both by binding 
of 125I-Iabelled Con A (shown in figure 2) and by fluorescence of bound 
fluoresceinated Con A indicate that no net increase in the number of lectin binding 
sites occurs until later in differentiation. Although the difference in number of 
binding sites is only 2-fold wh ich normally would be difficult to see due to the 
rather broad distribution of absolute values for individual cells, some enhancement 
of the difference can be achieved by taking advantage of the fact that cells decrease 
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Fig. 2: Increase in' Con A receptors per cell for Friend virus transformed cells with time 
after induction with DMSO. Each point represents the specific binding of 125I-labelled 
Con A obtained by incubating 106 cells in 1 ml PBS from cultures induced in 1 0/0 

DMSO for 0-5 days with 150 I-lg of Con A for 15 minutes and washing through a gradient. 
Details of labelling and assay procedures have been published (5,21). . 

in size as they differentiate. In figure 3 we see such a frequency distribution of the 
ratio of the fluorescence signal to the light scattering signal (the number of lectin 
binding sites divided by a function of the cell diameter (22, 23» for an uninduced 
and 6-day DMSO unduced population of cells. 

b) H-2 binding sites: The mature mouse erythrocyte has fewer H-2 histocom
patibility antigen. sites than ihe precursor cells as demonstrated by cytotoxicity 
measurements (24). Thus we can expect and do see a decrease in the number of 
sites when living cells tagged ;with fluorescent antibody are measured and sorted 
in the cell separator. Figure 4 shows a fluorescence micrograph of the antibody 
complex bound to living uninduced ceIls and figure 5 the measurement of this 
antibody binding on individual cells with the cell separator. As expected the mean 
signal size of t1}.e fluor es cent cell pOlmlcition decreases with time after induction of 
the cultures by DMSO. . 

c) Membrane fluidity: The transport of small moleeules in induced Friend virus 
cells is very' different from the non-differentiating precursor (8 and unpublished 
observations). Such effects may reflect changes in the membrane permeability. 
Additionally, there is considerable eviclence in the hemopoietic system for a large 
increase in the rigidity of the cell membrane between stern cells and erythrocytes. 
This rigidity can be' demonstrated by the fact that lectins and antibodies do not 
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RATIO OF FLUORESCENCE/LIGHT SCATTER 

Fig. 3: Change in number of Con A receptors per ceH as measured by fluorescence. Fluores
ceinated Con A was bound to ceIls and the ratio of the fluorescence to light scattering 
signals for each cell monitored in the ceH separator (represented by the abscissa). This 
parameter is larger with increasing number of Con A receptors per cell and/or decreasing 
ceIl size. The data are plotted as frequency distributions with relative number of cells for 
each signal ratio given on the ordinate. A total of 3 x 104 cells from an uninduced culture, 
-0-, and a 6-day DMSO induced culture, -6.-, were measured. The induced culture has a 
population of resistant cells in a stage of outgrowth as weH as differentiating ceIls. 

Fig. 4: Immunofluorescence demonstration of H-2 histocompatibility antigen on Friend 
virus transformed cells. Fluoresceinated rabbit anti-mouse IgG was reacted against anti 
H-2 mouse IgG bound to uninduced Friend cells. The fluorescence micrograph was taken 
on a Zeiss epi-illuminated fluorescence microscope, excitation below 480 nm and emission 
above 530 nm, Kodak Plus X film. 
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Fig. 6: Increase in fluorescence anisotropy with differentiation. The polarized fluorescence 
of DPH bound to Friend cells was measured in the cell separator and real-time anisotropy 
functions determined. Frequency distributions for populations of uninduced, -0-; 1 day, 
1.2 % DM SO induced, -6,-; 2 days induced, -x-; and 4 days induced, -+-, are shown on 
a single plot. Increasing anisotropy (correlated with increasing membrane viscosity) is 
plotted on the abscissa and cell number normalized to 105 cells on the ordinate. 
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Fig. 7: Correlation of properties of induced Friend ceIls sorted on fluorescence anisotropy. 
The frequency distributions A-D were measured on DPH stained Friend ceIls after induction 
in DMSO for 2 days. Plot A is the distribution of the apparent parallel fluorescence 
intensities; plot B, that of the apparent perpendicular fluorescence intensities; plot C, that 
of the ratio IA/IB ; and plot D, that of the fluorescence anisotropy. Cells sorted on the ani
sotropy according to the indicated cuts can be correlated with other properties as shown 
in the table. 
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cap or form Jarge patches in erythrocytes whereas the undifferentiated cells are 
capable of capping. Studies of the lipid composition of erythrocytes reveal a high 
cholesterol to phospholipid ratio (25), a condition in model membranes and cells 
which reduces fluidity (30). Under some conditions, a direct measure of local 
membrane fluidity can be obtained by measuring the depolarization of fluorescence 
of a dye situated in the membrane (5, 29, 30, 34). The degree of depolarization is 
dependent upon the ef{tent to which the excited moleeules are displaced from their 
original orientation during the lifetime of their excited state. The displacement is 
directly proportional to the hydrodynamic properties of the medium and tem
perature. Thus the emission polarization (or anisotropy) can be used as probes of 
membrane viscosity, i. e., fluidity (26-28). 

The moleeule DPH has been shown to be bound in the hydrocarbon layer of 
biological membranes and thus functions as a probe of the viscosity of that region 
(5, 29', 3"0). The cells continue to grow normally after treatment with the dye. 
The amount of dye taken up by individual cells is variable but one is concerned 
primarily with the emission polarization, a function independent of quantity to a 
first approximation. 

Friend virus transformed cells induced with DMSO appear to have increasingly 
rigid membranes as is shown by the increasing anisotropy of the dye in the cell 
membranes correlated with time after induction in figure 6. We have been able to 
demonstrate that the DMSO itself does not appear to alter the dye's emission and 
one can detect the growth of resistant cells in the population by the appearance 
at late induction times of a peak of cells with anisotropy like that seen in un
induced populations. In a 2-3 day DMSO induced population there is a broad 
distribution of cell stages. Separation of the cells on the basis of their anisotropy 
allows the correlation with other biological properties and the further outgrowth 
of the homogeneous _populations so derived. Figure 7 shows how such a 
heterogeneous population can be separated and the fractions correlated with 
cellular functions. The ability to regrow the populations provides us with a means 
of determining the reversibility of differentiation by assaying for the production 
of globin messen ger in the separated and then regrown cells. These experiments 
are 10 progress. 

Discussion 

The erythroleukemia Friend virus transformed cell is not only a good model for 
controlled differentiation but may serve to answer some basic questions concerning 
the role of viruses in leukemias. The fact that one can release these cells from the 
transformed state and initiate a seemingly normal differentiation provides the 
means for studying the fate of the transforming virus. HopefuIly, such results 
may suggest means for probing viral etiologies in human leukemias. In addition, 
the question of reversibility of differentiation although weIl documented in plants 
(31) has not been concIusively established for higher animals and is particularly 
important in any understanding of the mechanism of induction and the mode of 
treatment for leukemias. As described here with the Friend system, one can select 
large numbers of cells on the basis of some differentiated function or property 
with the cell separator and then study the specific mRNA's and specific functional 
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proteins after further culture with and without the indueing agent for differentia
tion. With this technique it is possible to chronicle the sequenee of events leading 
to retieuloeyte-like eeUs and to eompare the proeess in several eelllines. Onee this 
information is eompiled we hope to look at the in vivo hemopoietie system with 
some of these probes to see how eomparable the in vitro and normal proeesses 
are. 

The extension of automated eeU-separation techniques beyond the quantitation 
of maeromoleeular eontent to obtaining separation on the basis of cellular structure 
or organization has been deseribed here. We have shown that a complete gradation 
of differentiating .cell stages ean be obtained by separating on the basis of the 
fluoreseenee emission polarization of a dye, DPH, which appears to bind the 
plasma membrane and monitor fluidii;y changes therein. 

DPH has been used to monitor the fluidity of membranes of leukemie eells (29) 
and their lower cholesterol content (32, 33) has been implicated as a factor in 
their neoplastic behaviour. Our preliminary work on leukemic lymphoeytes using 
the DPH probe with the cell separator indicates that membrane fluidity may be 
correlated with the nature and state of the disease. 

It is probable that the technique of fluorescent anisotropy separation using ap
propriate fluoreseent prob es will enable us to look at numerous processes in 
biological systems which result in changes in eellular permeability or membrane 
structure, such as response to hormones, infection by virus, other types of dif
ferentiation, or transformation. 

Thus it would appear that flow systems capable of separating cells on the basis 
of spectroscopic properties may soon playa larger role in diagnosis of leukemia 
(e. g. by use of specific fluorescent antibodies, as has been described by Dr. M. 
Greaves at this symposium), in the recognition of preleukemia states (by perhaps 
changes in membrane strueture or function), and in the early diagnosis of relapse. 
Flow systems with their rapid screening of statistically significant populations 
(usually 1000 cells per second) and high sensitivity (laser excitation) should 
provide a means for large screening programs once enough specific probes are 
developed. 
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Hormone Independent in Vitro Erythroid Colony Formation 
by Mouse Bone Marrow Ce~ls 

K. Nooter (1, 2), R. Ghio (3), K. J. v. d. Berg (1) and 
P. A. J. Bentvelzen (1). 

Radiological Institute TNA Rigwigh (ZH), The Netherlands 

Introduction 

In vitro transformation of normal cells by oncogenic viruses, inducing growth 
patterns comparable to those of neoplastic cells, has become a powerful tool in the 
study of these viruses (1, 2). The most used targets for oncogenic viruses are 
embryonic fibroblasts, but murine leukemia viruses can rarely transform this kind 
of cell. The obvious targets for this group of viruses seem to be hemopoietic cells. 
To develop a suitable transformation assay, possibilities to discriminate between 
normal and leukemic cells on the basis of differences in growth patterns in vitro 
are requied. , 

Murine erythroid precursor cells (CFU-E) produce within a few days many 
colonies of hemoglobin-synthesizing cells in' vitro in the presence of the hormone 
erythropoietin (EP) (3, 4). With a longer culture period in the presence of larger 
amounts of EP, so-called bursts consisting of large, dispersed colonies of erythroid 
cells appear (3,5). The burst forming unit (BFU-E) is thought to be a more primitive 
member of the erythroid series than is the CFU-E. 

I. Growth differences between normal and virus-infected B. M. cells 

Bone marrow cells from RL V -infected BALB/ c mice were compared with cells 
from uninfected mice with regard to their dependency on EP for the in vitro 
development of erythroid colonies. 

BALB/c mice were injected i.p. with RLV and examined twice a week thereafter 
for the development of the disease. A continuing increase in spleen weight begins at 
day 5 postinfection; a maximum weight of three grams is reached in the terminal 
stage at 4-5 weeks after inoculation. The production of in vitro erythroid colonies 
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Fig. 1: Erythropoietin dose-response curves of normal and RL V -infected BALB/ c mice 
bone marrow. 
Normal curve: me an ± SE of 7 separate experiments. RLV-infected animals: three (d3). 
sixteen (d16), twenty-one (d21) and twenty-eight (d28) days after infection. 
Numbers in parentheses indicate spleen weights. 

at several concerttrations of EP by normal bone marrow (BM) cells and cells taken 
from mice at several days after infection with RLV is presented in Fig. 1. A few 
erythroid colonies are produced by the controls in the absence of exogenous EP 
(Connaught, Step III), but the addition of the hormone leads to a marked elevation 
with an optimum at 0.25 LU. Three days after infection with the virus when 
clinical signs of the disease are not yet present, a five-fold increase in the number 
of colonies formed in the absence of exogenous EP is found. During the progression 
of the disease, a remarkable increase in the number of EP-independent colonies 
can be observed. 
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Evidence for the specificity of this spontaneous colony formation is demon
strated by the following experiments: Plating different ceIl concentrations (1, 2, 5, 
10, and 20 x 104) from RLV-infected BM reveals a linear relationship with the 
number of erythroid colonies formed, both with and without EP in the culture 
medium. To complete rule out the possibility that the BM ceIls of RL V -infected 
mice produce endogenous EP feeder-Iayer experiments were done with normal 
and infected BM cells. No significant erythropoietic activity by either normal or 
RL V -infected BM could be detected which would give rise to erythroid colony 
formation by normal BM cells. 

To exclude the possibility that the observed hormone-independency of BM cells 
from RLV-infected mice is due only to a high erythropoietic stimulation in vivo, 
we performed the foIlowing experiments. Anaemia was induced in BALB/c mice 
by phenylhydrazine treatment. Two days later the haematocrit and EP respon
siveness in vitro were determined. The haematocrit values were decreased from 
48-50 % to 31-40 0/0. The maximum number of erythroid colonies per 2 x 105 BM 
cells increased 3-5 times, but the colony formation was still hormone-dependent. 
Even after a prolonged phenylhydrazine treatment of 14 days, the erythroid
colony-forming units (CFU-E) were dependent on the addition of EP in vitro. 

In antoher experiment, RL V -infected mice were hypertransfused with packed 
red cells at various time intervals after infection. Bone marrow was cultured with 
0.25 LU. EP and in medium containing no EP. Both infected and uninfected mice 
showed a drastic decrease in the number of colonies in the presence of EP. How
ever, the colony formation was still completely EP-independent in the infected 
animals, while the BM ceIls of the controls needed the hormone. 

Not only the CFU-E but also the BFU-E seems to have become hormone in
dependent as large bursts of erythroid ceIls after 10 days of cultures are found by 
BM cells from mice which have been infected with RLV 15 days earlier (Table 1). 

Table I: Number of EP-independent BFU-E in bone of marrow of RLV-infected 
BALB/c mice 15 days after injection 

number of bursts after 10 days of culture 

Treatment animals 

RLV 

.:. The amount of EP added to the cultures is 1 1. U. 

H. Enhancement of erythroblasts by CF A 

- EP 
2 
8 

Complete Freund's adjuvant (CFA) strongly enhances the erythroblastosis 
induced by Rauscher murine leukemia virus (RLV) (6, 7). On the basis of this fact, 
it was concluded that the pluripotent hemopoietic stern cell would be involved in 
the development of splenomegaly (6). On the other hand, the course of the disease 
can be influenced by manipulation of the erythroid compartment (8, 11) suggesting 
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that an erythroipoietic-sensitive cell would be the target for the transforming 
adivity of the virus. 

The in vitra techniques mentioned above were used to determine the mechanism 
by which CFA enhances RL V -induced erythroblastosis. 

BALB/c mice were injected with crude cell-free RLV preparation and the same 
day with CFA(0.2 ml. i.p.). 

The nu mb er of CFU-E per 105 normal bone marrow cells as determined in 
methylcellulose cultures with erythropoietin greatly increases after administration 
of CFA (fig. 2). A peak is reached at 5 days after inoculation; after which a plateau 
level is maintained. 

The nu mb er of CFU-E producing erythroid colonies in the absence of erythro
poietin increases steadily after RLV-infection (fig. 3). The administration of CFA 
also has an enhancing effect on the number of EP-independent CFU-E, but this 
effect becomes noticeable only when bone marrow is taken 10 days or later after 
infection. The most likely explanation for the strong increase induced by the treat
ment with CF A is the recruitment of new target cells for virus released by 
previously infected cells. 

Rather unexpected was the marked increase in CFU-E after CFA administration. 
This is certainly not due to the slight anemia induced by CF A, because that is 
preceded by the rise in CFU-E. Furthermore, a drop of less than 10 % in the 
hematocrit does not induce a 6-fold increase in CFU-E (12). The adjuvant, like 
other antigens, is known to stimulate the proliferation of pluripotent hemopoietic 
stern cells as has been described for a variety of other antigen (133). There is 
probably no competition at the stern celllevel for differentiation into a a specific 
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hematologic series which would promote proliferation of myeloid progenitor cells 
over that of erythropoietic-sensitive cells. The very marked increase in CFU-E does 
not lead to polycythemia. There is even a slight decrease in the hematocrit. The 
number of erythroblasts in the bone marrow also declines after administration of 
CFA (14). There seems to be an maturation block in viva beyond the stage of 
CFU-E. 

III. Transformation in vitro 

A subsequent step in our study was the induction of such hormone-indepency by 
incubation in vitra of normal BM cells with RL V. In table 2 is presented the 
number of erythroid colonies produced at various intervals after plating for bone 
marrow incubated with 107 XC-PFU of purified RLV isolated from leukemic 
spleen. As controls, the results of bone marrow kept for 4 hours under the same 
conditions in the absence of RL V are given. An additional control is the addition 
of EP to the culture medium. Already 2 days after plating no sign of EP-depend
ency can be observed in the RL V -infected cells, while the addition of EP to the 
normal bone marrow cultures leads to a marked elevation in colony production. 
A very high number of EP-independent colonies is noticed at day 5 after plating 
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of RL V -ineubated eells. The numbers of erythroid colonies produeed 5 days after 
plating in the absence of EP and after incubation with various dilutions of RL V are 
presented in table 3. The results suggest a linear dose-response relationship. An 
endpoint seems to be reached at the dilution of 3200x, which corresponds with 
104 PFU in the reverse XC test. Transformation could be prevented by ineubation 
with specific antiserum. Mammary tumor virus or a myeloid leukemia virus did not 
induce this physiologie transformation. 

Table 11: In vitro induction by RLV of E.P.-independency of erythroid colony 
formation 

Incubated with RL V Incubated without RL V 
Days after 
plating 

number of erythroid colonies1 number of erythroid colonies1 

presence of EP2 absence of EP presence of EP2 absence of EP 

2 
5 
7 

1 per 2 x 105 B. M. cells. 
2 0.5 I. U. per dish. 

166 
1404 
1306 

207 
1342 
1211 

290 
174 
201 

82 
54 
43 

Table IU: Dose-response relationship of EP-independent colony-formation after 
incubation with R.L.V. 

Dilution of RL V 
stock suspension 

10 
100 
200 
400 
800 

1600 
3200 
6400 

12800 

1 per 2 x 105 B. M. cells. 

Number of EP-independent 
colonies 5 days after plating1 

538 
481 
374 
220 

96 
58 
24 
15 
19 

The influence of EP on in vitro transformation was investigated by ineubating 
bone marrow with RLV in the presenee of EP for 16 hours. Thereafter, the cells 
were plated in the same way as described above. A slight inhibitory effect of the 
hormone on in vitro transformation can be observed in both experiments (table 4). 

Possibly during the 16 hour incubation period the hormone in duces maturation 

156 



of the target cells beyond a stage where transformation can still take place. The 
hormone cannot compensate for this by the production of new target cells from 
more primitive hemopoietic cells under the employed in vitro conditions. 

Table IV: Influence of incubation with EP on in vitro transformation by RL V 

Incubation Number of EP-independent colonies at day 51 
1 mg RL V 1 IV EP 

+ 
+ 

+ 

+ 

1 per 2 x 105 B. M. cells. 

IV. Transfeetion 

Experiment 1 Experiment 2 

32 
15 

686 
483 

76 
53 

939 
632 

Hill and Hillova (15) were the first to carry out "transfeetion" experiments 
using proviral DNA of Rous sarcoma virus. Their results gave dear evidence that 
DNA from RNA virus-infected cells can carry virus-specific information respon
sible for the transformation. 

In the present study, we used spontaneous erythroid colony formation by mouse 
bone marrow cells as a criterion for transformation. DNA was isolated by standard 
procedures from spleen cells of BALB/c mice which had been infected with RLV. 
The DNA solution was buffered with Hepesphosphate and treated with a high 
calcium concentration according to Graham and Van der Eb (16). A 0.5 ml sampie 
of DNA suspension was then incubated with BALB/c mouse bone marrow cells 
for 4 hr and after washing the cells were plated in methyl-cellulose in the absence 
of erythropoietin. 

After 5 days the number of erythroid colonies were counted. From table 5 it 
can be seen that DNA prepared from RLV-infected spleen cells has a transforming 
capacity. The control experiments show that the observed phenomenon is specific. 
Experiments with the reversed XC-test (17) showed that virus reproduction also 

Table V: Transfeetion of mouse bone marrow cells with pro viral DNA 

Additions 

RL V -spleen-DNA 50 ug 
rat-spleen-DNA 50 ug 
RL V-spleen-DNA2 50 ug+ DNA-se 
High calcium buffer only 

1 per 2 x 105 B. M. cells. 

Number of EP-independent colonies 
at day 51 

744 
22 
16 
20 

2 incubated for 60 min. at 37 oe with 50 ug/rnl of DNA-se before addition of calcium. 
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takes place after incubation of bone marrow cells with DNA from RL V -infected 
cells. The procedure utilized here to isolate DNA may give a range of molecular 
weights between 20 x 106 and 200 x 106 daltons. More detailed studies will be under
taken to determine the minimal size of the DNA fragments which can lead to virus 
reproduction and to transformation of haemopoietic cells. 

V. Concluding remarks 

B.M. cells of RLV-infected BALB/c mice can proliferate in methylcellulose in 
the absence of E.P., while normal B.M. cells cannot (12). Not only the CFU-E 
but also the more primitive BFU-E shows hormone-independency (18). This 
phenomenon is in favour of the view that the Rauscher virus induced erythro
blastosis is a true neoplasia although transplantation experiments failed so far. 

The experiments in which transformation in vitro of B.M. cells by RL V is 
established (19) show that the CFU-E can serve as a target for the virus. 

Treatment of normal mice with CFA leads to a rapid increase in CFU-E in the 
bone marrow (18). Splenomegaly of RLV-infected mice is enhanced by CFA-treat
ment probably due to an increase in targets. Transfeetion with proviral DNA also 
can transform the CFU-E of BALB-c mice. This approach allows in vitro studies 
on the resistence of mouse strains to RL V in vitro. 

The studies are of interest for the human disease in two aspects. In vitro trans
formation assays are needed to study the oncogenic potential of putative human 
leukemia virus es. Furthermore the studies have yielded some new insight in the 
pathogenesis of virally induced erythroblastosis. This might serve as a model for 
e.g. acute myeloid leukemia in man. 
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In Vitro and Preliminary in Vivo Studies of Compounds which 
Induce the Differentiation of Friend Leukemia Cells::-

H. D. Preisler, M. D. 

Roswell Park Memorial Institute 
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Buffalo, New York 14263 

The progeny of normal hematopoietic stern cells ultimately become mature 
functional cells through a process involving both cell replication and differentia
tion. The proliferative aspect is limited and in fact as full maturation is approached 
the cells lose their proliferative potentital. Built into the process of differentiation 
is an inherent limitation of the life span of the maturing cells. In essence, acute 
myelogenous leukemia (AML) results from a disruption of the normal maturation 
process. Leukemic stern cells proliferate without normal constraints and their 
progeny for the most part remain at the stern cell level. This latter phenomenon 
results in the cells retaining their proliferative potential and endows the cells with 
a life span wh ich is Ion ger than that of normal cells. The resulting increasing mass 
of leukemic cells, through an as yet undefined process, interferes with the pro
liferation and maturation of normal myeloid elements ultimately causing the 
pancytopenia which is directly responsible for the morbidity and mortality which 
accompanies AML. 

Current approaches to the therapy of AML are directed towards the destruction 
of the leukemic cells by the administration of cytotoxic chemotherapy. Unfortu
nately the chemotherapeutic agents are also toxic for normal hematopoietic stern 
cells and one of the major side effects of this form of therapy is pancytopenia -
with attendant morbidity and mortality. 

A variety of studies have demonstrated that malignant cells possess the 
potential to differentiate and that differentiation is frequently associated with a 
decrease in or a loss of malignant potential (1-4). These observations suggest that 
it may be possible to treat cancer (incIuding AML) by inducing the differentiation 
of the malignant cells. Such an approach, even if only moderately effective, might 
result in the production of mature granulocytes which could alleviate the granulo
cytopenia associated with the disease. 

Friend Leukemia as a Model System 

The Friend leukemia is a viral induced murine leukemia (5). The disease is 
characterized by the proliferation of blast cells with the spleen being the major 
site oE leukemic cell proliferation. Some of the progeny of leukemic cells prolife
::. This research was supported by U. S. P. H. S. grant CA-5834. 
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rating in the spleen undergo erythroid differentiation while the same leukemic cells 
growing subcutaneously produce tumors which are devoid of differentiating eryth
roid cells (6). These tumors have been classifield as "reticulum cell sarcomas" (7). 

Several investigators have established long-term suspension culture cell lines 
from the leukemic mice (8-10). These leukemic cells grow in suspension culture as 
morphologically undifferentiated blast cells. A small proportion of the tissue cul
ture cells (usually < 1 0/0) spontaneously differentiate along the erythroid pathway. 
It was found that the addition of either dimethylsulfoxide (DMSO) (11) or 
dimethylformamide (DMF) (12) to the culture media of these cells induced a 
substantial proportion of the leukemic cells to differentiate along the erythroid 
pathway. These observations led to the conclusion that the Friend leukemia cells 
growing in suspension culture represented a class of committed erythroid precursor 
cells whose normal maturation had been prevented by their neoplastic trans
formation. 

Recent studies in our laboratory have made the question of the nature (multi
potential stern cell vs. erythroid progenitor) of the Friend cells growing in culture 
more complex than had previously been appreciated. We have found that when 
these tissue culture cells (line 745A) are innoculated subcutaneously into mice, 
the majority of tumor cells growing at the site of innoculation contain chloroacetate 
esterase (CAE) and some of the cells are peroxidase positive as weIl (13). Both 
enzymes are felt to be characteristic of granulocytic cells and have not been re
ported to be present in cells of .the erythroid series nor in reticulum cell sarcomas. 
Some of the tumor cells appear morphologically to be undergoing abortive 
granulocytic maturation. The tissue culture cells themselves are all chloroacetate 
esterase positive (14). It should be noted that Friend virus infection of mice is 
associated with a significant increase in granulocyte colony forming units (15). It is 
not known if this increase is due to neoplastic transformation of granulocytic 
progenitor cells or if it is merely reactive proliferation of normal progenitor cells. 

Thus the question as to the nature of the Friend leukemia cell is more compli
cated than had hitherto been realized. Are they erythroid progenitors whose 
maturation has been arrested by the leukemic state and whose genomic regulation 
has been so distorted by malignant change that it programs for the synthesis of 
enzymes which are normally not present in erythroid cells? Or are they granulo
cytic (CAE positive) stern cells which in the in vitro environment have a greater 
potential for erythroid rather than granuloid differentiation? One interesting 
aspect of this problem is the fact that while DMSO-induced erythroid differentia
tion in vitro appears to be associated with a decrease in the degree of CAE posi
tivity of the cells, the majorityof cells remain CAE positive and in fact we have 
found cells which are simultaneously strongly positive for both CAE and heme 
(benzidine stain). At present wo do not know if the CAE present in cells which are 
synthesizing heme is being actively synthesized or if CAE synthesis ceases with the 
onset of erythroid differentiation and we are detecting residual enzyme. In any 
event, it is dear that the cells which are induced to differentiate along the eryth
roid pathway are the cells which had previously synthesized an enzyme believed 
to be characteristic of granulocytic differentiation. Hence if CAE positivity de
notes granulocytic differentiation then either the cell can simultaneously dif
ferentiate along two different pathways or alternatively the cell must dediffer-
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entiate from the granulocytic pathway and then differentiate along the erythroid 
pathway. At the present time assigning the Friend cell to a particular cell series 
appears to be essentially a problem of semanties. 

The ability to induce erythroid differentiation in vitro and the ability of the 
tissue culture cells to produce leukemia when innoculated intravenously into DBA 
2/J mice suggested that this system could serve as a prototype for determining if 
agents which induce leukemic cell differentiation in vitro could function as chemo
therapeutic agents in vivo. 

Cryoprotective Agents as Inducers of Differentiation 

Our initial studies demonstrated that both DMSO and DMF were too toxic to 
permit chemotherapeutic trials in mice. Since both inducers were aproteic polar 
solvents which were cryoprotective agents as weIl, we studied the ability of other 
cryoprotective agents to induce the differentiation of Friend leukemia cells in vitro. 
These studies ultimately led to the recognition of other inducing agents which were 
more potent and less toxic than DMSO or DMF (16, 17). 

Table I 

Inducer 

Tetramethylurea 
Dimethy lacetamide 
N -methylacetamide 
Pyridine N oxide 
Dimethyl sulfoxide 
Dimethyl formamide 
Acetamide 
Dimethylurea 
Pyridazine 
Diethylene glycol 
Control 

0/0 B + cells)~ 
70 
70 
55 
55 
55 
30 
16 
13 
10 
7 

0.3 

.!- % of benzidine positive cell after 5 days of culture in the presence of the inducing agent. 

Table I lists some of the compounds which we tested and their effects on the 
proportion of differentiated cells in Friend leukemia cell cultures. Fig. 1 demon
strates that the compounds exhibited various physical structures ranging from 
linear molecules to aromatic molecules. The agents are all small, polar, freely dif
fusible compounds. Nash has conducted extensive studies of the physical properties 
of cryoprotective compounds and has found that the cryoprotective potential of a 
compound correlates with the ability of the compound to donate free electron 
pairs (to function as a Lewis base) (18, 19). This same property also correla tes with 
the relative ability of compounds within a family (such as tetramethylurea, 
dimethylurea, and urea) to induce differentiation (17). While compounds vary 
widely in their inducing potency, it appears that once begun the biology of the 
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process of differentiation is the same regardless of the agent used to induce dif
ferentiation (17). 

TMU 
o.OO86m 

DMA 
O.02m 

PNO 
o.nm 

DMSO 
O.22m 

o 
11 

CH3-N-C-N-CH3 
I I 

CH3 CH3 

o 
11 

CH3 -C -~- CH3 
CH3 

0 
I 

0 'h-
O 
11 

CH3-S-CH3 

H DMF CH3-~-C=O 
o.nm 

(§ 
CH3 

DMU 
o.OO96m 

Acetamide 
O.32m 

Pyridazine 
O.05m 

DEG 
O.28m 

Fig. 1: Physical structure of the inducing agents listed in Table 1. Numbers under names 
of compounds indicate optional inducing concentrations. 
This research was supported by U.S.P.H.S. grant CA-5834. 

Despite the obvious similarities between the inducing agents and the general 
similarities in the process of induced differentiation, it should be recognized that 
not all of the effects of the inducing agents are identical or necessarily related to 
differentiation per se. For example, when line 745A cells are cultured in the pres
ence of DMSO there is an 80 % decline in the acid soluble ATP pool size by the end 
of 5 days of culture. This significant fall in ATP pool size is not seen when cells 
are cultured in the presence of tetramethylurea, a more potent inducer of dif
ferentiation than DMSO (20). In this case there is only a 20-25 % decline in pool 
size. Furthermore BUdR-inhibition of DMSO-induced differentiation does not 
prevent the decline in ATP pool size. Thus a biological or biochemical phenomenon 
which accompanies chemical-induced differentiation is not necessarily part of or 
even related to the process of differentiation. 

The situation is further complicated by our observations that cells may be 
resistant to the inducing effects of one compound and yet be induced to differenti
ate by a different compound. We have conducted studies with a cell line which 
is not induced to differentiate byDMSO (cellline 745D). This cellline is responsive, 
albeit to a low degree, to pyridine N-oxide, N-methylacetamide and DMF (17). 
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Furthermore, this cell line responds to a significant extent (greater than 20 % of 
cells induced. to differentiate) to butyric acid (14), a compound demonstrated by 
Leder & Leder to be an effective inducer of differentiation in their Friend leukemia 
cellline (21). Despite the fact that butyric acid is a much better inducer of 745D 
differentiation than is DMSO, the former is a less potent inducer of 745A differ
entiation. From these observations it is apparent that caution must be exercised 
in interpreting and generalizing from experimental studies since: 1) equally potent 
inducers of differentiation may exert differing biological and biochemical effects 
2) different cell lines may have differing sensitivities to the various inducers of 
differentiation. 

Mechanism of Action of Inducing Agents 

The differentiation of FLC in vitro is accompanied by the accumulation of globin 
mRNA (22, 23). Bromodeoxyuridine (BUdR) which interferes with globin mRNA 
accumulation inhibits DMSO-induced differentiation (24). Accumulation of globin 
mRNA during differentiation has been noted in most studies. Therefore any stim
ulus which induces the differentiation of thesecells appeal'S to ultimately act 
through the process of transcription. There may be however an exception to this 
statement (25). Paul et. a1. have presented evidence for translational control of 
differentiation of a Friend leukemia line. 

Ou1' initial studies of the effects of BUdR on DMSO-induced differentiation led 
us to postulate the presence of a repressor of differentiation in the leukemic cells 
with DMSO-induced differentiation resulting either in a decreased affinity of re
pressor for operon or in a decrease in the level of intracellular inhibitor (24). The 
recognition of the fact that the inducers were small mole-cules whose inducing 
potency appeared to be related to their ability to donate lone pair electrons per
mitted a broadening of this concept with the actual physical interaction involved 
in transcription being related to: 1) disruption of water structure with secondary 
alterations in hydrophobie bonding of regulatory molecules to DNA (such as 
histones) 2) interaction between inducers and acidic nucleoproteins, or 3) perhaps 
direct disruption of the internal hydrogen bonding within the DNA helix per
mitting transcription of the resultant single stranded DNA sequences (16). In 
support of this possible mode of action are the reports of DMSO stimulates DNA 
transcription in vitro (26) and the studies of the effects of BUdR and DMSO on 
chromatin structure (27). 

On the other hand, the ability of inducers to cryoprotect erythrocytes suggested 
that these compounds have significant effects on the cell membrane. Using dif
ferential scanning calorimetry (DSC) we have found that the inducing-cryopro
tective agents increase the melting temperature of artificial acidic phospholipid 
vesicles, a finding we interpret as indicative of a decrease in the fluidity of the 
vesicle membranes. Compounds, such as topical anesthetics, which increase the 
fluidity of phospholipid membranes in vitro, interfere with the effects of the in
ducers on the phospholipid vesicles and also inhibit the induction of differentiation 
of Friend leukemia cells in suspension culture (28). In fact, to date, using DSC and 
the artificial phospholipid vesicle system we have been able not only to account for 
our previous observations (such as apparent synergistic induction of differentiation 
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by the combination of DM SO and DMF and the only additive effects of DMSO 
and PNO) but also have been able to prospectively predict the effects of agents 
and combinations on the differentiation of FLC 745A in vitro. These observations 
suggest that the initial event during the induction of differentiation by cryopro
tective agents may occur at the cell surface with transcription being a necessary but 
secondary phenomenon media ted perhaps by communication between the ce11 mem
brane and nucleus. 

It is dear that at this time it is not possible to state whether the chemical agents 
induce differentiation by directly stimulating transcription of those DNA sequences 
which code for erythroid differentiation or by interacting with the cell membrane 
and thus indirect1y inducing differentiation. It is possible that the same physical 
properties (low molecular weight, Lewis bascity, etc.) which produce the effects on 
acidic phospholipid vesicles and provide cryoprotection to erythocytes are also 
responsible for direct1y altering the transcription of DNA. To complicate matters 
further, as noted above, some Frierid leukemia cell lines are responsive to some 
agents and more or less responslve to others. In at least one cell line butyric acid 
has been found to interfere with DMSO-induced differentiation (21). Conversely, 
but leading to a similar potential conclusion, the combination of some inducing 
agents appear to be "synergistic" while others are "additive" (16). Hence it is 
possible that there is more than one mechanism by which chemical agents induce 
the differentiation of FLC in vitro or alternatively the various celliines may differ 
in the way in which they metabolize the inducers (exclude, activa~e, or deactivate 
the compounds) or differ in the composition of their cell membranes and hence 
while differences' in membrane composition result in different inducer sensitivities 
the acutal changesin the ce11 membranes produced by the agents may be identical 
(for example a11 may decrease membrane fIuidity). 

Whatever their mechanism of action in vitro, the recognition of a wide variety 
of inducing agents has made possible the in vivo testing of their possible chemo
therapeutic efficacy. 

In Vivo Chemotherapy 

Our initial studies have employed the intravenous innoculation of FLC lines 
745A into syngeneic DBA 2;J mice fo11owed 1 week, later by the daily administra
tion of N-methylacetamide. This therapy significantly and consistently inhibited 
the proliferation of FLC in the spleens of the treated mice and to a somewhat lesser 
degree the proliferation of leukemic cells in the bone marrows of the mice (29). 
Survival oE' the Plice has not been consistently prolonged, perhaps a result of the 
hepatoxicity of the compound. In any event we are now in the position to deter
mine whether the studies of leukemic cell differentiation in vitro are applicable to 
the treatment of leukemia in vivo. 

I 

Future Perspective 

The induction of leukemic cell differentiation in vivo may provide a mode of 
therapy which is significantly different from that currently employed. It now ap
pears f~asible to test this proposition in vivo in mice. 
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Target Cells for Transformation with Avian Leukosis Virus es 

T. Graf, B. Royer-Pokora and H. Beug 

Max-Planck-Institut für Virusforschung, Tübingen 

Introduction 

Leukemia is a widespread disorder of the hemopoietic system of vertebrates 
which has been particularly well analyzed in chickens, mice and recently also in 
cats (for review see 1). It secms now safe to assume that the majority of the dif
ferent ypes of leukemias found in animals are caused by infection with or activation 
of C-type leukemia viruses (1). In fact, it has been known since 1908 that leukemia 
can be induced by a filterable agent, i.e., a virus (2). With the availability of 
modern biochemical technology and quantitative biological assays, Ieukosis-sarcoma 
viruses have since then been thoroughly analyzed in their structure, mechanism of 
replication and genetics (1). Littie is known, however, about the mechanism of 
virus-induced leukemogenesis. 

The existence of highly oncogenic chicken virus trains which specifically induce 
certain types of acute leukemias such as myeloblastosis or erythroblastosis stimulat
ed us to attempt to define the corresponding target cells. An important pre
requisite for these studies was the availability of in vitro transformation assays. 
While such assays had been developed for two strains causing myeloid leukemia 
(avian myeloblastosis) (AMV) (3, 4) and avian myelocytomatosis strain MC29 
(5, 6) no in vitro transformation system was known for viruses causing leukemias 
of other types of hemopoietic cells. 

Here so me of the features of a newly developed in vitro transformation assay 
with avian erythroblastosis virus will be described. In addition, data will be dis
cussed which suggest that the target cells for leukemogenesis with chicken erythroid 
and myeloid leukosis viruses are not pluripotent stern cells but are committed to 
differentiate along the erythropoietic and granulopoietic series respectively. 

In vitro transformation of hemopoietic cells with avian erythroblastosis virus 

A vian erythroblastosis virus (AEV) is known to cause the corresponding disease 
at an incidence of over 50 % in young and adult birds within only a few weeks 
after infection (for ref. see 7). The picture of a blood smear of a diseased bird is 
shown in Fig. 1. 

Two strains, AEV -Rand AEV -ES4, were studied and similar results were 
obtained with both. They will therefore eolleetively be referred to as AEV. In
feetion of freshly prepared bone marrow cell eultures with AEV resulted in the 
appearanee of foei of small refractile, roulld, rapidly growing eells (Fig. 2). The 
details of the assay as well as the origin of the virus strains, the methods used for 
their assay and propagation, and the preparation and culture of bone marrow cells 
will be deseribed in another communication (8). Here it may suffiee to mention 
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Fig. 1: Smear (stained with Wright-Giemsa) of peripheral blood from a chicken infected 
with AEV. Note that the chicken erythrocytes are nucleated. Bar represents 20 y. 

that the culture medium contained calf serum and chicken serum and that the 
addition of 1 O/o DMSO greatly improved the assay. The in vitro transformed cells 
were indistinguishable in their staining properties from leukemic erythlroblasts 
induced in vivo and maintained in culture (Fig. 3). 

To determine the proliferative capacity of the in vitro transformed cells, 22 
randomly selected 7-day-old single foci were isolated and propagated separately. 
The cells from each culture were then counted and passaged at appropriate inter- 
vals. ARer two weeks of growth (the best cultures duplicating every 15-20 hours), 
most of the cultures started to accumulate degenerated cell forms and slowed down 
in their rate of growth. By 4 weeks no more increase in cell number was obtained 
and the experiment was terminated. From the total number of cells obtained with 
each clone (the values ranged from 4 1OQo 7 108) the number of population 
doublings was calculated. As can be Seen from Fig. 4, the in vitro transformed cells 
studied were capable of dividing in average for 18-29 generations. These values are 



Fig. 2: Phase micrographs of _chicken bone marrow cells. (A) Focus of cells transformed 
in vitro 5 days after infection with AEV. (B) Uninfected bone marrow culture. Bar rep
resents 40 f.l. 

Fig. 3: Smears (stained with Wright-Giemsa) of erythroblasts transformed in vitro (A), 
and transformed in vivo and maintained in culture for 10 days (B). Bar represents 10 f.l. 
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Fig. 4: Frequency distribution of the number of population doublings obtained with 22 
clones of in vitro transformed erythroblasts. . 

comparable to those observed for normal or sarcoma virus-transformed chicken 
fibroblasts (9). 

Comparative properties of hone marrow cells transformed in vitro hy erythro
hlastosis and myeloid leukosis viruses 

To further characterize the bone marrow cells transformed in vitra by AEV as 
erythroblasts, they were compared in aseries of properties to bone marrow cells 
transformed by myeloid leukosis virus MC29. A fuller account of these experi
ments will be given elsewhere. A summary of the results are presented in 
Table 1. As can be seen, in vitro transformed erythroblasts differed from hemopoi
etic cells transformed by a myeloid leukosis virus in that they were negative for 
the following properties characteristic of granulopoietic (myeloid) cells: They were 

Table I: Comparative properties of hemopoietic cells transformed by erythroid 
and myeloid leukosis viruses 

Bone marrow cells transformed in vitro by 
A vian erythroblastosis virus A vi an myelocytomatosis virus 
(AEV-R) (MC29) 

Erythroblast-like morphology 
Non adherent 

No phagocytic activity 
Colony formation in semisolid 
media not CSF dependent 

172 

Macrophage-like morphology 
Adherent 

Phagocytic activity 
Colony formation in semisolid 
agar is CSF dependent 



not adherent, did not phagoeytize baeteria, and were not dependent on eolony 
stimulating faetor (CSF) for eolony formation in semisolid agar. Other more speeif
ie markers of erythroid differentiation could not yet be determined. Like the in 
vivo induced leukemie erythroblasts, in vitro transformed erythroblasts were 
hemoglobin negative (as determined by benzidine staining) and could not be in
duced to synthesize hemoglobin by the addition of DMSO, as it is possible with 
mouse erythroid cells transformed by Friend leukemia virus (10). Neither could 
the effect of erythropoietin on the growth of these eells be evaluated sinee avian 
erythropoietin was not available and mammalian erythropoietin has been found to 
be inaetive in birds (11). 

Models explaining the transformation specificity of avian leukosis viruses 

Two basic models will be discussed to account for our findings. In aeeordance 
with current notions about normal hemopoiesis it is assumed that a11 differentiated 
hemopoietie ce11s arise from pluripotent stem eells by aseries of maturation steps 
(12). In the drawings of the models in Fig. 5 only the erythropoietic and granulo
poietie (or myeloid) series of differentiation were inc1uded. The terms "transfor
mation of hemopoietic cells" or "leukotransformation" are defined as the proeess by 
which eertain hemopoietie cells are morphologieally altered and indueed to pro
liferate by infeetion with a leukosis virus. 

Modell. Transformation 0/ specific committed progenitor cells. Avian erythro
blastosis virus (AEV) transforms erythroid cells at an early stage of maturation 
whereas avian myeloblastosis virus (AM V) and myeloeytomatosis virus (MC29) 
transform immature myeloid eells. The target eells for the latter two viruses differ 

MODEL 1 

" AEV /ct ;.@E 
~ 'AMV. 

Stemcell ~~MC29 ~ 
~ /. ~G.M 

V 
Progenitor cells 

" Target cell for transformation 

'-' Proliferation 

--- Differentiation 

7' - Block of differentiation 

--.~ Induced differentiation 

E Erythrocyte 

G,M Granulocyte. Macrophag" 
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Fig. 5: Two basic models concerning the involvement of hemopoietic cells in leukemogenesis. 
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in their degree of maturation. Experimental observations indicate that concom
itantly with leukotransformation normal differentiation is arrested. The model 
also a110ws room for the possibility that leukosis viruses in du ce a limited maturation 
or dedifferentiation of their target ce11s. A testable' prediction arising from this 
model is that the target cells for erythroid and myeloid virus strains can be physi
cally separated or selectively eliminated prior to infection. 

Model 2. Involvement 0/ stem cells. In this case, AEV induces pluripotent stern 
cells to differentiate into transformed erythroblasts. Conversely, AMV and MC29 
viruses induce the formation of transformed myeloid cells of different stages of 
maturation. A similar specificity could also be achieved if it is assumed that these 
viruses are capable of selectively blocking the differentiation of hemopoietic cells 
belonging to series other than those transformed. As in model 1, once the ce11s are 
transformed they do not usua11y differentiate anymore. If this model is correct 
it should not be possible to separate or selectivelyeliminate target ce11s for erythroid 
and myeloid leukosis viruses. 

Preliminary data supporting modell 

Most of freshly seeded chicken bone marrow ce11s die within a few days of 
incubation and a population of adherent cells survive. Cultures of these cells consist 
in their majority of macrophage-like cells (13). They can be passaged by trypsini
zation and maintained with a net increase in ce11 numher for several months (un
published observations). To determine the incidence of target cells for transforma
tion in freshly prepared cultures of bone marrow and in cultures of adherent 
cells at different passages, they were infected with AEV and MC29 viruses and the 
number of foci obtained with each virus scored. As can be seen from Table 2, 
AEV -induced erythroblast foci were only obtained in freshly prepared cultures 
and not in the cultures passaged up to 3 times. This suggests that the target cells 
for AEV are non adherent ce11s or that they have been otherwise eliminated during 
the transfer procedure. In contrast, MC29 induced foci in a11 cultures. The much 

Table 11: Incidence of bone marrow cells transformed by avian erythroid and 
myeloid leukosis virusesR 

A vi an erythroblastosis virus 
(AEV) 
A vian myelocytomatosis 
virus (MC29) 

Fresh 
cultures 

160 

Passaged cultures 
(number of passages) 

1 2 3 

o o o 

15.000 5.400 4.400 

a) Cultures were prepared from a 4-week-old ehicken and passaged at 5-day intervals. . 
b) Average number of transformed foei. Duplieate eultures in 35 mm dishes were seeded 
with 103, 104, 105 and 106 cells and infeeted with 104-105 transforming units of virus 
per dish. 
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higher efficiency of transformation with this virus in cultures which had been trans
ferred at least' once can be explained by a selection of a population of myeloid 
ceIls particularly susceptible to transformation with myeloid leukosis virus. These 
results demonstrate that the target cells for AEV can be selectively eliminated and 
are therefore probably not identical to the target cells for MC29. Cell separation 
experIments devised to further test this interpretation are currently being per
formed. 

Concluding Remarks 

Chromosomal studies of human leukemic cells strongly suggest that chronic 
myeloid leukemia (CML) and possibly also acute myeloid leukemia (AML) are 
stern ceIl diseases (for review see 14). The data presented show that other mech
anisms probably ex ist in a model animal system. A diversity of target cells as sug
gested for chicken leukosis viruses, however, does not rule out the possibility that 
stern cells are also affected. 

In drawing par allels to C-type virus induced leukemogenesis in animals 
it is assumed that human leukemia is induced by similar agents. Recently, evi
dence has accumulated demonstrating the presence of C-type viruses or some of 
their components in human leukemic cells (see articles by Spiegelman, GaIlo, To
daro, Bentvelzen and Till in this volume). It is not clear, however, whether these 
viruses are cause or consequence of the disease. And, even if the former is assumed, 
it remains to be determined whether they are endogenous agents that become activ
ated, as postulated by the oncogene theory (15), or whether they represent in
fectious viruses as suggested by the work of Spiegelman, Gallo and their coworkers 
(16, 17). It appears as if both of these possible mechanisms of virus-induced leu
kemogenesis are realized in animals (1). 

Studies performed with another highly oncogenic strain, the murine leukemia 
virus FL V, indicate that transformation of committed hemopoietic cells is a 
mechanism not restricted to avian viruses (18). It is, however, questionable whether 
the so-ca lIed lymphoid leukosis viruses, the C-type virus strains found most fre
quently under natural conditions in the chicken and which possess an extensive 
period of latency (19), also act on committed hemopoietic cells as proposed here 
for highly oncogenic strains. So far, because of the lack of in vitro' transformation 
assays, the meclJanism of leukemogenesis by these "weakly" oncogenic viruses has 
not been weIl analyzed. 

The isolation of infectious human leukemia viruses might allow studying the 
question of whether or not aIl leukemias are stern ceIl disorders by an approaclJ 
such as described here in a model system. Besides its academic interest the answer 
to this question may have irnplications for the therapy of the disease. 
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Fusion Experiments with Human Tumour Cells 
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This paper reports some results of experiments in which cells from human 
tumours have been fused with mouse cells by Sendai virus inactivated by ultra
violet irradiation (1, 2, 3). The reasons for wanting to perform these experiments 
are as follows: 
1. If malignant change in human tumour cells is determined by the product of a 

specific gene locus, it may be possible, by hybridisation with mouse cells, to 
generate a mouse tumour containing only one human chromosome, since human 
chromosomes are usually lost from mouse x human hybrid cells. 

2. If the human tumour cells contain an oncogenic virus, one or more of the 
following phenomena may occur as a result of fusion: 
a) Maintenance of part of the tumour cell genome as part of the genome of 
a continuously growing hybrid line may lead to spontaneous induction of virus. 
b) If the virus is xenotropic the hybrid environment may be permissive, allowing 
fuH expression of the virus genome. 
c) A mouse tumor may be produced in which aH human chromosomes have been 
lost, but malignancy is maintained by translocation of an integrated human 
viral genome to the mouse genome. 

3. Because of possible rearrangement of antigenie determinants on the surface of 
hybrid cells, such cells may have applications in attempts at immunotherapy. 

Tumour material is obtained within a few hours of surgical removal. The tissue 
is coarsely minced and incubated in pronase for one to two hours. The cell 
suspension is centrifuged and resuspended in culture medium. The suspension con
sists of clumps of tumour cells mixed with single cells many of which are dead. 
The clumps at first attach loosely or not at all to the plastic surface of the culture 
bottle, whereas fibroblasts attach readily. In this way some separation of tumour 
cells and fibroblasts can be achieved. Depending on the conditions the clumps often 
start to flatten within a few days, and then appear as colonies of up to a few hundred 
cells, within which small numbers of cells are seen in mitosis. After a month or two 
the colonies are not much larger than their original size and they gradually 
degenerate. This pattern of events has occurred in material from carcinoma of 
colon, rectum, stornach, bladder, thyroid, parathyroid, and breast. Fusion experi
ments are carried out either immediately after pronase treatment or after a day or 
two in culture, before the clumps have attached to the bottle. A suspension of 
tumour clumps is mixed with mouse cells and inactivated Sendai virus; the 
agglutinated cells are incubated in plastic bottles for periods up to several months, 
and examined repeatedly for evidence of hybrid cell formation. 
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Thirteen tumours (car~inorna of bladder, parathyroid, breast, colon, and vulva, 
and glioma and melanoma) have been fused with primary kidney cells from 
inbred CBA mice. During periods of incubation of up to six months, with one 
possible exception, there was no evidence of hybrid cells growing more rapidly 
than the mouse kidney cells, although from time to time single hybrid metaphases 
were seen. CBA mice injected with stamples of the cultures have so far not devel
oped tumours. The reason for this failure may be technical, or it may be more 
fundamental. In a fusion experiment in which melanoma cells were fused with 
CBA kidney cells the heterokaryons did not follow the expected course. The 
nuclei remained separate, with no evidence of synchronous mitosis, for up to nine 
days. 

In one of the above experiments, eleven weeks after fusion of cells from a car
cinoma of the colon, a single rapidly growing colony of transformed appearance 
was noticed. This colony, which has grown up into a line disignated 33FA1, has 
some interesting characteristics. It shows mixed haemadsorption with a rabbit 
antiserum against human fibroblasts; this antiserum does not react with primary 
CBA mouse kidney cells. A rabbit antiserum raised against 33FA1 reacts with 
human fibroblasts as weIl as CBA mouse kidney ceIls. The ceIls are subtetraploid, 
with 60 to 80 telocentric and acrocentric chromosomes. Chromosomal examinations 
of the line are still in progress. So far it looks as though a D-group chromosome, 
and possibly a G-group chromosome may be present. The cells have been examined 
by Professor Bodmer for the presence of ß 2-microglobulin, the gene for which 
he and ,his colleagues have assigned to chromosome 15 (Goodfellow, et al. (1975). 
Nature, 254 :267). No evidence of (3 2 microglobulin was found. If a human D
group chromosome is present, therefore, it will probably be 13 or 14. 

The ceIls of this line were carrying a virus which could be labelled with tritiated 
uridine and which banded on sucrose density gradient equilibrium centrifugation 
at a density of 1.23, which is the same density as Sendai virus. However, electron 
microscopy of phosphotungstate stained preparations of the virus, showed particles 
of diameter 85nm to 150nm, which is smaller than paramyxoviruses (150-300nm). 
Haemadsorption tests on the cells have been repeatedly negative, and after two 
successive passages of the virus in the aIlantoic cavity of hens' eggs no haemag
glutinating activity could be detected. A rabbit antiserum prepared against the 
ceIls, and their carried virus, did not inhibit haemagglutination by Sendai virus. 
The virus is cytopathogenic for primary CBA mouse kidney cells. Electron mi
croscopy of sections ofdetached cells in the 33FA1 cultures showed particles of 
the same size as those visualised by phosphotungstate staining. Similar particles 
have now been seen after repeated electron microscopic examination of the original 
tumour. We are continuing investigations on this virus to determine whether it is, 
after aIl, Sendai virus, or a defective variant of Sendai virus, which has persisted 
since the initial fusion. It could also be a virus from the gut, fortuitously present 
in the tumour, or a mouse virus contaminating the CBA mouse kidney cells. What
ever the virus proves to be, this lip.e at least ilhlstrates some of the problems of 
interpretation which can arise as a result of this experimental approach. 

Primary mouse kidney ceIls, like most human tumour cells, divide slowly in 
culture, so perhaps it is not surprising that a hybrid between them should divide 
slowly. Some fusion experiments were therefore done with 3T3 cells (mouse fibro-
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blasts). Many hybrid metaphase spreads, in company with 3T3 cell metaphase 
spreads, were seen in a fusion experiment with thyroid carcinoma cells, but it 
proved impossible to separate a hybrid clone from the background of 3T3 cells. 
107 cells of the whole culture were-injected into nude mice by Dr. Stiles, in Dr. 
Sato's laboratory. So far, after two months, no tumours have developed. A visible 
tumour in nude mice contains about 108 cells. If a single malignant cell was pres
ent in the original inoculum it must therefore have a generation time, if it is divid
ing at all, of more than two or three days. 

In order to overcome some of the technical problems referred to above, CBA 
mouse kidney cells were transformed with SV 40 virus. One of the transformed 
clones was mutagenised, and a mutant clone selected which was resistant to thio
guanine. This mutant does not incorporate hypoxanthine, and therefore dies in 
medium containing azaserine and hypoxanthine in wh ich wild-type cells grow 
readily. Two fusion experiments using this clone, one with cells from carcinoma 
of the rectum, the other with a primary culture of melanoma cells, have both 
produced hybrid colonies within a few weeks. Recent fusion cultures made with 
carcinoma of the colon and carcinoma of the breast also contain actively growing 
cells with some morphological characteristics of hybrid cells. The fact that SV 40 
virus is present in the hybrid cells may create further problems of interpretation 
as the work develops. These problems may not be too great, as the SV 40-trans
formed CBA mouse kidney cells have so far failed to produce tumours in CBA 
mIce. 

It is therefore possible to make hybrid lines from human tumour primary 
suspensions fused with a continuous mouse line. The question of wh ether a partic
ular hybrid is derived from tumour cells, or from normal cells associated with the 
tumour is difficult to answer. The only guidance can come from the properties of 
the hybrid in vitro and in vivo. For example, if the original tumour is producing 
a hormone, then hormone production by the hybrid would be evidence favouring 
the view that the human parental cell was a tumour cell, especially if the tumour 
material was derived from a metastatic deposit. Malignancy of a hybrid line in 
nude mice would also be consistent with a tumour cell parent. Chromosomal ab
normalities in the original tumour would also help interpretation. These problems 
do not arise, of course, in the rare cases where a hybrid can be made by fusion of 
a celliine derived from the human tumor, provided that, as with melanoma cul
tures, the line has undoubtedly developed from malignant cells. 

Summary 

Some preliminary results are reported of etperiments aimed at establishing 
hybrid cell systems for the study of the somatic cell genetics of human tomour 
cells. 
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By contrast to their untransformed parents, mouse cells transformed by sv 40 
are killed by cytochalasin B (KeHy and Sambrook, 1973), a drug which prevents 
cytoplasmic division and inhibits movement in anima! cells (Carter, 1967). When 
exposed to cytochalasin B, normal cells become binuc1eated but further division 
is blocked and upon removal of the drug, the binuc1eated cells undergo cellular 
division and retain their viability even after a prolonged treatment. In trans
formed cells, nuc1ear division and cellular division are no longer coupled precesses. 
When cytoplasmic division is blocked by cytochalasin B, most cells become multi
nuc1eated and do no recover after removal of the drug. 

We have used the ability of cytochalasin B to discriminate normal from trans
formed ceHs as a basis for selecting drug resistant variants from the SVT2 line of 
sv 40-transformed mouse cells. These cells which had regained a normal response 
to the drug have been shown to have an altered expression of virus specific func
tions and contain less integrated viral DNA sequences than the parental cells. 
(Kelly and Sambrook, 1974) 

The cytochalasin B resistant variants were shown to have unexpected growth 
properties in vivo: by contrast to their transformed parents, they failed to give 
rise to tumors when injected into mice of the same Balb/c strain, although they 
were tumorigenic in immunodeficient 'nude' mice. Normal mice, previously in
jected with the cytochalasin B resistant cells did not develop tumors when chal
lenged later with the transformed parent cells. These results suggested that the 
variant cells were capable of eliciting an immune rejection response and therefore 
might be usefu! in an approach to cancer immunotherapy (Sato et al, submitted 
for publication). 

We report in this paper that Lewis lung carcinoma cells respond to cytochalasin 
B in a manner similar to that of SV 40-transformed cells and are efficiently killed 
by the drug. 

Effect of cytochalasin B on lewis lung carcinoma cells 

Cells from the Lewis lung carcinoma have been examined for their susceptibility 
to cytochalasin B. They were compared to a differentiated celliine, PDC1, wh ich 
has been derived from the mouse teratocarcinoma and shown to have normal 
growth properties (Boon et al, 1974). Cells growing in culture were treated with 
cytochalasin B at a concentration of 2 and 5 Ilg.ml -1. After 4 days, the medium 
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was replaced with medium to allow thc spreading of the cells and examination 
of the nudei. Most PCD1 were binucleated, whereas most Lewis lung carcinoma 
cells had more than 2 nuclei per cell with often as many as 8 to 12 nuclei per cello 
The viability of the cells was determined by plating efficiency. As shown in table I 
the viability of the Lewis lung carcinoma cells is markedly reduced by a 4 days 
exposure to the drug. At both concentrations used, only 1 in 104 cells appeared 
capable of forming a colony. PCDl cells were only little affected by the same 
treatment. 

Table I: Efficiency of plating of Lewis Lung Carcinoma and PCDI Cells 

Incubation in cytochalasin B 

o 
2 
5 

LLC 
55 

0.0001 
0.0001 

PCD1 
100 

25 
20 

Table I: LLC cells were derived from a lung metastasis of the Lewis Lung Carcinoma, 
after two passages in culture and were obtained from Dr. R. Fauve. PCDl cells were 
obtained from Dr. T. Boon. 
Cells were grown in plastic Petri dishes in Dulbecco's modified Eagle medium containing 
10 010 fetal calf serum, at 37° and 12 010 C02. Cells were seeded at a density of 104 cells/cm2 
and cytochalasin B dissolved in DMSO was added 12 h. later at the concentration indi
cated. After 4 days the medium was removed and cells were allowed to spread in fresh 
medium. They were resuspended 6 h. later and plated at various dilutions. The efficiency 
of plating is expressed in 0/0 of cells forming colonies after two weeks. 

We are presently investigating the effect of cytochalasin B on the in vivo growth 
of the Lewis lung carcinoma cells injected into syngeneic C57B1/6 mice. Prelim
inary results indicate that the appearance of local tumor and metastasis is retarded 
when animals are injected with the drug. 

Discussion 

When treated in culture with cytochalasin B, cells from the Lewis lung carcinoma 
become multinucleated and their vi ability is drastically. reduced, a behaviour 
previously reported for SV40-transformed mouse cells (Kelly and Sambrook 1973). 
Other studies on cells from different species transformed by various DNA tumor 
viruses (Wright and Hayflick, 1972; Hirano and Kurimura, 1974), and studies on 
cytochalasin B resistant variants of SV 40-transformed mouse cells (Kelly and Sam
brook, 1974) have suggested that the response to cytochalasin B is a consequence 
of the expression in transformed cells of a specific viral function. It is of interest 
that cells from the Lewis lung carcinoma, a spontaneous tumor of the mouse, exhibit 
a similar response to the drug. 

Because of its ability to discriminate between normal and transformed cells, 
cytochalasin B is a potential chemotherapeutic agent. In addition to its direct kill-
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ing effect on malignant cells, the drug mayaIso be useful through the selection of 
variant cells capable of eliciting an immune rejection reaction of the tumor cells. 

We are investigating these possibilities on the Lewis lung carcinoma. We have 
shown that the cells are very efficiently killed in vitro by cytochalasin Band 
preliminary experiments indicate that the drug mayaIso be active in vivo. Further 
studies are needed to determine optimal conditions of action in vivo and whether 
or not cytochalasin B acts directly on the tumor cells in a manner similar to that 
observed in culture. We have recently isolated a cytochalasin B resistant cell line 
from the lung carcinoma cells (unpublished results). If these cells indeed present 
the property described for the resistant variants of SV 40-transformed mouse cells 
to immunise animals against the parental tumor cells, they will provide a useful 
tool in an approach to immunotherapy. 
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The physiologically relevant site for studies on growth regulation is within intact 
modulated circuits which have evolved for maintenance of tissue and organ 
animal hosts. Animal cells in culture are disconnected from complex hormonally 
homeostasis (Furth, 1967). Paradoxically the most detailed information on growth 
control has been generated from studies on animal fibroblasts and lymphocytes 
grown in vitro. In the tissue culture environment, the growth of cloned populations 
of animal ceIls, in defined or semidefined media may be easily quantitated. 

By studying the growth of established and cloned ceIllines in heterologous ani
mal hosts, the tactical advantages of tissue culture technology can be exploited in a 
biologically relevant framework. Heterologous cells can be recovered from anima 1 
hosts, identified and quantitated by virtue of their differential morphology, anti
genie composition and karyotype. Clearly, however such studies can only be con
ducted in an immunologically tolerant host. 

The congenitally athymic nude mouse does not display the cell mediated immune 
response and never rejects heterologous skin grafts (For review, see Rygaard, 1973). 
We have examined the capacity of nude mice to support and control the growth 
of a variety of heterologous tissue culture celllines. This paper will deal with the 
results of these studies which demonstrate (1) that a variety of epithelioid and 
fibroblastic celllines which grow forever in vitro do not grow tumors in nude mice; 
(2) that the failure of celllines to grow tumors in nude mice is an authentie growth 
regulatory response; (3) that the growth behavior of cells in tissue culture is not a 
reIiable indicator of tumorigenie potential; and (4) that the capacity of tumor 
cells to grow in suspension, invade surrounding tissues and develop secondary 
metastases possibly requires a thymus dependent function. 
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Table I 

Cellline Tissure of Transforming No. tumors 
Category or stram ongm agent formed / 

No. mice 
injected 

I. Embryonic Balb / c mouse embryo none 0/8 
Cell HFL-Johnson human fetallung none 0/13 
Strains HFL2 human fetallung none 0/4 

II. Established RPMI2650 human carcinoma spontaneous 8/9 
Lines of C6 rat glioma N-nitro- 10/10 
Neoplastic somethylurea 
Origin B-16 mouse melanoma spontaneous 20/20 

HeLa human carcinoma spontaneous 15/15 
BRL-4143 human melanoma spontaneous 5/16 

III. Established Balb / c 3T3 mouse embryo none 0/12 
Lines from MDCK dog kidney none 0/16 
Normal BRL rat liver none 0/20 
Tissue 31A rat ovary none 0/12 

3T6 mouse embryo none 7/7 

IV. Lines SVT2 mouse embryo SV40 10/10 
Trans- 56-1 mouse embryo SV40 10/10 
formed T mouse embryo SV40 10/10 
in vitro XIII mouse embryo SV40 10/10 

V A2-8-aza-Gr human fetallung SV40 0/12 
RBSV3 human skin SV40 0/12 
RBSV-IA human fetallung SV40 0/10 
LN SV human skin SV40 0/6 
PY3T3 mouse embryo polyoma 5/5 
A-9 mouse muscle methyl- 10/10 

cholanthrine 
WI-L2 human spleen spontaneous 2/5 

Table 1: Tumorigenicity of heterologous cells in athymic nude mice. The tumorigenic 
potential of the various ceIl lines was examined by injecting from 106 to 2 x 106 viable 
cells subcutaneously into the scapular region. All cell lines were tested in both male and 
female mice. CeIl lines were classed as tumorigenic when nodules grew progressively to 
greater than 5 mm in diameter at the site of injection. Most tumorigenic celliines produced 
tumors from 7 to 21 days post inoculation. Mice injected with RPMI 2650 developed 
tumors in 20 to 60 days. Before celllines were classed as nontumorigenic, the test animals 
were observed for at least four months and a second series of nude mice was challenged 
with a larger cell inoculum (5 x 106 to 107 ceIls). 
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Results 

Tumorigenicity of Heterologoüs Cells in Nude Mice 

Table 1 summarizes the tumorigenic potential of heterologous celllines in athy
mic nude mice. Embryonic cell strains never grew tumors in nude mice. All estab
lished celliines of neoplastic origin were tumorigenic. Established celliines derived 
from explants of nonneoplastic animal tissue were generally not tumorigenic. Every 
line of SV40 transformed mouse cells tested was tumorigenic. Curiously, none of 
5 lines of SV 40 transformed human cells produced tumors even though each of 
3 human lines derived from authentic neoplasms and a line of human lymphocytes 
from a non-Ieukemic patient were tumorigenic. Dr. James Robb at the University 
of California, San Diego School of Medicine kindly screened the SV 40 transformed 
human lines for the presence of viral T antigen by immunofluorescence and found 
a11 of them to be T-antigen positive. 

Basis of Growth Suppression in Nude Mice 

A variety of control experiments indicated that the failure of particular cell 
lines to grow tumors in nude mice was not a trivial result but rather indicated an 
auth~ntic response to host mediated growth regulatory signals. 

Attempts to "vaccinate" nude mice against human tumor ce11s (HeIa) by 
repeated inoculation of normal human lung fibroblasts in Freund's adjuvant were 
unsuccessful. Mice which had been inoculated with human fetallung cells in 
Freund's adjuvant were bled and the serum was tested for the presence of cytotoxic 
antibodies directed either against fetallung cells or against HeIa cells. No evidence 
of cytotoxic antibodies directed against either cell type was found. These experi
ments indicate that the failure of human fetal lung cells to grow tumors in nude 
mIce IS not due t~ rejection by either the ce11 mediated or humoral immune 
response. 

Fate of Nontumorigenic Cells in Nude Mice 

The hairless condition of these athymic animal hosts facilitates observation of 
nontumorigenic cells which are injected subcutaneousIy. An inoculum of 106 cells 
is visable as a light colored subcutaneous mass from one to two mm in diameter 
twenty four hours after injection. The persistance of these masses is variable from 
cell line to cel1line. Most nontumorigenic ce11s appear to survive no longer than 
10 days beneath the skin of nude mice; however, an inoculum of 106 dog kidney 
epithelial cells (MDCK) is still detectable in some animals at two months post
injection. One subcutaneous mass measuring 1.6 mm in diameter was removed 
from a mouse which had been injected with 107 MDCK cells two months previous
Iy. The tissue was plated into culture and cells with the MDCK epithelioid morpho
logy were observed growing amid mouse fibroblasts. A clone of the epithelioid cells 
was isolated and metaphase chromosomes were stained with Geimsa. A modal 
chromosome number of 76 and the presence of a large metacentric X chromosome 
(fig. 1) identified the cells as MDCK. Thus cell lines which do not induce pro-
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gressively growing tumors can persist for long periods of time in nude mice and be 
recovereu in a viable state. 

Fig. 1: Metaphase cell recovered from a nude mouse injected two months previously with 
MDCK dog kidney cells. The arrow indicates the large metacentric X chromosome which 
characterizes the canine karyotype. 

::- In each experiment, one C57 mouse died prior to three weeks and could not be autopsied 

Fig. 2: The three mice on the left received 106 MDCK cells subcuntaneously along the 
midline of the back one day after birth. The two mice on the right received 2 x 106 MDCK 
cells subcutaneously on the right flank as adults. The mice on the left were photographed 
30 days after injection and the mice on the right were photographed 60 days after injection. 
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Growth Response of Nontumorigenic Cells in Nude Mice 

MDCK cells did not induce tumors when injected into nude mice. Previous 
experiments indicated that nude mice do hot rejeet heterologous eells immunologi
eally and 'it was shown that MDCK cells surived for long periods in nude mice 
with no net growth. To determine wh ether the MDCK line eould respond to host 
growth regulatory signals, 106 eells were injeeted subcutaneously into 1 day old 
nude mice. At birth the nude mouse weighs approximately 1 gram and over the 
next 30 days, mass inereases to about 20 grams. Figure 2 demonstrates that in 
rapidly growing mice inoeula of 106 MDCK cells formed nodules measuring 0.5cm 
in diameter whereas twiee as many eells injeeted into adult animals failed to grow. 
MDCK nodules formed in neonatal animals did not eontinue to grow on ce the 
animals attained adult mass. Thus the failure of MDCK eells to grow tumors in 
nude mice does not seem to be eaused by rejeetion or any intrinsie deficieney on 
the part of the host. Rather these eells seem responsive to host mediated growth 
regulatory signals. 

Relationship of Growth Behavior in vitro to Tumorigenicity 

The observation that 5 human eell lines infeeted with, and morphologieally 
transformed by SV 40 virus were not tumorigenic suggested that many of those 
charaeteristies which serve to define the transformed state in vitro are only 

Table 11 

Cell Line Growth in Saturation Growth in Growth on 
1 % fetal density methocel confluent 
calf serum greater than suspenSIOn mouse eell 

105 cells/ cm2 monolayers 

Tumor- 3T6 + + + 
1geme RPMI-2650 + + + + 
Cell HeIa + + + + 
Lines BRL-4143 + + + 

C-6 + + + + 
B-16 + + + 
SVT2 + + + 
PY3T3 + + + + 
A-9 + + + + 

Non- 3T3 
tumor- MDCK + + + + . . 

31A + + 1geme 
Cell BRL + + + 
Lines V A2-8-azaGr + + + 

LNSV + + 
Table2: Correlation of growth behavior in vitro with tumorigenicity in nude mice. 
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coincidentally related to maligna1?-t potential in animals. The serum growth re
quirement, the ability to grow on top of stationary phase mouse monolayer cul
tures, the ability to grow in methocel suspension and the cell saturation density 
were determined for' various ceIl lines. The correlation of these in vitro growth 
parameters with tumorigenicity in athymic nude mice is summarized in table 2. 
As can be seen, there is no absolute correlation between any in vitro growth 
parameter and tumorigenic potential in immunologically tolerant hosts. In fact 
with the exception of secondary mouse embryo fibroblasts and 3T3 cells, every 
nontumorigenic cell line displayed one or more of those cell growth characteristics 
in vitro wh ich have come to be associated with the transformed state. 

Suppression of M.etastasis in the Nude Mouse 

In the course of testing various celllines for tumorigenicity we were struck with 
the complete absence oftumor metastasis in these athymic hosts. Despite the diverse 
origin of the nine tumor producing lines depicted in table 1 and the large number 
of animals tested, tumor growth was always restricted to the region where cells 
were inoculated. To investigate this phenomenon in more detail, the malignant 
potential of a highly metastatic subclone of the B-16 mouse melanoma was tested 
in nude mice. B-16 melanoma clone #2 cells' were derived by inoculating tumor 
cells subcutaneously into C57 black mice and culturing the metastatic nodules which 
arose in occasional animals. The parental B-16 line seldom metastasized in C57 
black mice whereas within 3 weeks the B-16 clonp. #2 cells metastasized to the 
lungs, lymph nodes and spleen of sixty percent ot the animals tested (table 3 and 

Table III 

B-16 C57 Mouse Nude Mouse 

Cell # mice mean # mice # mice mean # mice 
Clone injected tumor with injected tumor with 

mass at metastatlc mass at metastatic 
autopsy nodules autopsy nodules 

B-16 #2 9 1.0 ± 1.0 g 6 10 1.6 ± 1.2 g 1 
B-16 #2s 10 2.0 ± 0.85 g 8 10 3.7±0.5 g 0 

Table 3: Suppression of metastasis in nude mice. Two highly invasive subclones of the 
B-16 mouse melanoma were injected subcutaneously into the scapular region of C57 black 
mice or into nude mice. Each mouse received 106 cells and all mice developed tumors. At 
three weeks postinjection the animals were sacrificed. Tumors were weighed and the 
animals were examined for black melanoma nodules in the lungs, lymph no des and spleens. 

fig. 3). In athymic nude mice, B-16 clone #2 cells induce large pigmented tumors 
(table 3) but, with one exception in 20 challenges, none of the nude mice showed 
secondary tumor metastasis at autopsy (table 3). 

One clue to the mechanism whereby metastasis is suppressed in athymic nude 
mice may be found in the growth behavior of human lymphocytes in these animal 
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Fig. 3: Top; C57 mouse on left and nude mouse on right, 3 weeks following injection of 
106 B-16 clone # 28 cells. Arrows indicate large pigmented tumors growing at site of in
jection in animals. Bottom; Same animals as above after dissection. Arrows indicate met
astatic melanoma nodules in C57 mouse. No metastasis was detectable in the nude mouse. 

hosts. The WI-L2 cell line was derived from spleen cells of a patient free from 
malignant disease hut hearing antihodies to Epstein Barr virus. In culture the cells 
grow entirely in suspension showing no tendency to adhere to coated plastic tissue 
culture dishes. WI-L2 cells are tumorigenic in nude mice hut the tumors formed are 
solid lymphosarcomas (fig. 4). No ascites formation was noted in 4 nude mice 
injected intraperitonially with two million cells per mouse. 

191 



Fig. 4: Nude mouse hearing large solid tumor 2 months after inoculation with 2 x 106 

human lymphoid cells (WI-L2). 

Discussion 

The purpose of this research was to assess the capacity of nude mice to support 
and control the growth of heterologous tissue culture cell lines. We found that 
many cell lines which grow forever in tissue culture did not form tumors in nude 
mice. The failure of individual celliines to grow tumors did not have an apparent 
immunologie or nutritional basis. Cells from a nontumorigenic dog kidney line 
were recovered in a viable state after prolonged incubation in nude mice. We con
c1ude that the failure to grow tumors in nude mice is not a trivial result. Rather, 
nontumorigenic cell lines may be responsive to host mediated growth regulatory 
signals. 

The relationship between cell growth behavior in vitro to growth control in 
animals has long been of interest to cancer biologists. Many laboratories have 
sought to determine wh ether growth behavior in vitro corre1ates with tumor
igenicity in animal hosts; the published conc1usions are at variance. Aaronson and 
Todaro (1963) concluded that the ability to grow to high saturation density cor
related best with tumorigenicity. Weiss et al. (1973) suggested that loss of contact 
inhibition of growth and of locomotion was the best indicator of tumorigenie 
potential. Di Mayorca et al. (1973) and Freedman and Shin (1974) have conc1uded 
that loss of anchorage requirement is essential to tumorigenicity. The congenitally 
athymic nude mouse would seem to be the most useful anima 1 host for correlative 
studies between growth behavior in vitro and tumorigenicity; in the immunologi
cally tolerant nude mouse, a cellular growth response in the host cannot be masked 
bya host immune response to the ceJJs. We have found that under uniform culture 
conditions, none of those in vitro growth parameters which serve to define "trans
formation" in tissue culture correlate with tumorigenicity in nude mice. These 
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experiments indicate that the most reliable and physiologically meaningful assay 
for malignant transformation may be cell tumorigenicity in nude mice. 

The pathologie consequences of malignant transformation are more a reflection 
of tumor cell invasiveness than of tumor growth potential (Kark, W. 1966). The 
mechanisms whereby malignant tumor cells migrate through surrounding tissue, 
penetrate the blood vascular and lymphatic systems and lodge at distal sites 
to form secondary tumors are difficult to study in tissue culture. Growth of 
malignant tumors in heterologous animal hosts, wherein the origin of distal met
astasis may be determined unambiguously, may provide insight into these prob
lems. Giovionella (1973) reported the occurrence of metastasis from a human 
melanoma in athymic nude mice. On the other hand, this laboratory and others 
(Freedman and Shin, 1974) have not observed metastasis in nude mice, although 
more than 50 human and animal cell lines have been studied. A direct test of 
metastatic potential in nude mice using mouse melanoma cells of proven invasive 
capabilities confirmed that metastasis is suppressed in athymic nude mice (table 4 
and fig. 2). These observation corroborate the finds of Fidler (1974) who, in a 
series of experiments using B-16 melanoma cells with properties similar to those 
described here, found that low numbers of lymphocytes from tumor bearing ani
mals actually promoted metastasis in thymectomized -X- irradiated C57 mice. 

The incongruous growth behavior of human lymphocytes, which formed solid 
tumors in nude mice while growing as suspension cells in tissue culture may provide 
a due to the supression of metastasis. Freedman and Shin (1974) reported a similar 
modification of growth behavior for Erlich Ascites cells which grew only as solid 
tumors in nude mice. These results suggest that a thymus dependent function is 
required in order for cells to grow in suspension in animal hosts. 

The experiments described in this communication demonstrate that the growth 
behavior of cells in tissue culture is in many respects not indicative of their 
behavior in animals. It is likely that growth of normal animal tissues is regulated 
by hormone like agents and cellular interactions which have yet to be described 
in vitro. Observations on the growth of heterologous tissue culture cell lines in 
immunologically tolerant nude mice may assist in the reconstruction of these 
growth regulatory interactions m vitro. 
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Cell-Mediated Immunity to Leukemia Associated Antigens 
in Experimental Models and in Man 

Ronald B. Herberman 

Laboratory of Immundiagnosis 
National Cancer Institute 

Bethesda, Maryland USA 20014 

Ce11-mediated immune reaetions against leukemia assoeiated antigens have been 
deteeted in experimental animal models and in patients with aeute leukemia. The 
oeeurrenee of speeifie eellular immune reaetivity has important implications for 
the diagnosis and therapy of human acute leukemia., As summarized in Table 1, 

Table I: Application of Assays of Cell-Mediated Immunity to Diagnosis and 
Therapy 

1. Initial diagnosis 
a. Speeificity: Are antigens leukemia associated? 
b. Reactivity: Is reactivity found only with leukemia patients? 

2. Monitoring of patients during clinical course 
a. Correlation with clinical status 
b. Indication of prognosis or response to therapy 

3. Therapy 
a. Antigens: Can they induce transplantation protection? 
b. Proximity of reaetive cells to tumor cells 
c. Augmentation of specific immune reactivity 

assays of ce11ular immunity could be applied to the initial detection and dia gnosis 
of leukemia, to the monitoring of patients during and after therapy, and to the 
planning of rational immunotherapeutic trials. For initial diagnosis, the specificity 
of the detected antigens and the distribution of reaetivity among patients with 
leukemia and other individuals need to be earefu11y defined. For immunologie 
monitoring of leukemia patients, only assays which eorrelate with extent of disease 
or with responsiveness to therapy would be useful. Techniques which ean measure 
leukemia assoeiated transplantation antigens would be very useful for seleetion of 
materials for specific immunotherapy. In addition, such assays could be used to 
detect relevant responses to immunotherapeutic manipulations, and to subsequent
ly design optimal schedules of immunotherapy. However, before such praetical 
clinical applieations can be realized, additional information in several areas needs 
to be aceumulated. For a11 of these objeetives, standardization of reagents will be 
very important. There appears to be eonsiderable heterogeneity in the antigens on 
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leukemia cells and in the quantitative expression of each of these antigens (1). Some 
of the variability in results and some of the negative reactions could be ascribed 
to the use of poorly antigenic leukemic cells. Selection of large supplies of highly 
antigenic cells and extracts, with known specificities, and provision for long term 
preservation of antigenicity will help to ensure adequate sensitivity of the assays. 
Preservation of highly reactive lymphocytes, and reduction in day-to-day varia
bility in the assays, will also be major steps in the standardization of the assays. 
Although progress in these areas is being made in clinical studies, there are a 
number of logistical problems. The use of leukemia models in syngeneic animal 
systems should be helpful to work out approaches might could then be applied to 
studies of leukemia patients. In this paper, I will review so me of the information 
which has been obtained in animal systems, and try to relate this to the clinical 
objectives. 

Specificity of Cell-Mediated Immunity in Experimental Mogels 

Tumors induced by oncogenic viruses have been shown to have cell surface 
antigens specific for the particular virus and also antigens common to other types 
of tumors and to fetal cells (2, 3). We have shown, by quantitative absorption 
tests, that syngeneic mice and rats may respond to tumor cell inoculation by for
mation of antibodies with differing specificities. It is equally important to de
termine the nature of the antigens detected in assays of cell-mediated immunity. 
However, it is considerably more difficult to define the specificity of cellular re
actions and few extensive studies have been done. Recently, an inhibition assay 
was developed which permits definition of the specificity of the 5tCr release 
cytotoxicity assay for cell-mediated immunity (4). Unlabelled cells were added to 
the mixture of lymphocytes and labelled target cells. If the added cells had the 
same antigens as those on the target cells, competitive inhibition of lysis was seen. 
In studies of the Gross virus-induced leukemia (C58NT)D in W/Fu rats, the de
tected anti genie specificity was found to be quite distinct from any of those de
tected by humoral antibodies. The antigen was only found on rat cells and not on 
mouse cells transformed by Gross or other leukemia viruses (4). The antigen ap
pears to be related to expression of rat endogenous type C virus (Table 2) and 
has been designated REV-SA-l (5). We have also used this inhibition assay to 
study the specificity of the cell-mediated reactivity induced in mice by murine 
sarcoma virus (MSV). MSV induces local tumors in mice, which then usually 

Table II: Specificity of Cell-Mediated Immunity in Experimental Models 

1. Immunity to Gross virus-induced leukemia, (C58NT)D: antigens associated 
with rat endogenous type C viruses (REV-SA-l). 

2. Murine sarcoma virus (MSV) induced immunity: antigens associated with mouse 
endogenous type C viruses (MEV-SA-1), present on leukemia cells but also on 
variety of other cells. 

3. Immunity to Friend virus-induced leukemia, FBL-3: 
a. Fand FMR antigens 
b. MEV-SA-1 
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regress. Many laboratories have studied the cell-mediated immune response in this 
system, and since positive reactions were seen with some leukemic cells, the detected 
antigens have been presumed to be related to FMR leukemia antigens (6-8). How
ever, we have found that cytotoxic lymphocytes of immune C57BL/6 mice react 
against an antigenie specificity distinct from any of the expected specificities (9). 
This antigen has been designated MEV-SA-l (Table 2) since it appears to be related 
to expression of mouse endogenous type C virus. The most direct evidence for the 
association of this antigen to endogenous virus has come from studies involving 
infection of a mouse cell line SC-l arid a rabbit celliine SIRC with viruses from 
antigen positive cells (10). Some of the infected cells rapidly became antigen posi
tive (Table 3). Recent studies, with an 125IUdR release cytotoxicity assay, of 

Table 111: Inhibition of MSV-Induced Cytotoxicity by MEV~~-Infected Cells 

Cell Line 

SIRC 

SC-l 

Infected with virus from: 

none 
BALB/3T3 clones 

S16 Cl-2 
S2 Cl-3 
S3 

EL-4 ascites 
Eü G2 
MCDV-12 ascites 
none 
EL-4 asci tes 
Eü G2 
MCDV-12 ascites 

,} Mouse endogenous type C virus. 

Inhibition of cytotoxicity 

+ 
+ 
+ 
+ 

+ 
...L-

I 

cell-mediated immunity against a Friend virus-induced leukemia FBL-3 have in
dicated reactivity against the FMR serologie specificity and also against MEV
SA-l (11, 12). 

Nature of Effector Cells in Experimental Models 

A further complexity in the analysis of cell-mediated immunity is that different 
types of effector cells can be involved, even within the same tumor system (Table 4). 
These different subpopulations of cells can develop reactivity with disparate 
kinetics, and can be directed against different specificities. In each of the three 
animal model systems mentioned above, thymus derived lymphocytes (T cells) 
appear to be responsible for the reactivity in isotopic release cytotoxicity assays, 
of animals immunized by tumor cells or by virus (13-16). In addition, immune 
reactivity in a microcytotoxicity assay (16) and in a lymphocyte proliferation 
assay (17) in our MSV system, and the lymphoproliferative response of immune 
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Table IV: Nature of reactive cells in experimental models 

1. T ceIls: responsible for specific immune reactivity (cytotoxicity and lymphocyte 
proliferation) induced by MSV, FBL-3, (C58NT)D. 

2. Macrophages: responsible for nonspecific growth inhibiton induced by MSV and 
by other tumors. 

3. N ceIls: responsible for specific natural immunity against mouse and rat leu
kemias. 

cells against (C58NT)D (18) are dependent on T cells. Effector cells have also 
been detected in the MSV tumor system by a growth inhibition assay, in which 
cytostasis is measured by inhibition of uptake of 3H-thymidine (19). Macrophages 
;:tppear to be responsible for these effects, and in contrast to the specificity of 
the immune T cells, growth inhibitory activity appears to be nonspecific, with 
marked effects on a variety of leukemia cells and other tumor cells (19, 20). In 
addition to the T cells and macrophage effector cells in immune animals, the lym
phocytes of many normal mice and rats have been shown to have specific cytotoxic 
reactivity against leukemia cells (21, 22). The natural cytotoxic reactivity of mice 
was not dependent on T cells, being unaffected by treatment with anti-8 serum 
plus complement, and with high levels being found in athymic, nude mice (Table 
5; 23). Treatment of reactive mouse cells by procedures known to deplete or in-

Table V: Effects of various treatments on MSV immune and BALB/c nude spleen 
cell cytotoxicity agair..st RBL-5 target cells 

Treatment of spleen cells MSVimmune BALB/c nude 
Untreated Treated Untreated Treated 

Anti-8 + C 32)~ 4 38 25 
Carbonyl iron/magnet 21 22 15 15 
Nylon column 27 23 15 38 
Carrageenan (200~g) 45 45 12 12 
EA monolayer 24 31 28 21 
EAC monolayer 24 28 28 34 
Anti-y globulin (1 :20) 48 40 23 22 

':. % cytotoxicity. 

activate macrophages, complement receptor bearing cells, or immunoglobulin 
receptor bearing cells also had no effect on cytotoxicity. Similarly, the natural rat 
effector cells had no identifiable surface marker (Table 6; 22). The subpopulation 
of lymphocytes responsible for the natural cytotoxicity has been tentatively 
designated N cells (23). The natural cytotoxicity appears to be directed against 
antigens associated with endogenous type C viruses of the particular species, but 
some differences have been noted between these specificities and those detected 
by immune T cells (22, 23). The finding of cytotoxic reactivity against some tumor 
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Table VI: Effects of various treatments on (C58NT)D immune and normal spleen 
cell cytotoxicity against (C58NT)D target cells 

Treatment 

Anti-T (NIH) + C 
Anti-T (Scripps) + C 
CarbonylIron/magnet 
Nylon column 
EA monolayer 
EAC monolayer 
EAC column 

>~ % cytotoxicity. 

Immune 
Untreated Treated 

68>~ 

32 
11 
24 
9 
9 

46 

3 
3 

24 
41 
9 

13 
53 

Normal 
Untreated Treated 

13 
12 

6 
8 
4 
4 
4 

12 
11 

8 
10 

3 
5 
5 

associated antigens in normal animals has important implications for the use of 
cell-mediated dytotoxicity assays for diagnosis of cancer. On the one hand, thc 
wide distribution of reactivity, not only in wmor immune animals, but also in 
many normal individuals, would seem to eliminate the diagnostic usefulness of 
these assays. However, since different subpopulations of effector cells are involred, 
methods could be worked out to distinguish the nature of the reaction seen with a 
particular individual. 

Correlation of Cell-Mediated Immunity in Experimental Models with Tumor 
Growth 

In order to evaluate the usefulness of assays of cell-mediated immunity for 
monitoring of individuals with leukemia, it is important to determine the relation
ship of reactivity to course of disease. In each of our three animal model systems, 
it has been possible to induce progressive tumor growth (such animals are desig
nated progressors) or transient tumor growth followed by complete regression 
(such animals are designated regressors). In both regressors and progressors, the T 
cell cytotoxic responses were transient, with peak levels soon after inoculation (8, 
12, 24). However, the responses of progressors in each of these systems were con
siderably lower than those seen in regressors (Table 7). In the growth inhibition 
assay, more reactivity has been seen in progressors than in regressors. The activity 
appeared to be correlated with presence of large tumors, and it persisted in the 
progressors (19, 20). In the lymphocyte proliferation response to (C58NT)D, the 
difference between regressors and progressors was particularly striking. Reactivity 
has been detected in regressors at 15 days or more after tumor cell inoculation. In 
contrast, no reactivity was seen with lymphocytes from progressors (25). This lack 
of detectable direct reactivity was found not to be due to an absence of lympho
cytes capable of response, but rather to the presence of suppressor cells. After 
removal of these suppressor cells, positive proliferative responses could then be 
observed. 

In addition to these in vitro studies of correlation with in vivo host resistance 
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Table VII: Correlation of cell-mediated immunity with tumor growth 

Cytolysis 
MSV 

FBL-3 

Regressors 

peak at 14 days; then rapid 
decline to low levels 
biphasic response 

(C58NT) D peak at 10 days; then rapid 
decline to low levels 

Growth inhibition transient activity at peak 
of tumor growth 

Lymphocyte proliferation 
(C58NT) D detectable after 15-20 

days 
Adoptive transfer of immunity 

MSV good protection against 
FBL-3 tumor cell challenge 

Progressors 

similar time course, but low 
levels 
similar time course, but much 
lower levels 
similar time course, but low 
levels 
persistent activity 

not detectable, except after 
removal of suppressor cells 

weak protection against cell 
challenge 

to tumor growth, we have also performed some systemic adoptive transfer ex
periments in the MSV and FBL-3 systems, with lymphocytes from regressors and 
progressors (15). Cells from regressors conferred considerably better protection 
against challenge with leukemia cells than did cells from progressors. 

Secondary Cytotoxic Responses in Experimental Model Systems 

One of the major apparent discrepancies between the results of in vitro cyto
toxicity assays and in vivo events in our model systems was the short duration 
of strong cytotoxic reactivity after tumor or virus inoculation. This was in contrast 
to the very long-lasting resistance of previously inoculated animals to rechallenge 
with leukemia cells. This raised serious questions about the in vivo relevance of 
the cytotoxic reactions. Recently, aseries of experiments has been performed which 
resolves this problem. When immune animals were rechallenged with tumor cells, 

Table VIII: In vivo generation of secondary cytotoxic response to tumor cells 

Tumor system 

MSV 
FBL-3 
(C58NT) D 

no challenge 

-0.2 
3.5 
2.3 

0/0 Cytotoxicity:'~ 

challenge with tumor cells 

34.1 
33.0 
47.2 

,~ Immune animals were challenged intraperitoneally with tumor cells and 3-5 days later, 
peritoneal exudate cells were tested for cytotoxicity against labelIed target cells. In the 
MSV system, RBL-5 ascites tumor cells were used for challenge and as target cells. 
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strong cytotoxic reactivity rapidly developed but tended to be restricted to the 
region of challenge (Table 8; 26-28). Similar results have also been obtained in 
vitro, by incubation of immune lymphocytes with tumor cells for 5-9 days (Table 
9; 29-31). These data c1early indicate that immune animals have memory cells 
for cytotoxicity, but re-exposure to antigen is needed for generation of reactivity. 
Since the in vivo transplantation protection experiments involve such re-exposure 
to tumor cells, the data from the secondary response experiments are quite con
cordant with the persistence of in vivo resistance to challenge. 

Table IX: In vitro generation of secondary cytotoxic response to tumor cells 

0/0 Cytotoxicity:1-
Tumor system immune cells alone immune cells + tumor cells:}:~ 

MSV 
FBL-3 
(C58NT) D 

9.1 
3.0 
6.1 

33.5 
69.1 
66.7 

::. At end of 5-9 days in culture, effector cells tested against 51Cr labelIed target cells, 
at ratio of 50:1, or in FBL-3 system, against 125IUdR labelIed cells, at 15:1 ratio. In 
MSV system, RBL-5 ascites tumor cells were used as target. 
),':~ Immune spleen cells were obtained 30-40 day after virus or tumor cell inoculation. In
cubation performed with mitomycin C treated tumor cells. 

Standardization of Assays of Cell-Mediated Immunity 

For reliable practical applications of the assays of cell-mediated immunity, 
standardization of reagents and reduction in day-to-day variability of the assays 
is quite important. We have focused on the 51Cr release cytotoxicity, and have 
been ab1e to cryopreserve functiona1 effector cells and tumor target cells (32, 33). 
Cryopreserved tumor cells have also been quite usefu1 in the cytotoxicity inhibition 
a;.ssays. These cyropreserved cells have yielded very reproducible results over a 
long period of time, and have reduced the number of variables in the assays. In 
addition, they have allowed us to include internal standards in assays, so that 
we can accurate1y compare experimental results among different experiments. 
Cryopreserved tumor cells have also been effective for stimulation of lymphocyte 
proliferation and for in vitro generation of secondary cytotoxic responses. 

Cell-Mediated Immunity to Human Leukemia Associated Antigens 

Cell-mediated immune reactions have also been detected against human leu
kemia associated antigens. My laboratory has primarily used skin tests for delayed 
hypersensitivity and 51Cr release cytotoxicity assays for these studies. Some of the 
characteristics of the observed reactions are summarized in Table 10. The initial 
delayed hypersensitivity studies were performed with membrane extracts of 
autologous leukemic and remission leukocytes. Positive reactions were obtained 
with leukemic extracts and not with the extracts of remission cells (34). Although 
these data indicate an association of the antigens with leukemia, it was not possible 
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Table X: Characteristics of cell-mediated immunity in human leukemias 

Assay 

Skin tests 
autologous cells 
allogeneic cells 

Raji 

HKLY 28 

51CR release cytotoxicity 

Specificity 

leukemia associated 

leukemia (same type) 
associated 
broader specificity: 
mainly ALV~ and 
Burkitt's lymphoma 
broad specificity: mainly 
NPC'~'~ and ALL 

autologous cells leukemia associated 
allogeneic cells antigens on blast cells 

and remission cells of 
leukemia patients; 
considerable normal 
reactivity 

tissue culture lines high incidence of normal 
reactlvlty 

::. Acute hymphocytic leukemias. 
::-:~ N asopharygeal carcinom. 

Clinical Correlation 

higher incidence of reactivity 
in remission than in relapse 
higher incidence of reactivity 
in remission than in relapse 
higher incidence of reactivity 
in remission than in relapse 

higher incidence of reactivity 
in remission and with 
localized tumor 

? 

? 

depressed during chemo
therapy, 

to evaluate the distribution of a particular antigen. Therefore, aseries of experi
ments were performed with extracts of allogeneic cells (35). Extracts of allogeneic 
acute leukemia cells produced positive reactions in about one third of patients with 
the same type of leukemia, but were unreactive in patients with the dissimilar type 
of leukemia. Extracts of allogeneic remission cells or of normal leukocytes gave 
negative results. Therefore, the skin tests with the blast extracts detected reactions 
to antigens common to acute leukemia (ALL) and to distinct common acute 
myelogeous leukemia (AML) antigens. However, these antigens did not appear to 
be equa11y represented in a11 extracts. Some preparations gave positive reactions in 
more than half of the appropriate leukemia patients, whereas others were poorly 
or non-reactive. Partly as an attempt to obtairi large amounts of standard test 
materials, extracts have been prepared from human lymphoid tissue culture cell 
lines, derived from leukemia, other tumors, or fromnormal keukocytes (36). Ex
tracts of some of these lines have given positive skin reactions in patients. 
A summary of da ta with some of these extracts is given in Table 11. The Raji line, 
derived from a patient with Burkitt's lymphoma, has given reactions in 40 % of 
American patients with ALL, several patients with AML, and over 60 % of patients 
with Burkitt's lymphoma (37). Only a small proportion of French ALL patients 
(38, 39) and none of the Canadian ALL patients reacted to Raji (40). This could 
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Table XI: Delayed skin reactions to extracts of lymphoid celllines 

Patients Tests positive/total tests (°/0 +) 
Tumor derived celliines 

RA]I MOLT HKLY28 F-265 

ALV~ (U.S.) 26/65 (40) 6/17 (35) 1/54 (2) 
ALL (French-Oldham) 4/49 (8) 0/49 (0) 
ALL (French-Levine) 1/12 (8) 1/10 (10) 0/10 (0) 
ALL (Canada) 

before therapy 0/14 (0) 0/14 (0) 0/14 (0) 0/14 (0) 
remlSSlon 0/22 (0) 0/22 (0) 7/22 (32) 0/22 (0) 

Burkitt's lymphoma 29/47 (62) 2/47 (4) 
NPC:~:~ 10/34 (29) 24/36 (67) 6/35 (17) 
Other carcinomas 10/72 (14) 12/59 (20) 1/69 (2) 

::. Acute lymphocytic leukemia. 
,~,~ N asopharyngeal carcinoma. 

be partially ascribed to differences between lots of antigen, even from the same 
cell line; however, American ALL patients reacted well to· the same lot as that 
used in the study in France. The extract from HKL Y28, a lymphoid cell line 
derived from a patient with nasopharyngeal carcinoma (NPC), gave a different 
pattern of reactivity. Patients with NPC had a high incidence of reactivity (38), 
Canadian ALL patients also reacted (40), but only 1 of 10 French ALL patients 
reacted (39). It is clear from these data that the antigens detected on the cultured 
cells have considerably broader specificity than the blast cell extracts. However, 
the reactions showed some clear specificity, since patients with carcinomas other 
than NPC had a low incidence of reactivity. The HKLY28 cell line produces 
Epstein-Barr virus (EBV) and Raji contains the EBV genome. The skin reactive 
antigens on these cells could be related to EBV. However, the F-265 cell line has 
a similar expression of EBV genome as Raji, yet elicited very few reactions. 
Furthermore,.the MOLT celliine, derived from a patient with ALL and lacking the 
EBV genome, produced almost as high an incidence of reactions in American ALL 
patients as did Raji. 

In the skin tests with membrane extracts of either blast cells or of cell lines, 
reactivity has correlated with clinical status (Tabeie 10). Patients with ALL or 
Burkitt's lymphoma in remission had a significantly higher incidence of reac
tivity than did patients in relapse (35, 37, 38). Patients with positive skin tests 
have also tended to have a bettel' prognosis. Similarly, NPC patients with localized 
disease have had a higher incidence of reactions to HKL YL8 than those with 
more advanced disease (41). 

The main limitation in the skin test studies has been the inability, for ethical 
reasons, to test the extracts in control individuals, with benign or no disease. In 
vitro studies of cytotoxicity, using the 51Cr release assay against cryopreserved 
leukemic target cells, have allowed a more extensive study of reactivity in controls 
as well as in patients (Table 10). Testing of autologous reactivity of leukemia 
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patients showed reactions against leukemia associated antigens. with no reactions 
against remission target cells (42). In allogeneic testing, a broader pattern of re
activity was seen. Positive results were obtained against remission lymphocytes of 
leukemia patients, as weIl as against blast cells (43, 44). A considerable number of 
normal individuals reacted against the target cells from leukemia patients, but hey 
did not react against their own lymphocytes or against allogeneic normallympho
cytes. Reactivity of normal individuals, higher than that of leukemia patients, 
was also seen against lymphoid tissue culture target cells, including the F-265 line 
(45). As noted in Table 10, cytotoxic reactivity of the leukemia patients has not 
correlated well with clinical status. Patients with bone marrow relapse, as weIl as 
those in complete remission, gave positive reactions (42). 

Major Areas for Further Study of Human Leukemia 

Considerably more work will be needed before the assays of cell-mediated im
munity can be used for practical clinical problems. Table 12 outlines some of the 
major problems which need to be addressed. From the tests performed thus far, it 

Table XII: Major areas in human leukemia to be investigated 

1. Preparation of large, standardized batches of antigenie materials. 
2. Better characterization of antigens. 
3. Nature of effector cells in patients and in controls. 
4. Conditions for augmentation of cell-mediated immunity to leukemia associated 

antigens. 

appears that the antigens on human leukemia cells, similar to those on experi
mental leukemias, are heterogeneous and quite complex. In order to sort these 
antigens out, it will be important to work with large, standardized batches of cells 
or extracts. Cells obtained by the cell separator machines or from tissue culture 
lines should be quite useful in this regard. Further characterization of the antigens, 
both by fractionation studies and also by further specificity testing (e.g. by the 
cytotoxicity inhibition assay), is needed. It will be of interest to determine whether 
any of the antigenie specificities detected hy the cellular immunity assays are the 
same as those described by others at this Workshop, using serologie techniques. 

It will also be of interest to determine the nature of the effector cells in the 
cytotoxicity reactions. It has recently been suggested that cytotoxicity by effector 
cells from patients is mediated by T ceIls, whereas the natural cytotoxicity is 
mediated by complement receptor bearing cells (46, 47). This would be analogous 
to the differences seen in the experimental tumor models. However, our prelimi
nary studies have indicated that both T eells and non-T cells of normal individuals 
can be cytotoxic against the lymphoid celliines (48). Further studies will be needed 
to resolve this issue, and determine whether the cytotoxicity assay can be used for 
diagnosis of leukemia or for monitoring of patients. 

The assays of cell-mediated immunity should be helpful to determine conditions 
for immunotherapy. If the antigens detected are relevant to host resistance, as 
some appear to be in the experimental model systems, then procedures which 
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augment reactivity would be expected to have a beneficial in vivo effect. Bettel' 
schedules of therapy, and selection of antigenie materials for inoculation, could be 
determined by appropriate immunologie testing. 
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Surface Features of Cells in Human Lymphoproliferative 
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Summary 

Peroxidase conjugated antibodies were applied to cell suspensions in order to 
detect surface associated immunoglobulins. Cell suspensions were fixed prior to 
incubation with reagents, a procedure avoiding membrane alterations induced by 
antibodies to surface component. By immunoelectron microscopy an identification 
of B lymphocytes could be made with simultaneous observation of their surface 
architecture. 

Basic findings were that normal circulating human B lymphocytes had a villous 
surface. This relationship was not confirmed however by examinating sampies from 
various Band T cell proliferations establishing that surface morphology is not 
sufficient to categorize cells in disease. 

Specimens from hairy cellieukemia were also examined. Despite saHent surface 
characteristics as revealed by the present method, the categorization of cells remains 
unclear. 

Introduction 

The recognition I of T and B lymphocytes by their surface properties is weIl 
documented and has led to numerous studies in humans. Among several available 
assays the detection of surface immunoglobulins is essential for the chraracteriza
tion of B cells (1). Immunoelectron microscopy (I.E.M.) gives the possibility of 
studying the surface architecture and structure of cells with simultaneous detection 
of membrane components. 
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Therefore this temnic has been largely applied to lymphoid cells. Until recently 
however no striking differences of the surface morphology were reported between 
immunoglobulin-bearing (B) lymphocytes and the others, when antibodies con
jugated with various markers were applied to live lymphocytes (for review see 
(2)). Recent da ta have shown that a dear distinction can be made between B cells 
and the others on the basis of surface morphology, when normal human blood 
lymphocytes are reacted with conjugated anti-immunoglobulin reagents as fixed 
cell suspension (2, 3). These observations have confirmed by immunologie identifi
cation previous observations by scanning electron microscopy (S.E.M.) of Polliack 
and co-workers (4). 

In this paper basic findings on normal human B lymphocytes will be recalled 
and eells from various proliferative disorders deseribed. 

Material and Methods 

1. Samples. The following sampies were examined: blood buffy co at from eight 
normal individuals, ten untreated patients with mronie lymphocytie leukemia 
(C.L.L.), two with Waldenström maeroglobulinemia, four with"prolymphocytic 
leukemia", two with Sezary syndrom and four with hairy eellieukemia. Splenee
tomy was performed in two patients of the "prolymphoeytie" type. Blood leuko
cytes were prepared by simple sedimentation at room temperature without other 
separation proeedure and washed in Hank's. Spleen were teased in Hank's with 
fine forceps, eell dumps disearded and eell suspension obtained after several eentri
fugations and washings. 

2. Preparation 0/ specimens /or I.E.M. This was carried out as detailled else
where (2). Briefly, extensively washed cell suspensions were first glutaraldehyde
fixed. They were then reaeted with peroxidase eonjugated anti-immunoglobulin 
reagents, post-fixed with glutaraldehyde and reaeted with diaminobenzidine for 
peroxidase deteetion. Cell pellets were further post-fixed with osmium and pro
eessed for embedding by usual proeedures. 

3. Reagents. Anti-immunoglobulin antibodies were raised in rabbits and sheep, 
and purified by immunoadsorption (5). They were rendered monospeeifie for fA., 
y, a. and x, Ä. chains (2). Anti-human IgD serul.Jl was purmased from C.D.T.S., 
Bois-Guillaume, Rouen, Franee; after further absorption on insolubilized whole 
human serum with a high IgM content, anti-Ö antibodies were purified by elution 
from insolubilized IgD myeloma serum. Anti-Fab antibodies were used as poly
valent anti-immunoglobulin reagent; they were prepared by similar adsorption 
procedures as previously detailled (6). 

4. Controls. The speeifieity of surfaee labeling was mecked by appropriate eel
lular and serologie al controls (2). 

Results 

1. Normallymphocytes 
A specific surfaee staining was found in about 15 % of blood lymphocytes after 

reaeting suspensions with the anti-Fab reagent. IgM-bearing cells were largely 
predominant over IgG or IgA-bearing lymphocytes, which were uncommon in 
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Fig. 1, 2: Normal human blood B lymphocytes. Villous cells are labeled by peroxidase 
conjugated anti-Fab. Surface immunoglobulins are revealed by a black reaction product due 
to the cytochemical detection of peroxidase. Variations of the number and length of micro
villi, and of surface staining intensity can be appreciated by comparing these two figures. 
Short strands of endoplasmic reticulum are appearant. (RE -+). Fig. 1 x 13350, Fig. 2 x 
11700. 

sections. Anti-ö reagent was applied to two sampIes and IgD-bearing lymphocytes 
found in seetions although less numerous than IgM-bearing cells. 

In every sampIe however the labeling pattern was similar, whatever the s.Ig 
class detected, in that the surface staining was continuous and diffuse all around 
the cell. No periodicity or patchy pattern was observed on Iabeied cells. This did 
not preclude some variations of the staining intensity in a given sampIe; IgD 
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Fig. 3, 4: These are two examples of polar concentration of microvilli in B lymphocytes 
from c.L.L., with surface Ig M'K. Cells are labeled by conjugated anti-"". E is an erythro
cyte. Fig. 3 x 21150, Fig. 4 x 9450. 

positive cells for instance were moderately stained when compared to IgM-bearing 
lymphocytes. 

Whatever the class of detected s.lg, labeled B lymphocytes had a characteristic 
appearance because of the presence of numerous microvilli (Fig. 1, 2). Non labeled 
cells had a general smooth surface with sometimes only rare short and spaced 
microvilli. A few cells were also found which had an intermediate amount of 
microvilli and a weak surface labeling, therefore considered as B lymphocytes. 

2. Lympho-proliJerative disorders. 
In C.L.L. sampIes most cells confirmed the relationship between the presence 

of detectable s.Ig and a villous surface, as previously reported (2). Lymphocytes 
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Fig. 5, 6: Sam pIe from prolymphocytic leukemia with surface Ig M A. Cells are labeled 
by anti-fA. in Fig. 5, by anti-I.. in Fig. 6, Moderately villous and smooth cells can be seen. 
Nuclei contain coarse chromation. n =nucleolus. 
Fig. 5 x 7900, Fig. 6 x 6190. 

were identified as B cells by polyvalent anti-Fab reagent and their monoclonal 
distribution of s.Ig shown by monospecific anti-heavy and light cnains reagents 
(IgM )f. in 5' cases, IgM A in 2, IgG )f. in 1). Among cells classified as mature small 
lymphocytes on the basis of their ultrastructural appearance, variations of the 
number of microvilli could. be seen paralleled by variations of the staining 
intensity; therefore in some sampies the surface morphology ranged from moder
ately villous to "hairy" cells. In addition cells were found in some sections ex
hibiting apolar concentration of labeled microvilli with a remaining smooth sur
face (Fig. 3, 4). 
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(]) 
Fig. 7: Prolymphocytic leukemia. Spleen B lymphocytes labeled by anti-f,.t and with a 
smooth surface. x 7400. 

In some C.L.L. sampies careful survey disclosed a minor population of larger 
cells, either with prominent nucleolus but condensed chromatin, or with large 
nucleolus and dispersed chromatin (i.e. with "blastic" appearance). These cells 
were shown to bear the same s.lg dass as remaining mature lymphocytes; they 
had however a rather smooth surface with rare microvilli. 

The presence of smooth labeled B lymphocytes was still more obvious in blpod 
sampies from patients with "prolymphocytic leukemia". These cases were diag
nosed on the basis of clinical and cytological criteria as reported by Galton and 
co-workers (7). Specimens contained variable proportions of small villous B 
lymphocytes and a minor population of "blastic" smooth B cells. The predominant 
cell type was in fact a large lymphocyte with a nuclear structure similar to that 
of small lymphocytes - i.e. coarse chromatin - but a large compact nudeolus; 
cytoplasm also contained some short strands of endoplasmic reticulum. Most of 
these large cells had few microvilli and their general shape was smooth, although 
specifically stained by corresponding monospecific anti-immunoglobulin antibodies 
(Fig. 5, 6). These smooth large B cells were also the predominant feature of splenie 
suspensions in these patients (Fig. 7). 

Blood leukocytes were obtained from two patients with Wäldenström macro
globulinemia. In one patient all lymphocytes were labeled by anti-f,.t and anti-x 
reagents; in the other IgM x B cells were only part of circulating lymphocytes 
(30 0/0). In both cases a villous surface characterized the mature lymphocytes, as 
in C.L.L. (Fig. 8, 9). In addition some "intermediate" lymphoid cells were present 
with some development of endoplasmic reticulum; they were weakly labeled and 
had a rather smooth surface, but also exhibited a faint specific reaction in the 
perinuclear space and endoplasmic reticulum lamellae (Fig. 8). 

In blood specimens from Sezary syndrom, large abnormal lymphocytes with a 
typical convoluted nucleus were found. They were regularly free of labeling by 
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Fig. 8: Blood leukocytes from Waldenström macroglobulinemia. This micrograph shows 
two polymorphs with endogenous peroxidase in granules; their membrane is not labeled. 
Three villous B lymphocytes as revealed by anti-fA. can be seen. In addition a smooth 
lymphoid cell (*) with weak surface labeling also exhibits specific staining in perinuclear 
space and endoplasmic reticulum (-+). x 7250. 
Fig. 9: Tangential section of two villous lymphocytes in another sampie from macroglobu
linemia. One cell with long microvilli is heavily labeled by anti-!l reagent. N is the 
nucleus. x 14850. 

anti-immunoglobulin reagents although segments of their membrane could ex
hibit numerous microvil1i, the remaining surface being smooth (Fig. 10, 11). 

3. H airy cellieukemia 
Blood bu:ffy co at was obtained in four cases diagnosed by current clinical and 

morphological criteria (8, 9). In our experimental conditions these abnormal nono
nuclear cells exhibited three main characteristics (Fig. 12): 1) they had a very 
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Fig. 10: Sezary syndrom. A typical abnormal cell with convoluted nucleus is seen. Cyto
plasm contains lysosomes and numerous lu cent vesicles; G is the Golgi apparatus, mare 
mitochondria. This cell has segments of villous and smooth membrane, without any de
tectable labeling by anti-Fab. x 15000. 
Fig. 11: Sezary syndrom. Part of facing Sezary cell and B lymphocytes. Note that micro
villi of Sezary cell are not labeled. Lower right: part of a polymorph with peroxidase 
containing granules. x 30000. 

irregular surface, covered by numerous long microvilli and finger-like projectiollS; 
2) they had a high density of associated s.Ig., as revealed by anti-Fab reagent; 3) 
they lacked detectable endogeneous peroxidase in either endoplasmic reticulum or 
granules. 

However, these cells failed to exhibit a monoclonal pattern of s.rg. since both x 
and Ä. light chains were detected in every sampie. Moreover cells strongly reacted 
with anti-y antibodies hut not with anti-f,t, anti-b, or anti-a antibodies. 
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Fig. 12: Blood sampie from hairy cellieukemia. These large mononuc1ear cells have a very 
irregular surface, covered by long villous processes. There is a high density of surface 
immunoglobulins as revealed by the diffuse black reaction product outlining the cell sur
face. No endogeneous peroxidase is detectable. These cells have been labeled with anti-y 
re agent. x 5450. 

Discussion 

The present findings establish a clear duality based on the surface morphology 
of normal human blood lymphocytes, when first glutaraldehyde-fixed and then 
identified by peroxidase-conjugated anti-immunoglobin reagents. The distinction 
between normal villous B cells and smooth (presumed) T cells is not absolute since 
a minor population of intermediate forms can be found, most of them being how
ever recognized as B cells (2, 3). Thus previous S.E.M. observations by Polliack 
and co-workers (4) are confirmed by I.E.M. 

It is worth noting that undl recently no major morphological distinction had 
emerged from previous I.E.M. studies using various markers; the reasons for this 
have been discussed already (2). We will only emphasize that when incubation 
with anti-immunoglobulin reagents is carried out on cells in a living state, B 
lymphocytes are rendered smooth as a result of aredistribution phenomenon 
which involves an invagination of surface microvilli (10). Similar observations of 
smoothing of the surface by antibody-induced redistribution have been made on 
cells from hairy ceIlleukemia (unpublished observations). 

Such data illustrate the possible induction of morphological cell alterations by 
factors related to experimental procedures. Another example is the surface 
alteration of lymphoid cells when involved in rosetting with erythrocytes (11). 
Therefore the appreciation of the surface morphology of Band T cells after identi
fication by rosetting procedures seems questionable and may explain conflicting 
reports (12, 13, 14). 

However the villous nature of B lymphocytes as found in normal human blood 
- and recently in mouse lymphoid organs (15) - is still controverted by recent 
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reports in human (16) and mouse (17, 18). It is difficult to know to what extent 
preparative conditions are similar in published reports, either at the level of cell 
collection for S.E.M. (16) or of separation procedures such as density gradient 
centrifugation or column filtration. At this point we can only reiterate that when 
observed after a simple procedure involving spontaneous sedimentation, washing 
and fixation of normal human blood buffy coat, lymphocytes can be separated 
into two predominant populations of villous a'nd smooth cells, the former being 
associated with the presence of s.Ig. 

The functional implications of B lymphocytes microvilli is not clearly deter
mined however. This peculiar surface architecture may be related to some physical 
properties of B cells as revealed in vitro (for more detailled discussion see (2)). 

On the other hand a practical application of this peculiar surface architecture 
would be its utilization as a simple morphological marker, detectable by scanning 
or conventional transmission electron microscopy, for the classification of cells 
from lymphoproliferative states. The present study which was undertaken to test 
the reliability of such a marker clearly shows that it is not the case. 

In C.L.L. and macroglobulinemia, known as monoclonal BeeIl dis orders (1) the 
villous nature of lymphocytes was confirmed. However sampies also contained 
some smooth cells belonging to the same proliferative process as revealed by si
multaneous immunologie identification; they were larger cells with a distinct 
nucleo-cytoplasmic features. The presence of smooth large B cells was further 
confirmed by examinating prolymphocytic leukemia sampies in which this cell type 
was predominant over villous smalllymphocytes, although they were part of the 
same proliferative process. A smooth surface also characterized those cells pres
ent in blood specimens from macroglobulinemia which were termed "intermediate" 
because of their developing endoplasmic reticulum; they were also shown to be of B 
deviration by the simultaneous detection of immunoglobulins both at the surface 
and in secretory apparatus. 

These observations therefore demonstrate that B cells involved in the same pro
liferative process may have a different surface morphology. Similar conclusions 
were recently suggested by S.E.J.\tl. examination of C.L.L. sampies (19, 20). These 
villous and smooth patterns may represent different stages in the maturation proc
ess of B cells. This view suggested by the present findings, is further supported by 
the surface pattern of B immunoblasts, as found in some lymphomas (to be pub
lished). It is also corroborated by the finding of smooth precursor B cells, as 
recently reported in chicken bursal cells (15). 

Examination of abnormal Sezary cells also disclosed an exception to the general 
relationship between microvilli and s.Ig, as found in normal blood lymphocytes. 
Sezary cells have been shown to have membrane properties common to T lympho
cytes (21, 22). In this study they were found to lack detectable s.Ig including at 
the level of their segment of villous membrane. 

Taken all together our observations of Band T cell disorders emphasize that 
surface morphology alone is not a suitable criterion for classifying cells of lympho
proliferative disorders. Immunologie identification is in fact essential for that 
purpose. 

The lymphocytic or monocytic nature of abnormal cells found in hairy cell 
leukemia keeps on being the subject of controversial reports (for review see (23, 
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24, 25)), despite the use of various sophisticated methods. In this study eells lack. 
detectable endogeneous peroxidase, an essential cytochemical feature of normal 
marrow and blood monocytes (26). Their peculiar surface morphology ean be 
compared to that of some very villous, "hairy", B lymphocytes, but also to the 
ruffled membrane of monoeytes (25). Despite the presence of great amounts of s.Ig. 
their lymphocytic nature is not ascertained. In the present experiment we failed 
to demonstrate surface IgM or IgD; such B cell markers were recently reported to 
be present in hairy cellieukemia (27). On the other hand surfaee polyclonal IgG 
were regularly deteeted in our study, a result suggesting that s.Ig were adsorbed 
eytophilie immunoglobulins rather than an actual cell produet; the presenee of 
receptors for the Fe portion of IgG has been previously demonstrated in hairy 
cellieukemia, favoring its monocytie origin (24). Culture experiments are aetually 
in progress in order to clarify this problem. However, as reeently pointed out by 
King and his collegues, the identification of these malignant eells is "plagued by 
the universal problem of categorizing abnormal cells on the basis of assays usual1y 
reserved for identifying normal cells". (28). 
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Summary 

A panel of lymphocyte surface markers was used to identify blast cells from 111 
patients with acute lymphoblastic leukemia (ALL). Three groups of patients were 
found. 1) 14 patients with B derived ALL. Only three patients had a common 
ALL; in the other cases the blastic proliferation was featured by Burkitt's tumor 
cells or supervened in patients affected with chronic lymphocytic leukemia (CLL). 
2) The blast cells from 28 % of the patients with commonALL had T cell properties. 
3) The cells from the largest group of patients did not bear B or T cell markers 
but were featured by the presence of a leukemia-associated antigen revealed by a 
rabbit antiserum to CLL B cells. Studies with another antiserum to CLL B cells as 
weIl as with an antiserum to foetal thymocytes revealed also leukemia-associated 
antigens but these antigenic determinants were present on aIl acute leukemia cells 
which had been tested and were therefore of no help to classify various leukemias. 
A number of clinical and hematological findings were more frequent in the group 
of patients with T cell ALL: high white blood cell counts, tumoral disease, thymic 
enlargement, meningeal involvement, strong acid phosphatase activity in blast cells. 
However no difference in the survival curve is yet apparent at 30 months. 

Introduction 

R wo main immunological approaches were used in the recent years to char
acterize the blast cells in various leukemias and specially acute lymphoblastic 
leukemias (ALL). The expression at the surface of ALL blast cells of membrane 
markers which are considered specific for T or B lymphoid celliines may help to 
elucidate the cellular origin of the neoplastic cells. Such studies showed that a 
minor group of ALL was B cell derived (1, 2) that nearly 30 0/0 of ALL had T cell 
features (1, 3-8) whereas the majority of ALL blast cells did not possess B or T 
cell markers. On the other hand the identification at the surface of leukemic cells 
of some antigenic determinants which are leukemia associated or leukemia specific 
has been developed (9-14, 18) and there is much evidence now that there is a 
complexity of serologically detectable antigenic determinants on leukemic cells. 

These two approaches to the characterization of leukemic cells are not incon-
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sistent with each other. They may both be helpful to classify various leukemias on 
objective criteria and hopefully will have some therapeutic or prognostic impli
cations. This report deals with the immunological characterization of blast cells in 
111 patients with ALL and with a search for possible correlations between the 
nature of the leukemic cells and clinical, morphological and cytochemical data 
as weIl as with the evolution and prognosis of the disease. 

Methods and their critical Evaluation 

The methods used for the detection of B or T cell membrane markers have been 
described- elsewhere (15, 16). 

Three different anti sera to B CLL cells and an antiserum to foetal thymocytes 
were raised in rabbits and tested for their reactivity with various normal and leu
kemie eells. Rabbits were immunized with 20 to 40. 106 eells intravenously, boosted 
with the same number of eells 14 days later and bled 7 days following each im
munization. After heat inactivation, serial absorptions were performed with human 
liver (x3), human AB erythroeytes (x 3), normal human serum and immunoglo
bulin (lg) chains coupled to Sepharose 4B. The anti CLL sera were further absorbed 
with peripheral T cells (serum 1 and 2) or with peripheral T eells and thymocytes 
(serum 3). The antiserum to foetal thymocytes was absorbed on CLL B cells. 
Absorptions were usually earried out with a 3 to 1 serum to packed eells ratio for 
60 minutes at + 4°C. The reactivity of these antisera was assessed by either 
eytotoxicity or indirect immunofluorescenee on 1) normal blood and tonsillympho
cytes. 2) T lymphocytes obtained after nylon filtration of blood or tonsil lympho
cytes, 3) B lymphocytes from CLL patients, 4) T lymphocytes from T derived 
CLL, 5) Tor B lymphoid cultured ceIllines, 6) thymocytes, 7) phytohemagglutinin 
transformed lymphocytes, 8) blast cells from various aeute leukemias (T derived 
ALL, non T non BALL, acute myeloblastic leukemia (AML)). 

The interpretation of the results of such investigations requires much caution 
since they are exposed to a number of pitfalls. Among lymphocyte surfaee markers, 
membrane bound Ig deteeted by immunofluorescence eonstitute the most reliable 
marker of B eells and may represent a clonal marker of BeeIl proliferations when 
monospecifie antisera to the various Ig chains are used. But the mere presenee of 
immunoglobulins at the surface of a cell does not necessarily mean that they are 
produced by that cello Erroneous interpretations may result from the attachment 
of circulating immune complexes or 19G aggregates to any cell carrying receptors 
for C3 or Fe, from an anti-1gG activity of membrane bound IgM (17) or from 
the presence of antibodies directed to lymphocyte surface determinants (16). In 
vitro experiments may therefore be required to ensure that surfaee immuno
globulins are synthesized by the cells under study (17). Most heteroantisera to B 
or T cells are only relatively specific. When they can be used only in cytotoxicity 
tests and not in immunofluorescence, they do not allow direet checking for other 
markers and direct examination of the positive cells. 

Current studies have shown that the delineation between Band T lymphocyte 
markers is less clear cut than previously appraised and that cell subpopulations 
characterized by different surface markers exist within these two broad cate
gones. 1s should be stressed that a classification of cells in terms of B or T 
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origin which may be relatively safe for normal lymphocytes may not be valid 
when extrapolated to undifferentiated or neoplastic cells. Such cells may express 
membrane antigens only at certain stages of the cell cycle or experience surface 
changes which prevent their identification. 

Reactive antigenic determinants on leukemic cells may represent viral coded 
determinants, foetal, stern cell or even derepressed normal antigens. The precise 
nature and significance of leukemic associated antigens remains largely unknown. 
Some antisera appear truly leukemia specific since they react only with leukemic 
cells, usually of various cellular types (10-14); other antisera reveal leukemic 
associated antigens which mayaiso be found on a population of normal cells (14, 
18, 19). 

Results 

Lymphocyte membrane markers in 111 patients with ALL 

B derived ALL 
A monoclonal B cell proliferation was found in 14 patients. The cells bore a 

homogeneous surface IgM in all cases but one where IgG 'X molecules were detected. 
These blast cells also bound IgG aggregates but lacked T cell markers in all cases 
studied. 

Most of these patients were not affected with a common ALL. In 3 cases the 
blastic proleferation supervened in patients previously affected with common 
CLL. In one of these patients the finding of an identical anti-IgG antibody activity 
of the surface Ig on both small lymphocytes and blast cells ascertained that the 
two cell populations derived from the same clone (20). Ih 8 cases the blast cells 
possessed all the cytological features of Burkitt's tumor cells (2). Only 3 patients 
with a monoclonal B cell process belonged to the group of unselected patients with 
common ALL. In 2 of these cases the blast cells showed some unusual cytological 
features similar to that of cells from lymphosarcoma. 

T derived ALL 
Blast cells from 28 patients out of 100 cases of common ALL (i.e. patients with 

Burkitt's tumor cells or with ALL supervening on CLL excluded) had T cell sur
face characteristics (Table I). In 26 of these 28 patients the blast cells formcd 
spontaneous rosettes. In 10 cases only the percentage of rosetting blasts was higher 
than 60 0/0; in the remaining 16 patients the percentage of rosette forming blast 
cells was lower (10 to 60 0/0). The cells from 18 patients were studied with an 
antiserum to peripheral T cells. In 17 cases including the 2 patients whose blast 
cells did not form rosettes, the cells were killed by this antiserum. 

Non T non BALL (Table I) 
In 59 patients, all blast cells were devoid of surface Ig and did not bind IgG 

aggregates. In the remaining 10 patients a small percentage (less than 15 0/0) 
of cells were stained by antisera to y, 'X, J... and sometimes f.t chains. The staining 
pattern was unusual with an irregular or grossly spotted aspect. These cells did not 
bind IgG aggregates. In the 2 cases where trypsinization experiments were per-
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Table I: Band T membrane markers on blast cells in common ALL. 

Surface Ig 

Fe receptor 
Spontaneous rosette formation 
Killing by anti-T serum 

N° studied N° positive 

100 

70 
100 

50 

o 
26 (only 8 with > 80% of RFC) 
17 

formed, no evidenee in favor of an actual Ig synthesis by the cells in vitro was 
obtained. 

In 63 eases the blast ee11s did not form rosettes with sheep erythroeytes. Small 
cells (presumably the residual T lymphocytes present in the suspension) aecounted 
for most of a11 of the few rosette-forming cells. However in the last 6 patients, it 
was difficult to exclude the possibility that a small percentage of the blasts were 
rosetting cells. These 6 patients could not be studied with other T cells markers. 
In the 32 patients who were studied with an antiserum to peripheral T cells, the 
blast cells were unreactive. By contrast in most cases the cells were killed by an 
anti-CLL serum whieh reeognized leukemia associated antigens (see infra). 

Correlations between lymphocyte membrane markers on blast 
cells and clinical and hematological data 

All patients with a B derived ALL experienced a very poor prognosis. Patients 
with Burkitt's tumor cells did not respond to chemotherapy or relapsed after a 
short remission. Among the patients with B derived "common" ALL one 5-year old 
child died from hematological relapse after five years survival whereas two male 
adults had no remission under chemotherapy. 

Among patients with T ALL or non T non BALL, there was no differenee in 
the sex and age distribution. The cytological subclassification of ALL did not dif
ferentiate the two groups. Cytochemical studies showed that a strong positivity for 
acid phosphatase was more often found in blast cells from T derived ALL (p = 
0.01 ). PAS positivity or beta-glucuronidase activity were not different in the two 
groups of patients. 

Initial anemia or thrombocytopenia were equally found in both groups of pa
tients. An initial high white blood cell count was more often associated with T ALL 
(p = 0.05). A tumoral presentation occurred in 36 patients; 17 of these patients 
were affected with a T ALL (p = 0.05). 15 patients had a mediastinal involvement. 
Seven of those 8 patients who had a predominantly antero-superior mediastinal 
enlargement and hence presumably a thymic enlargement were affected with T 
ALL. 

The actuarial survival curve shows no difference between the group of patients 
with T ALL and non T non BALL at 30 months. Hematological relapses were 
found equally in both groups of patients. 5 patients experienced a meningeal in-
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volvement in the group of T ALL whereas a single patient had a meningeal re1apse 
in the non T non B group (p = 0.02). 

Reactivity of ALLblast cells with antisera to CLL B cell or foestal-thymoctes 

The reactivity of anti-B CLL cells sera 1 and 2 on normal and leukemic cells is 
shown on Table II. These antisera reacted with B cells from normal or leukemic 
individuals and from various B cell lines. They gave negative reactions with pe
ripheral T ceIls, on T derived cultured lines, T derived CLL and PHA transformed 
cells. However they did react with thymocytes. Among patients with leukemias 
they did not react with AML cells or T derived ALL blasts (with a single ex
ception) but were positive on blast cells from non T non BALL cases. The reactivity 
with the latter cells was abolished by absorption with thymocytes and vice versa. 
The results of this cross-absorption experiments and the presence of at least one 
determinant on thymocytes showed that these leukemia associated antigens shared 
by CLL, non T non BALL and thymocytes are distinct from B cell antigens. 

Table 11: Reactivity of leukemic and normal cells with rabbit anti sera to CLL B 
cells (sera 1 and 2) 

Absorption B eells Peripher al Thymoeytes TALL NonT AML 
T cells nonB 

ALL 

A 
RBC 
Liver + + + 
Ig 
Peripheral T cells 

B 
Abs. A 
+ + 
Thymocytes 

C 
Abs. A + 
Non TnonB + 
All cells 

Another serum raised in rabbits to CLL B cells hada different pattern of re
activity (Table III). It was absorbed on peripher al T cells and thymocytes. It 
contained antibodies to B cells and gave negative results on peripheral T cells or 
thymocytes. However it was reactive with PHA transformed T lymphoeytes. This 
reactivity was only transient and disappeared in late cultures. This serum stained 
AML and ALL blast eells; the latter reaetivity disappeared after absorption with 
AML cells and it is most likely that this antiserum contained antibodies to cell _ 
eyde antigens. 
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Table 111: Reactivity of leukemic and normal cells with a rabbit antiserum to 
eLL B cells (serum 3) 

Periph- Thymo- NonT AML PHA transformed 
Absorption B ce11s 

' ., 
eral cytes nonB T ce11s 
T ce11s ALL 3rd day 8th day 

RBC 
Liver 
Ig + + + + 
Peripheral 

T ce11s 
Thymocytes 
Idem + AML 

ce11s + 

A rabbit antiserum to foetal thymocytes, reacted after suitable absorptions with 
T ce11s and blast cells from ALL or AML (Table IV). Absorption of this antiserum 
with AML cells abolished the reactivity with non T non B ALL blast ce11s but not 
with T ALL and T cell antibodies were not removed by this absorption. 

Table IV: Reactivity of leukemic and normal cells with a rabbit antiserum to 
foetal thymocytes 

Absorption 

RBC 
Liver 
Ig 
B CLL ce11s 
Idem + 
AML cells 

Discussion 

B cells Peripheral Thymocytes T ALL 
T cells 

+ + + 

+ + + 

non T AML 
nonBALL 

+ + 

The study of the expression of B or T membrane markers on blast cells in ALL 
allowed the distinction between three groups of patients. A minor group is 
characterized by B derived blast .cells. In our experience these BALL cells bore 
homogeneous sudace Ig arid thus are presumably of monoclonal origin. Patients 
with BALL belonged mostly to two specific antities namely ALL supervening on 
CLL and ALL featured by Burkitt's tumor ce11s. It is striking that in 2 out of 3 
patients with a "common" B, ALL, the ce11s had unusual cytologic features sug
gestive of poorly differentiated lymphocytic lymphoma, a disease which is usually of 
BeeIl origin in adults. These findings suggest that most if not a11 patients with B 
type ALL may in fact be affected with a lymphoma with leukemic presentation. 
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Less than a third of common ALL are featured by T derived blast cells. This 
study and other reports (4-8) demonstrated that such patients often had leukemias 
with high risk factors, such as high WBC, tumoral presentation and often a thymic 
mass. It is thus ·likely that the survival of patients with T ALL will be poorer 
than that of patients with non T non BALL, although at present no difference is 
apparent at 30 months; It will be important to look for the survival of patients 
with T ALL or non T non BALL which will be matched for initial clinical para
meters in order to determine whether the T nature of the blast cells is by itself 
of poor prognostic value. 

In the largest group of patients with ALL the blast cells did not possess any of 
the current Bor T lymphocyte membrane markers. The question of the true cellular 
origin of non T non BALL remains presently unsettled. The involvement of 
lymphoid stern cells devoid of mature Bor T lymphocyte markers or the occurrence 
of surface changes due to the malignant process may explain the lack of detectable 
T cell markers. The finding of a specific thymic enzyme in blast cells from 11 out 
of 13 ALL patients (21) would support this hypothesis and it seems unlikely that 
these non T non B cells do not involve the lymphoid differentiation pathway at 
all. In this context, it is of great interest that blast cells from non T non BALL were 
characterized in this study by a positive finding, i.e. a leukemia ssociated antigens 
as discussed below. 

The proposed immunologic classifcation of ALL in three main groups appears 
to be valid. Hopefully the classification will not remain purely academic but will 
prove to be of some practical value. If confirmed by the study of a large number 
of patients, the results obtained in this report give some hope that a battery of less 
sophisticated methods such as for instance myeloperoxidase and acid phosphatase 
staining, E rosette formation and bin ding of IgG aggregates will improve in any 
case the accuracy and reproducibility of the classification of acute leukemias. 

The study of leukemic cells with rabbit antisera to feotal thymocytes or CLL B 
cells pointed to the presence of distinct leukemia associated antigens. The former 
antiserum reacted with blast cells from different cellular origin (i.e. AML or ALL 
cells). A wide pattern of reactivity among leukemic cells was also found by 
Mohnakumar and Metzgar using a primate antiserum to thymocytes (19). The 
results obtained with antisera to thymic cells must therefore be carefully inter
preted when evaluating the possible Torigin of leukemic cells. 

Another approach to leukemic surface antigens was evaluated in this study 
using antisera to CLL B cells. Two antisera reacted, after suitable absorptions, with 
thymocytes (and not peripheral T cells), CLL and non T non BALL cells whereas 
negative results were obtained with T ALL or AML blasts. It is of interest that such 
a distinction between non T non BALL cells and T derived blasts was also achieved 
by Greaves et al. using a rabbit antiserum to non T ALL cells (14). Since their anti
serum did not react with CLL cells it is likely that at least two different sets of 
leukemia related antigenic determinants are expressed on non T non BALL cells. 

In contrast previous studies performed with antisera to BeeIl line extracts or 
B CLL cells yielded different results. The antigenic systems involved in such studies 
were found on all ALL and CLL cells tested when monkey antisera were used (10) 
whereas rabbit antisera reacted with all acute leukemias (12, 13, 22). In the present 
report one out of three rabbit antisera to CLL cells had such a ·broad reactivity; it 
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eontained presumably antibodies to eell eyde dependent antigens smee normal 
lymphoeytes were transiently positive when stimulated by PHA. 

The purifieation and charaeterization of leukemia assoeiated antigens (23, 24) 
are dearly warranted to evaluate the potential use of such antisera in the manage
ment of patients with aeute leukemia. 

We are grateful to Dr. H. R. Toben who provided some antisera used in this 
study. This work was supported in part by INSERM (grant ATP 1.73.16.17) and 
DGRST (Grant 75.7.0786). 
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Summary 

Reed-Sternberg and other Hodgkin's giant cells derived from involved spleens 
and lymph nodes of patients with Hodgkin's disease were examined for surface 
markers of T and B cells and macrophages. Attachment and phagocytosis of 
untreated (E) or sensitized (EA and EAC) sheep red blood cells and yeast by 
Reed-Sternberg cells did not occur. IgG frequently detected at the membrane of 
Reed-Sternberg cells was partially removed by incubation and washing at 37 oe. 
Fluorescence with a specific anti-T cell serum was not seen on Reed-Sternberg 
and other Hodgkin's giant cells. These studies indicate that Reed-Sternberg and 
other Hodgkin's giant cells lack most detectable normal human lymphoid cell 
markers, but do exhibit membrane bound immunoglobulin possibly of exogenous 
ongm. 

Introduction 

Morphological criteria alone are inadequate for the recognition of the Hodg
kin's cell. These criteria lack specificity since Reed-Sternberg cells may be observed 
in a number of other disorders including infectious mononucleosis (1), and they 
do not permit identification of the perhaps more proliferative precursors of the 
Reed-Sternberg ceIl (2). It would be attractive to find a membrane marker or 
combination of markers to characterize these ceIls. Therefore, we have examined 
isolated viable Hodgkin's ceIls for the presence of membrane markers typical for 
normal histiocytes and lymphocytes. 

Initial studies in our laboratory (3) and by Braylan et al (4) indicated that 
the cytologically malignant giant cells in Hodgkin's tissues lack normal T cell 
markers. We ha ve extended these observations and further examined these ceIls 
for receptors for sheep erythrocytes sensitized with IgG, or IgM and complement 
which are surface markers for histiocytes and B lymphocytes. We have also studied 
their capacity for the phagocytosis of opsonized yeast and latex particles. 
FinaIly, we have looked for surface immunoglobulins and are currently investigat
ing the possible exogenous origin of the surface IgG which we have detected. 
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Methods 

All of the experiments were performed with cells sterily isolated from Hodgkin's 
lesions of nine involved lymph nodes and six spleens by careful mincing in RPMI 
1640 culture medium. Erythrocytes were lysed i~ 0.83 0/0 NH4Cl and the re
sulting cell suspension washed 3 times in media. Cells were then resuspended in 
media containing 10 0/0 fetal calf serum at 5 x'106 cells/ml for the rosetting and 
phagocytosis studies. The cell viability as ,determined by trypan blue dye exclusion 
was at least 90 0/0. 

Rosetting and phagocytosis studies 

T lymphocytes were detected by the spontaneous formation of rosettes with 
washed sheep red blood cells (SRBC) using the method of Jondal et al (5). Briefly, 
0.25 ml cells from tissue suspensions were incubated with 0.25 ml washed SRBC 
(1 0/0 in Hank's balanced salt solution - 10 % FCS) at 37° for 5 minutes. The cells 
were then centrifuged at 1000 rpm for 10 minutes at room temperature and stored 
overnight at 4°. Tubes were inverted gently, cells were added to trypan blue, and 
200 viable cells were counted with the hemocytometer. A rosette was defined as a 
cell having 3 or more SRBC bound to its surface. Cytocentrifuge preparations 
were also made and stained with Wright-Giemsa. 

Fc and complement receptors were detected by the method of Shevach et al (6). 
Fresh SRBC (E) were washed and sensitized either with 7S (IgG) rabbit anti"' 
SRBC (7S EA) or with 19S (IgM) rabbit anti-SRBC (19S EA). The anti-SRBC 
reagents are from Cordis Laboratories, Miami, Florida. For complement receptor 
detection, the 19S EA was further incubated with fresh mouse complement diluted 
1 :20 with gelatin-veronal buffer. 0.25 ml of the appropriate re agent - 7S EA (for 
Fc receptor), 195 EA (for non-specific binding), 19S EAC (for Cs receptor) was 
mixed with 0.25 ml tissue cell suspension and put on a rotator at 37° for 30 
minutes. Hemocytometer counts were made as for the T-rosettes, with the addi
tional observation of any phagocytic cells. Cytocentrifuge preparations were also 
made and were the best means of observing phagocytosis. 

Normal peripheral blood lymphocytes did not demonstrate Fc receptors with 
the 7S EA reagent; normal and malignant histiocytes did rosette and phagocytose 
7S EA. Normal peripheral blood lymphocytes (10-25 0/0) and most monocytes 
rosetted with 19S EAC as did the majority of CLL cells. Monocytes and histiocytes 
also phagocytosed the 19S EAC reagent. T-rosettes were formed by 50-70 0/0 of 
peripheral blood lymphocytes and by 99 % of normal thymocytes. 

Phagocytosis was studied further in two cases by prolonging incubation with 
7S EA or 195 EAC to 150 minutes. At the end of the incubation period aliquots 
were taken and on one portion the percentage of rosetted and phagocytic cells 
were counted. Cytocentrifuge preparations were also made. The other portion of 
the incubation mixture was treated with NH4Cl to lyse the SRBC in order to 
differentiate between ingested and external SRBC's since ingested SRBC's are not 
lysed by NH4Cl. 'Rosetting and phagocytosis was assessed by hemocytometer 
counts and cytocentrifuge preparations. Opsonized Baker's yeast was also used as 
a phagocytk stimulant at a ratio of 100 yeast particles to one white cel!. This 

230 



mixture was incubated on a rotator at 37° for one hour and cytocentrifuge prep
arations made to assess the degree of phagocytosis. 

Immunofluorescence 

In four cases cells from tumor tissues were examined by indirect immuno
Huorescence with an antiserum specific for human T -cells. This antiserum was 
prepared by immunizing rabbits with pooled fetal thymocytes and rendered 
specific for T -cells by repeated absorptions with chronic lymphocytic leukemia 
cells (B-cells) and pooled human RBC. The antiserum was he at inactivated for 
30 minutes at 56 ° and stored at -40°C until used. The antiserum detected 95--
100 % of thymocytes, 70 ± 5 % of human peripheral blood lymphocytes, malignant 
cells from mycosis fungoides, and Sternberg sarcoma cells. I t did not detect CLL 
B-cells. All tests were done by indirect immunofluorescence with a goat-anti-rabbit 
Fc (IgG) reagent conjugated to fluorescein. Cells were incubated at 4 °C with the 
anti-T serum appropriately diluted in 1 % BSA-PBS with 2.5 x 10-5 molar sodium 
azide for 30 minutes. They were then washed, and incubated for an additional 
30 minutes at 4° with the goat-anti-rabbit Fc conjugate. 

Direct immunofluorescence was performed with fluorescein-conjugated anti-IgG 
serum (Behring' Diagnostics, Somerville, NJ) for surface IgG. Staining with anti
IgG was done at 4 °C on cells which had been preincubated in 1 % BSA-PBS at 
either 37°C or 4 °C for 30 minutes. Preincuhation at 37° was performed to 
elute absorbed antibodies (7). Cells were washed at 37°C or 4 °C respectively 
and examined unfixed by epifluorescence and phase microscopy in order to 
distinguish cellular morphology. Cells exhibiting diffuse cytoplasmic fluorescence 
were interpreted as dead. 

Latex particles were added to cell suspensions at the beginning of the incubation 
period in an attempt to facilitate the distinction of Hodgkin's cells from histio
cytes, monocytes, and reticulum cells. This proved to be of limited value because 
in many instances the latex particles seemed to adhere to the irregular surface of 
the Hodgkin's giant cells. Furthermore, these cells had prominent cytoplasmic 
granulations not readily distinguished from the latex particles. The Hodgkin's 
giant cells were best differentiated from histiocytes and reticulum cells by their 
much larger, more irregular nuclei and prominent, often huge, nucleoli. Hodgkin's 
giant cells with multiple separate nuclei or distinct nuclear lobulations, each with 
individual nucleoli, were judged to be Reed-Sternberg cells. Both Reed-Sternberg 
and mononuclear Hodgkin's cells exhibited long spike-like and foot-shaped pro
jections. Multiple small lymphocytes frequently were attached to the surface of 
these Hodgkin's giant cells. Fluorescence was therefore judged only on those cells 
with adequate free cell membrane and those without attached lymphocytes. In the 
anti-T serum preparations an additional difficulty encountered was a tendency 
towards leukagglutination. We did not attempt to judge fluorescence of clumped 
cells. 
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Results 

Cell suspensions derived from involved lymph nodes and spleens of patients 
with Hodgkin's disease contained Reed-Sternberg and mononuclear Hodgkin's 
giant ceIls, frequently with adherent smalllymphocytes. The majority of the lym
phocytes were identified as T -cells by their linear membrane fluorescence with 
specific anti-T cell serum and their capacity to form spontaneous rosettes with 
non-sensitized SRBC (E rosettes) (Fig. 1). By contrast, the Hodgkin's giant cells 
never formed E rosettes (Fig. 2) and showed no linear membrane fluorescence with 
the anti-T cell serum. Fluorescence at the interface of a Hodgkin's cell and an 

Fig. 1: A large binucleate Reed-Sternberg cell surrounded by smalllymphocytes identified 
as T-ceUs by their rosetting with untreated sheep erythrocytes (E). 
Fig. 2: A mononucleate Hodgkin's giant ceU is partially surrounded by rosetted T-lympho
cytes hut has no T -cell marker (E) attached to its membrane. 
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adherent lymphoeyte was disregarded sinee it was assurned to be a property of the 
lymphoeyte. 

When the large Hodgkin's cells were examined for Fe and eomplement reeeptors 
no rosettes were formed. Normal B-Iymphoeytes and histioeytes did rosette, and 
histiocytes frequently showed phagocytosis. In some cytocehtrifuge preparations, 
a few large Hodgkin's eells appeared to contain one or more erythrocytes and 
large vacuoles, possibly with digested erythrocyte material. Since we considered 
that this might be an ar ti fact caused by the impingement of erythroeytes on the 
much larger Hodgkin's cells in the cytocentrifuge, phagocytosis was further 
examined by lysis of non-ingested erythroeytes prior to cytoeentrifugation. Figure 
3 shows that no erythroeytes were found in Hodgkin's eells after such treatment 
whereas erythroeytes phagocytosed by macrophages were not lysed. Hodgkin's 
cells were also unable to phagocytose heat-killed Baker's yeast. 

Fig. 3: The splenie macrophage (arrow) has phagocytosed several complement-coated sheep 
erythrocytes (EAC) while the adjacent Hodgkin's cells from a ca se of nodular sclerosis have 
not phagocytosed this reagent. 

Examination of surface immunoglobulins by direct immunofluorescence revealed 
speckled membrane fluoreseenee with anti-IgG on 54 % of large Hodgkin's cells 
but not on the surrounding T-lymphoeytes. To determine wh ether this surfaee 
IgG might be absorbed antibody, which could be eluted at 37 oe, immunofluores
eenee studies were also earried out following ineubation and washing of the eells 
at 37 oe (7). Following this treatment the proportion of Hodgkin's eells staining 
was redueed to 26 % and the degree of residual fluoreseence on stained cells was 
moderately diminished. 
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Discussion 

The derivation of the Reed-Sternherg cell cannot he determined solelyon 
morphological grounds. Various morphological observations have suggested its 
relationship to either a macrophage (8, 9, 10) or transformed lymphocyte (1, 11, 
12). We have therefore sought to characterize these giant Hodgkin's cells in terms 
of immunological markers. Except for IgG which could be partially eluted at 37 oe, 
we found no markers of normal lymphocytes or macrophages on these cells. Reed
Sternherg' cells showed no avidity for sensitized erythrocytes or opsonized yeast 
and therefore could not qualify as "professional" phagocytes (13). Their ability 
to in gest sm aller latex partieles could not be accurately determined with the light 
microscope and awaits ultrastructural studies. 

In these studies, the complement receptor, frequently detected on benign and 
malignant B cells (14, 15) was not observed on Hodgkin's cells. As shown earlier 
hy Leech (16), we observed membrane fluorescence for IgG on Hodgkin's giant 
cells including Reed-Sternberg cells. This may suggest a B-cell origin for these cells; 
B cells may have surface Ig without complement receptors (15). However, when 
the cells were pre-incubated and washed in 1 % BSA at 37°C, there was a 50 0/0 

reduction in the number of stained giant cells and the degree of fluorescence, 
indicating that the IgG may be absorbed antibody which may be eluted (7, 17). 
The situation may be similar to that encountered by Preud'hommeand Seligmann 
in some examples of CLL where absorbed IgG removed by trypsin was not 
regenerated (18). Further evidence for the possible exogenous origin of the SIgG 
on Reed-Sternberg cells may be inferred from the work of Taylor (19). He clearly 
demonstrated that cytoplasmic iII1munoglobulins within individual Reed-Sternberg 
cells are sometimes not restricted to a single light chain type. Since this implies a 
polyclonal origin for this immunoglobulin, its synthesis by the Reed-Sternberg cell 
is unlikely (20). 

As reported earlier (3), normal T cell surface markers were not detected on 
Hodgkin's giant cells. The majority of smalllymphocytes adherent to the Reed
Sternberg cells rosetted with nonsensitized sheep red blood cells and showed 
membrane fluorescence with antithymocyte serum. In vivo ultrastructural observa
tions indicate that this elose apposition of the small T-Iymphocytes is correlated 
with significant cytotoxic changes in the large neoplastic cells (21). 

If the Reed-Sternberg cell were. derived from a T -celI, the detection of T cell 
surface markers may be prevented by the presence of ablocking antibody. Cytotoxic 
IgG antibodies have been demonstrated in the serum and on the peripheral blood 
lymphocytes of patients with Hodgkin's disease (22), where they may be produced 
in large part hy the spleen (23). Such antihodies can inhibit formation of E rosettes, 
PHA responsiveness, and allograft rejection hy normalT ceHs (24-26). If directed 
against an antigen shared hy the peripheral hlood T cells and Reed-Sternberg cells 
these antihodies could account for the impaired cellular immunity found in early 
stages of Hodgkin's disease and our present inability to detect normal T cell sur
face markers on the Reed-Sternherg cell. 
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The identifieation of tumor-specific antigens on leukemia cells would facilitate 
the dia gnosis and possibly the treatment of the disease. To detect such antigens, one 
widely used approach has been to raise antibodies in animals against leukemia cells 
or leukemia eell extracts. Although many variations of this approach have been 
used previously, in most cases the anti sera produced have not been unequivocaHy 
shown to be leukemia specifie. The more reeent tests used to determine the spec
ifieity of the antisera have been more discriminating and some progress has been 
made. The tests used must be sensitive, capable of screening a large variety of cells, 
and able to detect small subfractions of positive cells. In our studies these critera 
were applied to the two main tests used to determine antiserum specificity. 
Complement-dependent microcytotoxicity was used to screen large numbers of 
normal and leukemic cells, and the immunofluorescent staining technique was used 
to detect small subpopulations of positive ceHs. The latter technique was essential 
for locating positive ceHs in heterogeneous populations such as bone marrow sam
pIes or peripheral blood lymphocyte preparations. 

The heterogeneity of the antisera produced is dependent on the nature of the 
immunogen used and the type of animal which is immunized. In the past, a variety 
of different anti genie sources and animals has been used (1-9). In our studies whole 
leukemia ceHs produced very heterogeneous antisera whereas soluble membrane 
extracts produced more specific reagents. Animals either tolerant to normal cell 
antigens (1, 2, 8), or nonhuman primates (9) that are phylogenetically eloser to 
man, have been immunized so that the response produced against normal antigens 
is lowered. However, when these animals were immunized with whole leukemia 
ceHs, the antisera that was produced still required absorption with normal tissue 
to show leukemic specifi"city. 

Our approach has been to immunize rabbits with papain-solubilized extracts of 
purified ceH membranes from human lymphomas (10, 11). The antisera produced 
were tested without prior absorption by the methods described above. Comple
ment-dependent microcytotoxieity indicated that the antisera had specificity for 
leukemia ceHs from about 75 % of patients having all subelasses of leukemia. The 
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Table I: Cytotoxic titers of rabbit antisera against normal human Iymphocytes 
and leukemia cells 

Rabbit Number Normal Leukemia Cells 
L ymphocytesa. 

63 1 128 
64 4 1024 
66 0 512 
68 0 1024 
69 8 512 
70 8 2048 
71 0 10000 
74 0 512 
75 0 5.12 
77 8 4000 
78 0 1500 
79 0 400 
80 0 256 

P413b 0 512 

a Average titer against cells from 100 different donors. 
b IgG fraction from antisera 68. 

more discriminating fluorescein test revealed a small percentage of normal periph
erallymphocytes and normal bone marrow cells that were also positive. 

Table 1 shows the complement-dependellt cytotoxicity titers of antisera obtained 
from 13 different rabbits immunized with papain digests of cell membrane from 
human histiocytic lymphoma. The titers against normal lymphocytes were low 
(1:8 or less) while titers against leukemia cells were high, ranging from 1 :128 to 
1 :10,000. This strongly indicates that the antigen being detected is present on 
leukemia cells but is not present on the majority of normal lymphocytes. How
ever, the cytotoxicity test using total lymphocytes as targets is unable to detect 
a sm all subfraction of normal lymphocytes such as B cells which might also be 
positive. The specificity of the anti sera for several different types of normal white 
cells and leukemic cells is presented in Table 2. Peripheral blood leukemia cells 
from patients with high white cell counts were positive whereas lymphocytes, 
granulocytes, and bone marrow from normal healthy donors were negative. How
ever, not allleukemia cells were positive; 70-75 0/0 of ALL, AML, and CML and 
100 010 (717) CLL were positive. Thirteen out of fifteen cultured lymphoblastoid 
cell lines were positive, the lines Molt 4 and 6410/EBV were negative. Normal 
lymphocytes from remission patients and phytohemagglutinin blast cells were 
negatIve. 

The antisera would also kill leukemia cells when normal human lymphocyte 
effector cells were used in place of complement. In lymphocyte-dependent anti
body lympholysis (LDA) the titer of the rabbit antiserum, 78008, was very high 
(106) against leukemia cells and cultured lymphoblastoid lines 6410 and RA]I 
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Table 11: Cytotoxicity of rabbit antisera against various types of normal and 
leukemia cells 

Cytotoxici ty 
Cell type Clinical Status No. positive1 Average titer 

PWBC3 
PWBC 
PWBC 
PWBC 
Lymphocytes 
Granulocytes 
Bone Marrow 
PHA lymphoblasts 
CLB4 
PBWC 

AML relapse 
CML relapse 
ALL relapse 
CLL relapse 
Normal 
Normal 
Normal 
Normal 

Leukemia 5-remission 

1 More than 80 % cells killed. 
2 Number of different patients tested. 
3 Peripheral white blood cells. 
4 Cultured lymphoblastoid lines. 
5 8 ALL, 4 AML, 1 CML. 

No. tested2 

30/40 
9/13 

28/41 
7/7 
0/500 
0/56 
0/2 
0/4 

13/15 
0/13 

1 = 512 
1 = 512 
1 = 512 
1 = 512 

1 = 64 

whereas the LDA titer against normal peripheral blood lymphocytes was un
detectable (Table 3). The 'control sera taken from the same rabbit prior to im
munization (78000) was negative against leukemia cells. The LDA titers were found 
to be over 1000-fold higher then the complement-dependent microcytotoxicity 
titers. This large difference in titer between normal cells and leukemia cells further 
suggests that the antigen is not found on the majority of normal peripheral blood 
lymphocytes. 

Neither the complement-dependent cytotoxicity test nor the LDA test are, how
ever, capable of detecting minor subpopulations of positive target ceIls. In order 
to detect such positive ceIls in bone marrow or peripheral blood an immuno
fluorescent staining technique was used. The target cells were -first incubated for 

Table III: LDA and complement-dependent antibody titers of rabbit antileu
kemia sera 

TARGET 

6410 
RAJI 
Leukemia cells 
Normal Human Lymphocytes 
N = negative 

78008 
LDA Comp!. 

106 64 
106 64 
106 512 
N N 

LDA 

N 
N 
N 
N 

78000 
Comp!. 

N 
N 
N 
N 
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30 min with the rabbit antisera at a dilution of 1 :200. After washing, the cells 
were then treated with fluorescein-conjugated goat antirabbit IgG and examined 
microscopically for fluorescence. Positive leukemia cells and certain cultured 
lymphoblastoid lines gave a very bright continuous membrane fluorescence which 
can be seen in Fig. 1. 

Fig. 1: Immunofluorescence staining of leukemia cells. 

Whereas in the microcytotoxicity and LDA tests the rabbit antisera were negative 
against normal peripheral lymphocytes, the fluorescence test showed the presence 
of 6-15 % positive cells among peripheral lymphocytes from 40 healthy donors. 
Bone marrow cells from normal healthy donors had 0-2 % fluorescein-positive 
cells. This positivity of normal lymphocytes did not appear to be due to non
specific bin ding to B cells through the Fe receptors because F (ab)2 fragments of 
the rabbit antibody gave similar results. Therefore, the leukemia-associated (LA) 
antigen appears also to be found on a subpopulation of normal peripherallympho
cytes. Preliminary results indicate that the positive peripheral blood lymphocyte 
is aBcei!. 

Bone marrow sampies from children with leukemia were examined before and 
after chemotherapy. The numbers of fluorescein-positive cells were found to cor
respond to the stage of the disease as determined by morphological examination 
(Table 4). In newly diagnosed cases, the number of fluorescein-positive cells in the 
bone marrow was high (over 80 0/0). After chemotherapy the numbers of positive 
cells decreased to 0-2 % which was in general agreement with the number of blast 
cells found at this time by morphological examination. In relapse cases the increase 
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Table IV: Bone marrow sampies tested for LA by fluorescein technique 

Patient Treatment Diagnosis 0/0 Blasts 0/0 LA Positive 
(Morphology) (Fluorescen) 

G.E. Vntreated ALL New Case 87 90 
Chemotherapy ALL Remission 1 Neg. 

P.R. Vntreated ALL New Case 93 70 
Chemothera py ALL Remission 0 2 

S. J. Vntreated ALL New Case 97 80 
Chemothera py ALL Remission 0 1 

A.E. Chemotherapy ALL Remission 0 10 
S. J. Chemotherapy ALL Partial Relapse 8 30 
R.M. Chemotherapy ALL Relapse 72 60 

of fluorescein-positive cells was again commensurate with the increased numbers of 
blast cells. 

Although the immunofluorescence test was able to detect small numbers of 
positive leukemia cells its potential for early diagnosis of relapse remains to be 
determined. Before this can be achieved, the 0-2 % positive cells present in normal 
bone marrow must be eliminated. At the present time a more practical use of the 
test might be to distinguish between different clinical forms of leukemia. A pre
liminary study in children indicated that negative cases which constitute 25 % of 
the ALL cases studied appear to have a more virulent form of the disease which lS 
characteristic of T cell leukemia. If this result can be substantiated, then the pres
ence or absence of this cell marker may aid dia gnosis and therapy of not only 
acute lymphocytic leukemia but also acute and chronic myeloid leukemia. 
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Abbreviations used 

AUL 
ALL 
AML 
AMML 
AMonL 
CML 
CLL 
Phi 

: Acute Undifferentiated L~ukaemia 
: Acute Lymphoblastic Leukaemia 
: Acute Myeloblastic Leukaemia 
: Acute Myelo-Monocytic Leukaemia 
: Acute Monocytic Leukaemia 
: Chronic Myeloid Leukaemia 
: Chronic L ymphocytic Leukaemia 
: Philadelphia chromosome 
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PHA 
T 
B 
FACS 
GM1 
SmIg 

: Phytohaemagglutinin 
Thymus-derived lymphocyte 
'Bursa equivalent' derived lymphocyte 
Fluorescence Activated Cell Sorter 
Monosialoganglioside (a charged glycolipid of known structure) 
Surface membrane immunoglobulin 

This paper is dedicated to our eolleague Professor G. Hamilton- Fairley who 
was tragically and savagely killed by a terrorist bomb in London on Oetober 23, 
1975. 

Summary 

Cell surfaee binding fluoreseent ligands have been used to distinguish between 
different types of leukaemic cells and between leukaemic cells and their presumed 
normal counterparts or progenitors. Binding of these probes was evaluated using 
the Fluorescence Activated Cell Sorter (FACS) which provides both rapid, ob
jective and quantitative recording of fluorescent signals from individual cells plus 
physical separation of cells of particular interest. Binding sites for cholera toxin 
(monosialoganglioside GM1) were found to be normally expressed in chronic leu
kaemias but greatly diminished or absent in acute leukaemias irrespective of their 
morphological type. Antibodies speeific for the eommon form of acute lympho
blastie leukaemia (ALL, non-T, non-B) have been produced in rabbits. After ex
tensive absorption and testing these were shown to define a cell surface antigen of 
non-T, non-B type ALLs. The antigen is absent from other leukaemias with two 
interesting exceptions - the majority of acute undifferentiated leukaemias express 
the antigen as do a proportion of chronic granulocytic leukaemias in blast crisis 
relapse. 

The anti-ALL antibodies can therefore be used to distinguish different leukae
mias and, more significantly, can identify the existenee of relatively rare leukaemic 
cells in the blood of untreated patients and the marrow of treated patients 
considered to be in remISSIOn. 

Introduction 

Human leukaemia is a monoclonal proliferative disease (1). The leukaemias as 
a group are recognised as being heterogeneous, reflecting in part the cellular 
heterogeneity of the haemopoeitic system itself and the potential range of 'target' 
eells for the malignant proeess. The cellular diversity of disease is not surpris
ingly associated with a great variation in prognosis. In view of the corresponding 
range of therapeutic protocols available, it is clearly of great importance to estab
lish the correct diagnosis. 

Acute leukaemias still pose a considerable problem of classification. Whilst it is 
relatively easy to subdivide this group into myeloid and non-myeloid types, sub
groupings are difficult if not impossible by morphological and histochemical cri
teria. Cell surface markers now provide a new and potentially more discriminating 
set of probes for cellular identity in leukaemia. 
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The philosophy and technology behind this approach has been reviewed recently 
(2). Cell surface phenotyping can be regarded as a form of molecular morphology 
with the capacity to reveal the existence of 'silent' structures on cell surfaces which 
can thereby serve as convenient identity tags. 

Lymphoid malignancies have been extensively analysed for cell surface dif
ferentiation antigens and receptors which are characteristic of different populations 
or subsets of normallymphocytes (2-4) or monocytes (5). This has led to a greater 
appreciation of the likely target cells involved in leukaemic processes. For example, 
chronic lymphocytic leukaemia is, with few exceptions, a B lymphocyte neoplasm 
(6) as is nodular or follicular lymphoma (7). In contrast, virtually every cutaneous 
lymphoma (e.g. Sezary syndrome, mycosis fungoides) appears to involve T 
lymphocyte derivatives (8). Acute Lymphoblastic Leukaemias appear by surface 
marker criteria to involve at least three separate cell types (2, 3) 70-75 % are non
T, non-B-like, 20-25 °io are T ceIl-like, and rare cases (1-3 %) are B ceIl-like (cf. 
Burkitt's Lymphoma - ref. 9). There is suggestive evidence that those with a T cell 
surface phenotype have a poorer pro gnosis (10, 11). They usually present with 
higher white cell counts in the blood and in our experience are predominantly 
males (14 out of 15 cases). We have recently explored the potential use of two 
additional cell surface markers which may be particularly revealing. 

We have used the bin ding of cholera toxin to its natural 'receptor' - Mono
sialoganglioside GM1 (12) as a probe for defective cell membrane glycolipid in 
leukaemias. The rationale of this approach is based upon the extensive evidence that 
transformation of anima 1 cells by viruses or carcinogens is usually associated with 
pronounced simplification of membrane glycolipids including gangliosides (13). 
Our results suggest that cholera toxin may provide an extremely useful indicator of 
acute leukaemic cells. 

The second type of marker system employs an antiserum specific for a particular 
type of leukaemia. There is a long and somewhat tortuous history of attempts to 
produce such reagents and it is only very recently that some success has been 
achieved (14, 15, reviewed in 2). We have raised antisera in rabbits to the non-T, 
non-B or common form of ALL. After extensive absorption the sera can be used to 
identify ALL cells. 

Three key features of this analysis are (1) the availability of chemically 
homogenous markers with weIl defined specificity; (2) fluorescent labelling of 
prob es of marker antibodies to permit identification of individual cells; (3) eval
uation of reactivity using the Fluorescence Activated Cell Sorter or FACS (2). 
All the fluorescence reactions on living cells we carry out can, in fact, be reasonably 
weIl analysed by conventional methods (e. g. ultra-violet microscopy with plume 
or incident illumination). However, the FACS provides a rapid objective and 
quantitative evaluation of cell surface binding reactions. In addition, fluorescent 
and non-fluorescent cells can be physically separated for further independent 
analysis. 

Full experimental details of the development and application of these probes 
are published elsewhere (2, 4, 5, 16, 17). In this paper an up to date summary of 
results is provided. 
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Materials and Methods 

Patients: 
Leukaemia patients studied were attending clinics at St. Bartholomew's Hospi

tal, London, the Hospital for Siek Children, London, or the Hammersmith 
Hospital, London. Diagnosis of their leukaemia was by standard clinical and 
haematological criteria (i.e. morphology and staining with Sudan Blaek and 
periodic acid Schiff). Blood and bone marrow sampies, and in cases of central 
nervous system relapse, cerebro-spinal fluid, were taken. In some cases (particularly 
untreated AMLs) circulating white cells were removed using an IBM cell separator. 

Preparation 0/ cell suspensions: 
In high count leukaemias the buffy coat was taken for study. In other cases 

heparinised blood or marrow were separated on ficoIl-isopaque density gradient 
(18). Control, non-Ieukaemic cell suspensions were obtained from blood, tonsils, 
and bone marrow (ribs removed during thoraeie surgery) and treated similarly. 

Analysis and separation of fluorescent cells using the Fluorescence 
Activated Cell Sorter: 

The Fluorescence Activated Cell Sorter (FACS)l is a recently developed and 
potentially extremely important automatie electronic device currently in operation 
in five or six laboratories, including our own (2). This machine has the dual capac
ity to rapidly and accurately analyse cells in suspension, in terms of size and 
fluorescence, and also to separate cells that are of particular interest. The principles 
involved in these two procedures are simple and have been described in detail 
previously (19, 20). 

Figure 1 shows a simplified diagram wh ich illustrates the general principles. The 
cells are contained in saline and emerge essentially in single file from an ultrasonic
ally vibrated nozzle which eventually breaks up into regularly spaced drop lets form
ing a stream of 50 !.t diameter. The beam from an argon-ion laser intersects the cell 
stream just below the nozzle. As individual cells pass through the beam they scatter 
some of the light, and, if labeIled, they also fluoresce. The two types of signals 
from cells are detected separately (using microscope objectives), amplified and 
converted into voltage pulses, the size of which is proportional to the input signal. 
After pulse height analysis these data are displayed in the form of a histogram; the 
ordinates representing the number of events (i.e. ceIls) recorded against pulse height 
(i. e.cell fluorescence intensity or size) - see following sections. Cells having partic
ular characteristics of interest can be both enumerated and physically separated 
from the remainder. Separation is achieved by imparting acharge to the droplet 
stream. By 'informing' the F ACS of the characteristics of the cells to be separated 
(e.g. fluorescent versus non-fluorescent, small ceIls versus large ceIls) and by fine
ly controlled timing, droplets containing cells of interest charged and deflected 
into collection tubes, as they fall between charged plates (see Fig. 1). The time 
taken to accurately enumerate and separate various cell populations is determined 
by the flow rate. This will vary depending upon the particular experiment, but is 

1 Manufaetured by Beeton Dickinson Limited, Mountain View, California. Similar instru
ments are also currently under manufacture by other companies. 
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obviously geared to the rarity of the particular eells one is interested in. In general 
for analytieal purposes, we sereen lymphocyte preparations at 103-4 x 103 cells/ 
second and red eell suspensions at up to 104 seeond, an analysis of 40,000 lympho
cytes in the presence of red cells taking only a few seeonds. For separation of 
relatively minor cell populations (see below) and for high purity, a lower sampie 
flow rate of 1-3 x l03/second is usually employed. The FACS has the great ad
vantage of being able to analyse very large numbers of cells at high speed and to 
efficiently separate reasonable numbers for functional analysis. Separations ean 
be perforrned under sterile eonditions with rninirnalloss of eell viability and fune
tion. There are no theoretieallirnits to the soluble fluoreseent prob es employed (e.g. 
leetins, antibodies, toxins, etc.). In general, eellsurfaee reaetive probes have been 
used; however, intracellular fluorescein diacetate ean be used to distinguish live 
from dead eells (only the former give cytoplasmic fluoreseence) and aeriflavine and 
mithramycin dyes which bind to nudeic acids have been used to map eell eyde 
positions. As the sensors in the sorter measures only total energy, its function is 
independent of the eellular distribution of fluoreseenee (i.e. intraeellular versus 
cell surfaee, randorn, diffuse versus eoncentrated or localised). 
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Fig. 1: The Fluorescence Adivated Cell Sorter. Simplified block diagram. 
Legend: See text for explanation. 
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Reagents: 
Cholera toxin (choleragen) and horse anti-toxin were gifts from Dr A. Finkel

stein. The former is now distributed through Schwartz-Mann Antisera to All was 
produced in rabbits as previously published (16). In brief, rabbits received two 
intravenous injections of viable ALL cells pre-coated in vitro with antibodies 
produced in rabbits against normallymphocyte antigens. Following he at inactiva
tion of complement components the sera were absorbed with red cells, liver homo
genate, tonsillymphocytes, AML cells and normal bone marrow cells. Absorptions 
were checked for efficiency and completeness using the Fluorescence Activated 
Cell Sorter (17). 
Immunofluorescent labelling of cells: 

Cells were labelIed on their surfaces by indirect immunofluorescent methods. 
Binding of cholera toxin was detected by sequential treatment of cells with appro
priate concentrations of cholera toxin, horse anti-toxin, followed by fluoresceinated 
rabbit anti-horse IgG. Binding of anti-ALL was similarly detected by adding 
sequentially rabbit anti-ALL followed by fluoresceinated goat anti-rabbit IgG. 
In standard tests 106 cells were used (in 100 111). The first ligand was added at 
room temperature and subsequent steps performed at 4 °C in the presence of 
0.2 % sodium azide. 

Fig. 2: Fluorescence Activated Cell Sorter (FACS) analysis of cholera toxin binding. 
Legend: Vertical axis: relative ceIl number. Horizontal axis: relative fluorescence intensity. 
1. Thymus cells (4 yr donor, cardiac surgery) (a) cholera toxin, (h) control (see methods). 
2. Tonsil lymphocytes (a) cholera toxin (h) cholera toxin pre-incuhated with Gi\rl. 
3. Chronic lymphocytic leukaemia ceHs (a) cholera toxin, (b) contro!. 
4. Acute lymphoblastic leukaemia ceHs (a) cholera toxin, (b) superimposed contro!. 
Taken frorn ref. 21. 
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Results and Discussion 

1. Binding sites for cholera toxin 
A variety of human leukaemias have been analysed for cell surface cholera toxin 

binding sites (21). Results to date (Autumn, 1975) are given in Table 1 and Fig. 2. 
Irrespective of morphological type all cllronic leukaemias have cholera toxin re
ceptors whereas acute leukaemias have few if any. Philadelphia chromosome posi
tive CML, like CLL, has an apparently normal expression of GM1' CML usually 
progresses to a terminal phase characterised by blast crisis relapse. This is generally 
regarded as an acute transformation of the Phi positive malignant clone (22). As 
indicated in Table 1 blast crisis relapse cases of CML in contrast to CML itself 
lacked cholera toxin receptors. This observation re-inforces the argument that this 
test discriminates between acute and chronic phase cells. The exact proportion of 
GMi negative cells in blast crisis relapse was quite variable and each patient had a 
mixed population of blast cells and granulocytic cells. This point can be clearly 
illustrated by cell sorting experiments. The F ACS was used to identify and separate 

Table I: Cholera toxin staining of humanleukaemia cells 

Leukemia type 

ALL - untreated (or relapse) 
1. Non-T, non-B'~ 
2. T*'!-
3. B (Burkitt-like)*,H~ 

ALL - in remission 

AML - untreated 
AML - in remission 

CLL 

CML (Ph1+) 
CML in blast crisis (Ph1 + ) 

Others: 
Sezary syndrome 
Prolymphocyte leukaemia 
Hairy cellleukaemia 

+ 75-100 % cells strongly positive. 
± 15-75 % of cells weakly positive. 
- < 15 % of cells weakly positive. 

* E rosette: neg, SmIg: neg, anti-ALL: pos. 
'1-* E rosette: pos, SmIg: neg, anti-ALL: neg. 

**'~ E rosette: neg, SmIg: pos, anti-ALL: neg. 
Taken from ref. 21. 
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20 
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GMl + and GMC cells in a case of blast crisis of CML (Fig. 3). The separated 
fractions were re-run in the FACS for analysis and also smeared Onto slides and 
stained. The results showed that GMl negative cells were exclusively undifferentiated 
blast cells whereas the positive cells were granulocytic. These data suggest that acute 
blastic transformation in CML might be detected at an early stage by the appear
ance of GMl negative cells. Negative acute leukaemias can be converted into positive 
cholera toxin binders by two simple manoeuvres (Fig. 4): (i) insertion of purified 
GMl ganglioside (the receptor for cholera toxin - ref. 12) into the cell membrane of 
the leukaemic cells. (ii) Treatment of cells with neuraminidase which deaves off sialic 
acid residues from more complex gangliosides converting them into monosialogang
lioside GlIh in wh ich the single sialic acid residue is sialidase resistant. 

Flaouseenee lIiltogram 

of separated cells : 

neg pos 

Fig. 3: Separation of positive and negative cholera toxin binding cells from a blood sampie 
of a CML patient in blast crisis relapse. 
Legend: see Methods section for technique taken from ref. 23. 

We take these observations to imply that there is no defect at the level of GM1 

insertion in the membrane and that the ganglioside deficiency in acute leukaemia 
may be more pronounced in GMl than other more complex gangliosides. The latter 
observation contrasts with what is seen when the same experiments are carried out 
with the transformed BHK (hamster kidney) cell line which has been shown by 
chemie al criteria to be defective in all gangliosides (24 and D. Critchley, personal 
communication). Here neuraminidase treatment is without effeet (Fig. 4). 
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Fig. 4: Reeonstitution of GM1 reeeptors for cholera toxin. 
Legend: FACS analysis, axes as in Fig. 2. 
(1) and (2) tonsil eells, (3) and (4) aeute leukaemie eells, (5) and (6) Transformed Hamster 
BHK fibroblasts. 
(a) cholera toxin binding, (b) cholera toxin binding after GM1 insertion into eells (see 
methods), (e) cholera toxin binding after treating eells with neuraminidase. 
Taken from Ref. 21. 

Although the GM1 deficit in acute leukaemia may be fairly selective, preliminary 
chemical analyses of these same cells suggest that a general reduction of charged 
glycolipids may exist (B. Murray and 1-.1. Greaves, unpublished observations). These 
observations are consistent with the view that a simplification of glycolipids occurs 
in transformed cells. The primary locus for the effect may be at the level of glycosyl 
transferase enzyme activity (13, 25). 

Precisely what a deficiency in cholera toxin receptors can tell us about the acute 
leukaemia cell is unc1ear. Three general interpretations can be considered: (i) the 
deficiency is a primary or indirect consequence of the malignant process itself; (ii) 
the variable expression of cholera toxin bin ding sites (probably GM1 molecules) in 
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leukaemia reflects cell cyeIe position or general growth/proliferative status inde
pendent of the neoplastic condition; (iii) the expression of cholera toxin binding 
sites on leukaemic cells simply reflects the status of these same structures on the 
normal cellular counterpart or progenitor, i.e. acute leukaemias are a malignant 
derivative of a (undifferentiated?) cell which itself has no receptor for the toxin. 
We cannot as yet determine which of these three, if any, is correct. However, 
several eIues are available. A number of normal proliferating and non-prolifer
ating cell types have also been tested for cholera toxin receptors and the only 
negative cells so far identified are members of the erythroid series (Table 2). 
Significantly, EBV transformed lymphoid (B) cell lines are positive although 
possibly less so than non-dividing B lymphocytes. Thymocytes and T lymphocytes 
are also positive which implies that T-ALLs may differ from their normal cellular 
counterparts or progenitors. The normal function of GM1 is inknown. Indirect 
evidence suggests this and other glycolipids might play an important role in growth 
control (13) but this remains to be eIearly established. GM1 negative human and 
murine leukaemias and lymphomas are available (De Cicco and Greaves, un
published observation), and the easy insertion of GM1 into such cells suggests that 
it may be possible to determine the influence of GlIh molecules on cell growth and 
malignancy. 

Table 11: Cholera toxin staining of normal human cells 

Cell type 

Red blood cells 
Polymorphs 
Monocytes 
Peripherallymphocytes 
Thymocytes 
Spleen cells 
Tonsil cells 

Bone marrow 

Cord blood 
Polymorphs 
Lymphocytes 
Normoblasts 

PHA lymphoblasts 
B-Iymphoblasts 
B-Iymphoid celllines (11) 

Taken from ref. 21. 
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Fig. 5: FACS analysis of the binding of anti-ALL sera to non-T, non-B All cells. 
Legend: Ordinate: relative cell number. 
Abscissa: relative fluorescence intensity. 
R68, R.5 and R.6 - three different rabbit sera. 
1. Fully absorbed sera (red cells, liver, lymphocytes, bone marrow, AML). 
2. Absorbed red ceIls, liver, lymphocytes only. 
3. Controls: normal rabbit serum or anti-ALL absorbed with ALL cells. 
Taken from ref. 17. 



2. Antisera to common (non-T, non-B) ALL . 
After absorption with red cells, liver, lyphocytes, AML -and bone marrow, 

antisera to ALL are specific for ALL as judged by indirect immunofluorescence 
and absorption tests (16, 17). Table 3 lists non-Ieukaemic ceUs which have been 
shown to be negative. The antigenes) being detected would appear not to be a 
cryptic, ceU cycle or foetal (phase specific) determinant. 

Table 111: Possible anti genie specificities defined by antisera to ALL 

Potential Antigen 

1. 'Normal' antigen 

2. 'Cryptic' normal 
lymphocyte antigen 

3. Lymphocyte.antigens 
expressed during 
mltoslS 

4. 'Foetal' antigens 

Cells tested Cross reactive 
withanti-ALL?l 

thymus\ tonsiP~, appendix, N o2 

blood w. b. c., spleen, bone 
marrow*, liver:~ 
Tonsi1lympho~ytes treated with No 
trypsinS, pronase4 or neurominidase5 

Mitogen activated tonsil T and B No 
lymphocytes6• 

Lymphoblastoid celllines7• 

Lymphoblasts from blood of patients 
with infectious mononucleosis 
Spleen 13-22 wk, No 
Thymus 15-22 wk, 
liver (9-22 wk):~ 

1 All cells tested by indirect immunofluorescence with anti-ALL. Cell types marked with 
asterisk ,~ were also tested for their capacity to absorb out anti-ALL antibodies. 
2 No reactivity = less than 0.5 0/0 positive cells recorded which is the "background" re
corded with normal control sera, or alternatively, in absorption experiments, reflects no shift 
in the FACS profile on anti-ALL against ALL cells. ' 
3 Trypsin (Sigma 12,000 BAEE units/mg. 2X crystallised) 50 ~g/106 cells/1 mI/30 minI 
37 oe. 
4 Pronase (BDH 45,000 PuK units per g) 50 ~g/106 cells/1 mI/30 min/37 oe. 
5 Neurominidase (vibrio cholera Calbiochem. Grade B) 0.5 u/106 cells/1 mI/30 min/37°C. 
e Tonsil T lymphocytes cultured with phytohaemagglutinin or Concanavalin A or spleen B 
lymphocytes cultured with pokeweed mitogen. . 
7 Derived from normal adult blood or from blood of patients with infectious mono
nucleosis, Burkitt's lymphoma or ALL. 

Figures 5 and 6 illustrate reactivity of leukaemic cells with anti-ALL as analysed 
by the FACS. In Table 4 the pattern of reactivity in leukaemias is presented. 
Virtually every common ALL reacts whereas all T and BALLs do not. Other 
types of leukaemias do not react, with two interesting exceptions - AUL and 
CML in blast crisis. Six out of eight AUL patients and nine out of 19 patients 
with CML blast crisis had a high proportion of ceIls reacting with the anti-ALL 
serum. Blast cells in CML acute crisis can be predominantly 'lymphoid' or 'mye
loid' by morphological and cytochemical criteria (22). ALL antigen positive cells 
were only found in the 'lymphoid' crisis, although not in a11 such cases. In a11 
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cases studied, however, the blast crisis involved Phi pOSItiVe cells (23). In one 
particularly interesting case an ALL antigen negative 'lymphoid' blast crisis in 
blood was followed by CNS relapse which was ALL positive (i.e. the cells in 
cerebro-spinal fluid). In the same sampie, all metaphases were Phi positive. These 
results provide direct evidence for earlier suggestions that CML can enter an ALL
like phase (26, 27) and paralleis recent findings using terminal deoxynucleotidyl 
transferase enzyme as a marker for ALL (28, see also Sabin and McCaffrey in this 
symposium). 

Table IV: Reactivity of different leukaernias with anti-ALL serurn1 

Diagnosis: 

Proportion 
of positive 
cases: 

Common, 
non-T 
non-B, ALL 

47/502 

ALL 
T-type B-type 
ALL. ALL 

0/14 0/3 

CML-
AUL AML AMML CML BC3 CLL4 

7/9 1/48 0/10 0/10 9/19 0/12 

1 The sera were raised against lymphoblasts from children with typical non-T, non-B 
type ALL. 
2 Pooled data from adults and children. 
3 Chronic Myeloid Leukaemia in Blast crisis relapse (see ref. 23). All nine positive cases 
had a 'lymphoid' morphology. A1119 cases were Phi chromosome positive. 
4 Al1leukaemias were diagnosed (using marrow or blood cells) by standard morphological 
and histochemical methods (including Romanowsky, Sudan Black, periodic-acid Schiff and 
Acid phosphatase staining). 

The most likely interpretations of these findings are that: 1. ALL of both children 
and adults can involve three different cell types and therefore probably derives 
from three different progenitors - T lymphocyte related cells (probably thymo
cytes), B lymphocyte related cells, and in the majority of cases, a non-T, non-B 
cell which could be either a lymphoid precursor (28) and/or a pluripotential stern 
cello 2. Common ALL, most AUL cases and a proportion of CML blast crises 
involve the same cell type. Important corollaries of this are that (i) CML is, in 
at least some cases, a malignancy induced in a pluripotential stern cell rather than 
a myeloid stern cel!. A similar suggestion was made previously based on the results 
referred to above with terminal transferase enzyme (29). (ii) the ALL antigenes) 
can be expressed in diseases involving a common target cell but a different 
aetiology (e.g. Phi positive or negative). This might lead one to suspect that the 
ALL antigen would be found on the normal counterpart or progenitor of the 
'ALL' spectrum of diseases. If this is the case then we can say that this cell has 
a frequency in formal bone marrow of less than 0.1 0/0. This in turn implies either a 
derivation of ALL from a very rare cell (e.g. a pluripotential stern ceIl) or that the 
ALL antigenes) is only expressed on transformed derivatives. 

The nature of ALL antigen has recently been investigated (30). It is glycoprotein 
as judged by sensitivity to pronase and interaction with lentil lectin. It does not 
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Fig. 6: FACS analysis oE the bin ding oE anti-ALL sera to different leukaemias. 
Legend: Ordinate: relative ceU number. 
Abscissa: relative fluorescence intensity. 
1. Untreated non-i, non-B ALL (Blood) as in Fig. 5. 
2. Non-T, non-B ALL (CNS relapse) cerebro-spinal fluid. 
3. Untreated AML (Blood, IBM separated). 
4. Untreated T-like ALL (Blood). 
(a) Anti-ALL, (b) Control (as in Fig. 5). 
Note sm aU difference between (a) and (b) in 3 can be removed by a Eurther single ab
sorption with AML, cells (17). 

appear to cross-react immunologically with a variety of C-type RNA oncorna
viruses including murine Moloney and Gross viruses, Feline leukaemia virus, Simian 
Sarcoma virus and the recently isolated human leukaemia (AML) virus, HuL V -23-
1 (31). 

Selective bin ding of anti-ALL sera can be demonstrated in a quantitative man
ner by the iodinated anti-globulin binding method (Sutherland and Greaves, un
published observations). This result also raises the possibility of developing a 
sentitive radioimmune assay for cell-free leukaemic antigens in patients' serum 
and cerebro-spinal fluid. 

The precise selectivity and sensitivity of the anti-ALL probe suggests that it 
should be possible to use it to detect rare leukaemia cells in situations where they 
would appear to be absent by standard haematological tests. We have been able to 

do this in two situations so far. A proportion of untreated ALL patients present 
with a typical lymphoblastic bone marrow but with no obvious leukaemic cells 
in the peripher al blood picture. Five of such patients (included in Table 4) we 
studied, had no leukaemic bl asts by routine haematological assessment, but we 
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found 1 to 5 % leukaemic ceIls in the blood of aIl five, using anti-ALL sera. This 
result suggests that anti-ALL antibodies could be used to detect early emergence 
of the leukaemic clone into the circulation. One would obviously like to detect 
early expansion of the malignant cell in the marrow itself. One approach to this 
problem is to study the marrow of patients prospectively through treatment, in 
order to assay for residual disease and/or early signs of relapse. Such trials are in 
progress and, meanwhile, spot checks on individual patients indicate that rare 
leukaemic cells may indeed be present in the bone marrow of patients considered 
to be in complete remission (17). 

The availability of antisera to leukaemia specific or leukaemia associated anti
gens raises the possibility of therapeutic applications. Our antisera are not directly 
cytotoxic (in the presence of complement) and we are currently exploring their 
potential use as selective 'buIlets' in antibody dependent ceIl induced killing sys
tems (cf. ref. 32) and as carriers of cytotoxic drugs (cf. ref. 33). It is also possible 
that the leukaemic antigen(s) itself, once isolated, could be rendered highly im
munogenic and re-introduced to the patient. 

In conclusion, we suggest that fluorescent cell surface binding probes provide 
a new incisive tool for characterising or 'phenotyping' leukaemic ceIls. Tabl~ 5 
is a summary of all the membrane markers we have studied and the current 
distribution of reactivity among different leukaemias. Of these various test systems 
anti-Ieukaemia antibodies in combination with analytical efficiency of the Fluores
cence Activated CeIl Sorter provide a particularly exciting approach for accurate 

Table V: Cell surface phenotype of human leukaemic cells tested at University 
College (1972-1975) 

Membrane markers 

A. LYMPHOCYTE MARKERS 
i. Anti-Iymphocyte serum 1! 

i.t: T-markers. Anti- T serum 2! 
E rosettes 

iii. R-markers. . 
Anti-Ig serum 
Anti-Cll (R) serum 

B. MYELOIO MARKERS 
,: Anti - manocyte serum 

U Anti-granulocyte serum3! 

C LEUKAEMIA MARKER 
Anti-All serum 

O. CHOLERA TOXIN 

ReIs. 

(1,,2) 

(1..2, 
34) 

(5,2 ) 

(16, 
17,30) 

(21.2) 

Common 
or non- T. 
non. B type 

All 

T - B - AUL AML AMML A. Mon. L CML CML- BC Cll 
type type 

1 Rabbit anti-thymus serum absorbed with normal blood granulocytes and AML cells 
(Brown & Greaves unpublished observations). 
2 Antisera to thymus or brain (4,2). 
3 Kindly provided by Dr. A. B. de la Riviere. This rabbit serum was raised as previously 
described by Engelfriet et a1. (35). 
Shaded areas represent proportion of positive cases. 
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and sensitIVe dia gnosis of disease and momtonng the response of patlents to 
therapy. 
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Use of Immunological Reagents Prepared in Animals to 
Characterise the Surface of Leukaemic Cells 

N. A. Mitchison 

Department of Zoology University College London, 
London, U. K. 

Two central questions emerged concerning the immune response to leukaemia 
cell surface antigens. One concerns the relations hip of such antigens to those on 
the surface of normal ceIls: are antigenic markers shared in common with normal 
cells of the T ceIl, B ceIl, or myeloid series, and if so, do the overlaps provide 
valid clues to the target cell of the malignant transformation? And if not, do we 
have truly tumour specific antigens which can be utilised for monitoring disease 
progress, for instance, in the prediction of relapse? The second concerns the role 
of viruses in leukaemia; can immunological procedures detect gIycoproteins of 
viral origin on the surface of human leukaemic ceIls? 

The contributions of Billings, Graeves, Kadin and Reyes bore mainly on the 
first of these questions. Two rather different approaches, both using specific anti
bodies raised in foreign species, are being employed. One (Greaves, Brouet) uses 
whole ceIls as immunogen, and relies either on coating the immunogen with anti
body or on extensive absorptions to get round the problem of contamination of 
the desired reagent with irrelevant antibody. The most remarkable achievement of 
reagents produced in this way is to have divided ALL into two diseases, the less 
common characterised by the presence of T cell markers, and the more common by 
the presence of a unique ALL specific antigen. The second approach (Billings, 
Reyes) is to pro du ce reagents by immunising with purified or partially purified 
molecules. Thus, specific anti-immunoglobulins can be used to detect immuno
globulin on the surface of CLL cells. Antibodies to less well-defined surface rnole
cules can be used to detect partially leukaernia-specific antigens, but cross reactions 
with B cells are also detected with these reagents. Both types of reagent can use
fully be conjugated to electron-dense rnolecules, such as ferritin, thus permitting 
the distribution of surface antigen to be examined in the electron microscope. 

As regards the second question concerning viral antigens, the best data came 
frorn rnurine leukaernia virus tumours in rats and mice (Herberman). These indicate 
that the host repsonse is directed exclusively at viral antigens. The precice target 
of the response has not been fully established; ubiquitous immunity to endogenous 
viruses cornplicates the issue, and the role of the virus polypeptide P30 on the 
ceIl surface rernains controversial. The unique antigen detected by Greaves on 
ALL has so far eluded attempts to identify it as a viral product. 
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Introduction 

The gratifying results now being obtained in the treatment of children with 
aeute lymphoeytic leukemia has had at least two major effects on the attitude of 
the me die al community. First, these results have eneouraged physicians to think of 
ALL as an eminentably treatable and, perhaps, eurable disease, Seeond, physicians 
have beeome more aware of the obligation to avoid serious side effeets that might 
eompromise the otherwise good results. My purpose in speaking to you today is to 
review briefly some of the results obtained, mainly at our own institution, in the 
treatment of this disease and to point out some of the problems that have been 
eneountered as result of treatment. Our data has been reported in some detail 
reeently (19) so I will present only seleeted points rather than an exhausive review. 
Some of the results I will talk about today are preliminary and will require months 
or years before definitive eonclusions ean be made. 

Materials and Methods 

Definitions 
Acute lymphocytic leukemia (ALL) is diagnosed on the basis of excessive nu m

bers of lymphoblasts and/or "stern cells" in an aspirated bone marrow specimen. 
In practice, this diagnosis includes a11 children with leukemia that is not charaeter
ized by Auer rods or myelocytic or monoeytic differentiation. Special cytochemical 
stains and histologie al specimens are sometimes helpful, but, ultimately, the diag
nosis ist the coneensus of at least three experieneed investigators. Approximately 
78 % of leukemia eases at this institution are diagnosed as ALL. Children with 
Iymphoblastie or "stern eell" Iymphosareoma who had marrow involvement at 
diagnosis are considered to have ALL and are included in these studies. 

Our definitions of remission, relapse and survival are deseribed in detail else
where (15). Compiete remission duration is the period free of a11 signs of ALL, 

Supported by Cancer Research Center Grant CA-08480, Research Project Grants CA-
07594 and CA-13050, and Training Grants CA-05176 and CA-081S1 from the National 
Institutes of Health, by Project Grant CI-70 from the American Cancer Society and by 
ALSAC. 
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whether hematologic, viscera I or in the CNS. CNS leukemia is diagnosed by the 
observation of leukemia cells in a Wright-stained centrifugate of cerebrospinal 
fluid (CSF). The appearance of leukemia cells in the bone marrow signifies 
hematologic relapse. 

Methods 
Abrief outline of the treatment plan for the first seven studies is shown in 

Table 1. This shows some of the variations on the theme of therapy that has been 
used over the years. Basically however, treatment entails four phases: 1) remission 
induction, 2) preventive CNS therapy, 3) continuation (maintenance) chemothera
py, and 4) cessation of therapy. 

Table I: Outline of Protocols 

Remission Induction (4 to 6 weeks) 
Prednisone 
Vincristine 
+ Daunomycin in Study VI (2) 
+ Asparaginase in Study VIII 

Preventive CNS Therapy (2 1/2 to 4 weeks) 
500-1200 rads Craniospinal in Studies I-III 
None in Study IV (16) 
2400 rads Cranial + 1. T. Methotrexate in Studies V (4), VII (1), VIII 
2400 rads Craniospinal in Studies VI and VII 

Continuation Chemotherapy (2 to 3 years) 
Mercaptopurine daily 
Methotrexate weekly 
Cyclophosphamide weekly 
+ Vincristine weekly in Studies III, IV 
+ Vincristine - Prednisone Pulses in Studies V, VI, VII 

Cessation of Therapy after 2 to 3 years of Complete Remission (3) 

Patients 
These studies include a total of 549 children with ALL, of whom 363 entered 

studies I through VII, from 1962 through 1971. From 1972 to the present, 186 
previously untreated children have entered study nu mb er VIII which is still under 
way. The initial features of a majority of these patients have been reported else
where (19). 

Results 

Remission Induction 
Successful remission induction has been obtained in over 90 % of children with 

ALL. Vincristine and prednisone has been the treatment used in most of these 
studies and the addition of daunorubicin or asparagin ase has not appreciably 
improved the remission induction rate. The reason for failure of patients to attain 
complete remission include: fatal infection in 2.5 0/0, usually due to gram-negative 
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sepsis in the first week of therapy; failure to respond to chemotherapy in 5 0/0; 
and leukemic pleocytosis in the cerebral spinal fluid on the day of first complete 
remission marrow in 1 0/0. 

Preventive Central Nervous System Therapy 
Attempts were made in earlier studies to prevent CNS leukemia from emerging 

by eradiating undetectable cells in the meninges early in remission. These early 
studies employed 500 or 1200 rads of craniospinal irradiation. However, these 
doses of irradiation did not reduce the frequency of CNS leukemia wh ich termi
nated complete remission in 15 of 37 patients (18). 

In 1967 it was decided that failure to prevent CNS leukemia in the earlier 
studies may have been due to inadequate dosage. Therefore, a study was designed 
in which 2400 rads of cranial radiation was given along with 5 doses of intra
thecal methotrexate simultaneously (4). This form of treatment met with success 
since CNS leukemia terminated complete remission in only 3 of the 37 patients 
(19). Furthermore, over one-half of these patients remain in initial continuous 
complete remission for 6 years and have been off all therapy for three years. 

The efficacy of preventive CNS irradiation was tested in a randomized control 
study before the results of the previous study were known (2). Patients were 
randomized to receive or not to reeeive 2400 rads eraniospinal irradiation without 
intrathecal methotrexate. CNS leukemia terminated complete remission in only 2 
of 45 patients who reeeived preventive irradiation. However, CNS leukemia ter
minated complete remission in 33 of 49 patients who did not receive preventive 
irradiation. This study provided further evidence that CNS leukemia could indeed 
be prevented with adequate doses of irradiation. Another feature of this study was 
to determine whether CNS irradiation at the same dosage level would be as ef
feetive if given at the first sign of CNS relapse. Therefore, the 33 patients who 
developed CNS leukemia were given therapeutic eraniospinal irradiation. AI
though the CSF was cleared of leukemic cells in all 33 patients, this second com
plete remission was terminated by recurrenee of CNS leukemia in 13 patients and 
by simultaneous hematological and CNS relapse in 2. Only 9 of the 33 have had a 
lengthy second eomplete remission. 

In a subsequent study, patients were randomized to receive either 2400 rads 
cranial irradiation with simultaneous intrathecal methotrexate or 2400 rads cranio
spinal irradiation (1). The results showed no significant difference between in the 
rate of CNS relapse with either form of therapy, which eonfirmed the historie al 
controls of the two preceding studies. 

Continuation (Maintenance) Chemotherapy. 
In the above studies, patients received mereaptopurine daily and methotexate 

and cyclophosphamide weekly during the continuation phase of chemotherapy. A 
eontrolled study (16) has shown that these agents must be given in maximum 
tolerated dosage to achieve optimal results. Variations on this basic regimen have 
included the addition of vineristine onee a week or periodic brief courses of 
rineristine plus prednisone. 

With the overall improvement in results, it became important to try to learn 
the relative contribution of CNS therapy and continuation chemotherapy. The 

265 



earlier studies, with apparently ineffective CNS therapy, had yielded a 17 % long
term leukemia-free survival rate. This had been improved to approximately 50 0/0 

in the studies using the higher dose of preventive CNS irradiation (19). In view 
of the major contribution of adequate CNS therapy, it was not known whether 
such aggressive chemotherapy during remission was necessary in view of its toxic
ity with a disturbing proportion of patients dying during initial continuous com
plete remission (21). An attempt to improve the therapeutic index of continuation 
chemotherapy by reducing toxicity was the major purpose behind the design of 
Total Therapy Study VIII. The preliminary results of this study are given here 
with the understanding that they are not definitive at this point, but do yield some 
important observations even at this early date. 

The principal goal of Study VIII is to learn how the therapeutic index of chemo
therapy during remission might be improved. Combination chemotherapy has been 
used to take advantage of different modes of action and lack of cross-resistance. 
The value of combination chemotherapy for inducing remission was established 
in 1951 with cortisone and methotrexate (6) and subsequently for other combi
nations (7, 8). Combinations of two 01' more drugs have also been given for con
tinuing remission. For example, most of our studies employed a combination of 
mercaptopurine, methotrexate, and cyclophosphamide. There have been control
led studies of the cyclic (rotation of several drugs, one at a time) versus sequential 
(single drugs, each until relapse) chemotherapy (5, 12) and of the addition of one 
or another drug to a basic regimen (13). Controlled studies of different drug 
combinations began with the classical study by Acute Leukemia Group B (7a). 
The first controlled study of single versus combination chemotherapy, also per
formed by Group B, later showed that median durations of remission in childhood 
ALL were the same with mercatopurine, methotrexate, or both agents given si
multaneously in the same dosages as in the single drug regimes (7). Since then, 
improved remission durations have been obtained in some studies using multiple
drug therapy (8, 20) leading to increasingly complex, multiple-drug regimens. For 
example, the L-2 protocol from Memorial Hospital employs eight drugs in cycles 
designed to take maximum advantage of estimated cellular kinetics (9). 

However, individual drugs are not equally effective for prolonging remission 
of childhood ALL (8). Intermittent methotrexate is better than mercaptopurine 
and either is better than cyclophosphamide. Vincristine, cytosine arabinoside, 
daunomycin, asparaginase and other agents apparently are less effective. Most of 
these agents have overlapping toxicity, particularly myelosuppression and im
munosuppression, often lowering the tolerable dosage limits of each drug in a 
multiple-drug regimen. In any given schedule, the effectiveness of single (8) or 
multiple (16) drugs is related to dosage. Thus, the critical question emerges: Does 
the advantage of multiple agent chemotherapy outweigh the disadvantage of dosage 
reduction. of the more effective agents? An affirmative answer could lead one to 
employ all available agents (as many as six or ten) while a negative answer could 
lead to use of only the most effective agent (methotrexate) in maximum-tolerated 
dosage. Study VIII was designed to answer this question. 

After successful remission induction and preventive CNS therapy, patients are 
randomized to receive. one, two, three, or four drugs simultaneously during re
mission. The prescribed dosages are starting points only and in each regimen drug 
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dosages are adjusted to the maximum tolerated by the patient. Upward or down
ward dosage adjustments are made proportionately for all prescribed drugs. To 
obtain valid conclusions it is essential that the dose-limiting toxicity be of compar
able degrees in each group to avoid the "half-dosage effect" seen in Study IV (16). 
The principal guide for dosage for dosage adjustment ist maintenance of the leuko
cyte count between 2000 and 3500/mm3• Dosage reductions allowed for other 
predetermined degrees of toxicity, fever or infection are the same for all groups. 

The preliminary results of Study VIII are given here mainly to illustrate the 
points of rationale and must not be viewed as conclusive at this early date. In the 
33 months since beginning this study, 180 patients attained complete remission and 
received preventive CNS therapy. Thirty were given additional initial therapy due 
to the presence of features (CNS involved at dia gnosis, mediastinal involvement, 
failure to attain remission after 4 weeks) associated with a poor prognosis and were 
not randomized. All received three drug maintenance. The remaining 150 were 
randomized to receive (1) methotrexate alone; (2) methotrexate + mercapto
purine; (3) methotrexate + mercaptopurine + cyclophosphamide; (4) methotre
xate + mercaptopurine + cyclophosphamide + cytosine arabinoside. All agents 
except mercaptopurine were given by vein weekly. 

At this time, the frequency of relapse has been approximately the same among 
patients receiving two drugs (6 of 44), three drugs (10 of 45) or four drugs (3 of 
41 plus two deaths in remission). With methotrexate alone, 14 of 20 have relapsed 
and one patient died in initial remission. These early results show no .systematic 
assocation of efficacy with the number of drugs but apparently indicate the 
superiority of multiple agents over methotrexate alone. 

The sm aller number of patients in the group receiving methotrexate alone is the 
result of discontinuing randomization to that arm of the study. This action was 
taken because the relapse rate was higher but, more importantly, a serious side 
effect was observed in this group. Eight of the twenty patients developed a 
neurological syndrome, not associated with CNS leukemia. It was characterized 
by disturbances of gait, speech and motor function. This syndrome was progressive 
and fatal in one child and left permanent residual damage in several others. The 
pathological lesion was found to be a severe leukoencepholopathy with myelin 
degeneration. This syndrome usually occurred in patients who had been receiving 
more than 50 mg per meter squared of methotrexate weekly for 6 months or 
more. A more detailed analysis of this problem is underway and will be reported 
in the near future. For the time being however, no patient who has received brain 
irradiation will be given more than 50 mg per meter squared per week of metho
trexate by vein at this institution. This observation should serve to caution other 
investigators who are giving high doses of methotrexate to patients who had CNS 
irradiation. 

Discussion 

The efficacy and dangers of combined modality therapy of childhood ALL are 
reflected in these studies. The search by many investigative groups for more effective 
and less toxic modalities and combinations of therapy is illustrated by the scope 
of a few current studies. Arecent Medical Research Council Study (28) has shown 
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that CNS leukemia is effectively prevented by craniospinal irradiation with in
trathecal methotrexate. A review of previous trials (25) and the anatomical nature 
of arachnoid leukemia (31) have led us to conclude that intrathecal methotrexate 
alone does not effectively prevent CNS leukemia. However, studies by Group B 
(10) and the Sothwest Oncology Group now in progress, as weIl as the L-2 Protocol 
at Memorial Hospital (9), should yield more information on the preventive valu~ 
of intrathecal methotrexate. Since systemi: chemotherapy in maximum-tolerated 
dosage delayed the onset of CNS leukemia in Study IV (11, 15, 16), the definitive 
results with even more aggressive systemic chemotherapy in the L-2 Protocol (9) 
will he of interest. Another approach under study by Children's Cancer Study 
Group A is a test of the value of extending irradiation of the CNS to include other 
organs such as liver, spleen, kidneys and gonads. 

The question of when to stop therapy is an important one. It has been our 
practice to stop therapy after two to three years of complete remission. Our ex
perience with this approach has been published recently (3). 

Despite improvement in therapy, many old problems remain unsolved and new 
problems have emerged. Both patient and physician take little satisfaction in a 
longer survival unless it is of satisfactory quality, hut, we must remind ourselves 
that the most important negative influence on quality of survival is the leukemia 
itself. By any standard of comparison, the cost of relapse and its complications in 
human and monetary resources far exceeds that of therapy. Nonetheless, the evo
lution of studies for childhood ALL demonstrates a keen awareness of the respon
sibility to minimize undesirable effects of therapy. This requires even more careful 
design of studies because with combined modality therapy, the side effects may 
not be due to a single agent hut to the unfortunate synergism of several agents. 
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Complete remissions in adult patients with acute leukemia were unusuaI, if not 
rare, fifteen years ago. The discovery of highIy effective antileukemic drugs such as 
eytosine arabinoside and daunorubicin and the development of more effeetive 
combinations of aetive chemotherapeutie agents largely through empirie clinical 
trial and error have dramatically changed that situation so that today 70 % or 
more of previousIy untreated patients achieve complete remission status. This im
provement has been facilitated by major developments in supportive care. The 
use of allopurinol for the prevention of urate nephropathy has eliminated that 
serious complication of antileukemic therapy. Newer antibiotics active against 
Pseudomonas aeruginosa have allowed for the successful treatment of many life 
threatening infections wh ich oceur in the granulocytopenic leukemia patient. Lami
nar air flow rooms which provide essentially sterile air, and oral nonabsorbable 
antibiotics which sterilize the gastrointestinal tract, proteet the leukemia patient 
in large measure from microbial hazards in his external and internal environ
ments. Blood cell component therapy allows for replacement of platelets and 
granulocytes in cytopenic patients. I t is the purpose of this paper to detail some 
of these achievements. 
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Induction Chemotherapy for Acute Nonlymphocytic Leukemia (ANLL) 

The first drug combination that proved effective as therapy for acute non
lymphocytic leukemia was the POMP regimen, which consisted of high intravenous 
doses of prednisone, vincristine, methotrexate and mercaptopurine (1). This 
therapy was successful in producing complete remissions in approximately 25 0/0 

of adult patients and was the first clinical proof that combinations of effective 
drugs could be more active than single agents. Shortly after this demonstration, 
cytosine arabinoside (Ara C) became available for clinical trial and it soon proved 
to be a drug as active as the POMP combination (Table 1). The discovery of the 
clinical antileukemic activity of daunorubicin (DNM) shortly thereafter repre
sents a turning point in the history of the therapy of acute nonlymphocytic leu
kemia. DNM alone will pro du ce complete remissions in over 40 % of patients with 
ANLL (Table 1) and, more importantly, it (or a related anthracycline antibiotic, 
adriamycin) has become the cornerstone around which the most effective combi
nation therapies to date have been built (Table 2). These new combinations have 
produced complete remissions in up to 70 % of previously untreated adults with 
ANLL. 

Table I: Representative Results of Induction Therapy for ANLL using Cytosine 
Arabinoside or Daunorubicin alone in Previously Untreated Patients 

Author Ref Regimen CR rate 

Wiernik 1 DNM 60mg/M2 day 1-3 50 0/0 

Wiernik 5 DNM 60mg/M2 day 1-3 49 0/0 

Wiernik (ALGB) 4 DNM 60mg/M2 day 1-3 43 0/0 

Ellison (ALGB) 12 Ara C 30mg/M2 daily in 12 hr 24 0/0 

infusion to hypoplasia 
Goodell 19 Ara C 40-70mg/M2 in 4 hr 25 0/0 

infusion daily x 4 
Armentrout 20 Ara C 4mg/kg in 8 hr infusion 42 0/ 0 

daily x 4-14 days 
SWOG 14 Ara C 1.0gm/M2 infused over 12 hrs 39 0/ 0 

In an effort to achieve the greatest response rate with the least amount of in
duction therapy and, therefore, the least risk of serious (or even fatal) toxicity 
from inductiol1 therapy, a 110nrandomized study has recently been initiated at 
the Baltimore Cancer Research Center in which patients are allocated to receive 
DNM 60 mg/M2/dayx3, or Ara C 200 mg/M2/dayx7 continuous IV infusion, or 
DNM 45 mg/M2/day x 3, days 1-3 and Ara C 100 mg/M2/day, days 1-7 continuous 
IV infusion, on the basis of certain biochemical tests performed on each patient's 
leukemic marrow cells. Patients whose cells have a high DNM reductase activity 
level (2)'~ but a low kinase:deaminase activity ratio (3)'~'~ receive DNM alone. 
Patients whose cells have a high kinase:deaminase activity ratio but a low DNM 
reductase activity level receive Ara C alone, and patients in whom both enzyme 
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Table 11: Current Induction Therapy Results in Previously Untreated Patients 
with ANLL using Drug Combinations wh ich include Cytosine Ara
binoside and an Anthracycline Derivative 

Author Ref 

Glucksberg 18 

Glucksberg 18 

Brincker 17 

Masami 13 

McCredie 15 

Wiernik (ALG B) 4 

Wiernik 5 

Yates 16 

Rai (ALGB) 56 

Regimen 

DNM 1.5mg/kg on day 1 
VCR 1mg/M2 on day 1 
Pred. 1mg/kg day 1-5 
Ara C 2mg/kg q 12 hr day 1-5 
TG 2mg/kg q 12 hr day 1-5 
DNM 1.5mg/kg day 1-3 
VCR 1mg/M2 day 1 & 7 
Pred. Ara C, TG as above 
DNM 80 mg q 5 days 
Ara C 150 mg daily 
Both given until hypoplasia 
DNM 25mg/M2 
Ara C 80mg/M2 
6-MPR 300mg/M2 day 1-4 
Pred. 60mg/M2 
ADM day 1 
VCR day 1 
Pred. days 5-9 
Ara C days 1-9 
DNM 100mg/M2 day 1 
TG 100mg/M2 q 12 hr day 1-5 
Ara C 100mg/M2 12 hr day 1-5 
DNM 75mg/M2 day 1 
Ara C 75mg/M2 q 12 hr day 1-5 
TG 75mg/M2 q12 hr day 1-5 
Pyrimethamine 1mg/kg day 1-5 
DNM 45mg/M2 day 1-3 
Ara C 100mg/M2 day 1-7 
(cont. IV infusion) 
DNM 45mg/M2 day 1-3 
Ara C 100mg/M2 day 1-7 
(cont. IV infusion) 

CR rate 

59 % 

70 % 

53 % 

61 % 

70 % 

50 % 

46 % 

67 % 

.:. Some patients with M-l marrows did not technically fulfill all requirements for eR 
because of drug induced peripheral cytopenia. 

measurements are high, low or not performed for technical reasons receive both 
drugs. It is too early to evaluate this study since only 25 patients have completed 
therapy. It is evident already, however, that only about 25 % of patients will 
receive either Ara C or DNM alone when the above criteria for selection are 
applied. Thus far, with 35 patients who received both drugs evaluable, the complete 
remission rate is 70 % for that group of patients in the current BCRC study. 
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Maintenance Therapy for ANLL 

Complete remission duration in adults with ANLL is disturbingly short and 
does not seem to vary greatly with induction or maintenance chemotherapy schemes. 
As an example, in arecent study of 3 induction regimens performed by Acute 
Leukemia Group B (protocol 7221) median complete remission duration was 5.5-
6.6 months despite the use of monthly moderately intensive maintenance chemo
therapy (4). It seems dear, however, that while such maintenance therapy com
monly sustains complete remission for only approximately six months, the results 
are superior to those obtained when similar induction therapy is followed by 
no maintenance chemotherapy. In an early BCRC study (1) DNM 60 mg/M2 
daily x3 was used as an induction therapy and no maintenance treatment was 
given. The median duration of complete remission was 2.3 months. In a later 
BCRC study (5) and in the ALGB study referred to above (4) the same dose 
and schedule of DNM was used as an induction therapy option and moderately 
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Fig. 1: Survival curves drawn by the life table method for patients with ANLL treated 
with daunorubicin alone for induction therapy in arecent BCRC study. The curves 
illustrate the significant survival advantage seen in all studies for patients who achieve 
complete remission. 
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intensive maintenance therapy was administered monthly. The median durations 
of remission in those studies were 6.8 and 6.2 months respectively. 

Early data from Bodey, et al (6) suggest that when intensive re-induction courses 
of chemotherapy are given after a substantial complete remission has occurred, 
remission duration may be further prolonged. Such therapy is not without hazard, 
however, and results in significant morbidity and potential mortality. 

The most significant contribution of immunology to clinical cancer therapy has 
been the development of immunotherapy maintenance regimes for ANLL. Stud
ies in which BCG (7), the methanol extractable residue (MER) of BCG (8), or 
neuraminidase-treated allogenic leukemic cells (9) have been used for maintenance 
therapy of ANLL in conjunction with anti-Ieukemic drugs have all resulted in 
significant enhancement of remission duration of 2-3 fold over control patients 
maintained with chemotherapy alone. Such therapy is not innocuous and can result 
in severe local pain and disfigurement. However, although the mechanism of action 
of such agents is by no means clear, it is clear that they do favorabIy affect remission 
duration in ANLL. The clinical action of these substances derived from living 
unicellular material is reminiscent of "spontaneous" remission in acute leukemia 
observed rarely after bacterial infection (10). 

Maintenance therapy with cyclophosphamide and 1, 3-bis (2-chloroethyl)-1-
nitrosourea has recently been observed to produce a median duration of complete 
remission in ANLL comparable to that observed after immunotherapy (11). This 
observation has not yet been confirmed, however. 

New Drugs for Induction Therapy of ANLL 

Three new drugs currently under investigation for their antileukemic activity 
are of interest: 5-azacytidine, VP16-213, and neocarcinostatin. 

5-azacytidine, a pyrimidine nucleotide analogue, produced a 28 % complete 
remission rate in one study (21) in which patients refractory to DNR, thioguanine, 
and Ara C were treated. The drug's mechanism of action is unclear and some data 
suggest (22) that it may act in a manner unlike any other antileukemic drug. 
Gastrointestinal, marrow, and mucous membrane toxicity are common with the 
drug. In addition a neuromuscular toxicity syndrome consisting of myalgia and 
weakness occasionally occurs. It has been suggested that this syndrome is due to 
hypophosphatemia secondary to hyperphosphaturia which results from a nephro
toxic action of 5-azacytidine (23). 

VP16-213 (4-demethyl-epipodophyllotoxin-B-D-ethylidene glucoside) is a semi
synthetic derivative of podophyllotoxin. The drug prevents cells from accom
plishing mitosis and has been shown to have antileukemic activity in certain animal 
systems. In one small study (24) a complete remission was obtained in one-third 
of patients with ANLL. A 50 % complete remission rate was obtained in a smaller 
group of patients who had a monocytic component to their leukemia. Marrow 
and gastrointestinal side effects are apparently less severe than with many other 
induction therapy drugs. 

A remarkable 55 % complete remission rate with neocarcinostatin in patients 
with ANLL was reported from Japan (25). This drug, an acidic single chain 
polypeptide, is elaborated by Streptomyces sp. and has been shown to be active 
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against a number of animal tumor systems. Further evaluation of this drug IS 

c1early warranted. 

Adult Acute Lymphocytic Leukemia (ALL) 

Adult ALL is responsive to the sa.me chemotherapeutic agents used successfully 
in childhood ALL but lower complete remission rates and shorter durations of 
remission have been the rule (26, 27). Thus, while almost 90 % of children with 
ALL achieve complete remission with vincristine and prednisone most therapeutic 
trials in adults have produced complete remission in less than 50 % of patients, and 
while the median duration ofremission approach es 5 years in some childhood studies 
most adult studies have yielded median remission durations of 1 year or less. 

Vincristine in combination with prednisone has been employed in virtually a11 
programs for initial induction therapy in both childhood and adult ALL. Chemo
therapeutic agents which have shown beneficial effects when combined with 
vincristine and prednisone for remission induction therapy inc1ude methotrexate 
and 6-mercaptopurine (POMP) (28), L-asparaginase (29), daunorubicin (27), and 
adriamycin (30). 
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Fig. 3: Survival curves comparing all adult ALL patients with all ANLL patients (N = 276) 
treated at the BCRC since 1965. There is a highly significant advantage for the ALL patients 
(55). 

In arecent study of induction therapy of adult ALL at the Baltimore Cancer 
Research Center 6-thioguanine, vincristine, dexamethasone and pyrimethamine 
were given in combination (31). Dexamethasone, a corticosteroid which increases 
the mobilization of granulocytes (32) was used for its potentially beneficial effect 
on infection in the induction period. Thioguanine, which has been shown to be as 
active as other purine antagonists in chiIdhood ALL (33), was chosen instead of 
6-mercaptopurine because its metabolism is not influenced by the concurrent ad
ministration of allopurinol. Pyrimethamine is a weak antifol that crosses the blood
brain barrier when given orally. The drug was reported to have activity against 
meningeal leukemia (34) and was studied in this regimen for its potential as a 
prophylactic meningeal leukemia agent. It has been clearly demonstrated in child
hood ALL that prophylactic meningeal leukemia therapy significantly prolongs 
compiete remission duration (26). In this study 53 % of adult patients achieved 
complete remission. However, severe infections occurred in more than half the 
patients and approximately one third developed meningeal leukemia. Thus, 
dexamethasone and pyrimethamine were not successful in this study. The median 
survival of all treated patients was more than 13 months, and compiete responders 
had a median survival of 16+ months. These figures represent some improvement 
over earlier studies at this institution. Two recent investigations, one conducted 
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Fig. 4: Survival curves comparing the most recently completed study of therapy for ANLL 
with that for ALL at the BCRC. Significant improvement in the management of both 
diseases has lessened the heretofore significant survival difference between ALL and ANLL. 

by Henderson for ALGB (29) and one reported by Capizzi, et al (35) are of 
special interest. In Henderson's study treatment with L-asparaginase for 10 days 
after several vincristine and prednisone courses has resulted in complete remission 
in 80 % of adults so treated. Based on kinetic data determined both in animal 
leukemia models and human lymphoblasts in vitro (36), Capizzi et al have studied 
asparaginase and methotrexate sequentially as induction therapy in previously 
treated adult ALL patients. Early results have indicated an 80 % complete response 
rate in such patients (35). It appears that asparaginase not only increases the 
sensitivity of leukemic cells to methotrexate by producing a rapid regrowth phase 
9-10 days after asparaginase administration (36) but also that asparaginase dimin
ishes methotrexate toxicity when given 24 hours after methotrexate. Marrow and 
mucous membrane toxicity were minimal in Capizzi's study but allergie reactions 
to asparaginase became a significant problem after several months of intermittent 
aspariginase treatment (35). Other data suggest that if an allergie reaction occurs 
with E-coli asparaginase patients can be safely treated subsequently with aspara
ginase prepared from Erwinia sp. (37). Capizzi, et al (35) have continued 
sequential methotrexate and asparagin ase indefinitely during remission as mainte-
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nance therapy and have obtained a median duration of remISSIon of approxi
mately 1 yeal' in previously treated patients. The Capizzi regimen obviously 
deserves a trial in previously untreated patients. A study recently initiated at the 
Baltimore Cancer, Research Center for such patients incorporates the Capizzi 
regimen. In that study patients receive a 10 day induction course as folIows: on 
day 1 methotrexate 100 mg/M2 given rapidly IV., Vincristine 2 mg, is given on 
day 2 and asparaginase 500 IU/kg is given as a 30 minute infusion beginning 24 
hours after the methotrexate injection. Dexamethasone 6 mg/M2 p. o. is given daily 
for 10 days. Induction courses are repeated if necessary and methotrexate doses 
are augmented to tolerance in subsequent courses. Six courses of methotrexate 
followed by asparaginase in the above doses are given as consolidation therapy be
ginning with the onset of complete remission, with 10 days between courses. Follow
ing that therapy 12 monthly courses of vincristine, dexamethasone, high dose 
methotrexate (100 mg/kg) and citrovorum factor are planned. Therapeutic results 
are not yet available from this study. However, early experience with the in
duction regimen indicates that marrow and mucous membrane toxicity may oc
casiona11y be much more severe than that origina11y observed by Capizzi, et al. 

The Blastic Phase of Chronic Myelocytic Leukemia (CML) 

Most patients with CML die shortly after a blastic transformation of the disease 
occurs. After this transformation the disease takes on many of the characteristics of 
ANLL except for one important difference: while, as noted above, real progress has 
been made in the treatment of ANLL, the blast phase of CML is essentia11y refrac
tory to a11 known antileukemic drugs. Recently, in a study of the Acute Leukemia 
Group B some benefit from the combination of vincristine, prednisone, hydroxyurea, 
and 6-mercaptopurine has been noted, with approximately one-third of patients 
showing a favorable response with few complete remissions (38). However, the 
median survival of a11 patients treated in that study (from the onset of treatment 
for the blastic phase) is still only approximately 4 months. This median survival is 
comparable to that of many other studies. 

Several new drugs deserve critical evaluation in the blastic phase of CML be
cause of their demonstrated antileukemic activity in that disease. Butocin, an ethyl 
ester derivative of buthiopurine synthesized by Semonsky in Prague (39) was re
ported by Cerny (40) to have a high degree of activity in the CML blast phase, 
with over 40 %of a sma11 group of patients obtaining a complete or partial re
mission in a mean treatment time of approximately one month. The duration of 
maximal response varied from 10 to 37 weeks, and the total drug dose necessary 
to achieve maximal response varied from 219 to 2028 mg/kg. A large trial of this 
drug in the blastic phase of CML should have high priority in therapeutic research 
in CML. 

Piperazinedione and VP16-213 are agents recently made available for clinical 
trial that have demonstrated some degree of activity in the blastic phase of CML, 
although the number of patients treated is small (41, 42). Further study of these 
drugs may be productive. 
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Supportive Care 

Infectious Disease Considerations: Patients with aeute leukemia are partieularly 
predisposed to serious infeetion beeause of granuloeytopenia eaused by the disease 
and its therapy. Poor leukoeyte funetion, and easy aeeess of baeteria through oral 
or intestinal mucosal ulcerations often resulting from chemotherapy are contribut
ing factors as are other iatrogenic provoeations such as indwelling venous 
catheters. It seems dear from reeent studies at the Baltimore Cancer Research 
Center that the major causes of serious infection in acute leukemia patients are 
hospital-aequired organisms (43). As an example of this problem, leite the reeent 
evidenee assoeiating aspergillus infeetions in leukemia patients with fire-proofing 
materials used in the construetion of a new hospital (44). I t is, therefore, eritieal 
to offer the patient maximal protection against the acquisition of potentially lethai 
pathogens while granulocytopenic. Ample evidence has now been gathered from a 
number of centers which strongly suggests that patients placed in a sterile air 
environment acquire fewer pathogens than control patients and have fewer 
significant infections. Such an environment is best provided by laminar air flow 
room reverse isolation units equipped with high-effieiency partieulate air filters 
(45). The incidenee of pneumonia in leukemia patients so treated has been reduced 
by 50 0/0. Sinee pneumonia is the most frequent infeetion observed in granuloeyt
openie leukemia patients who are hospitalized without the benefit of such 
specialized units, the importanee of the unit is dear. The addition of orally ad
ministered non-absorbable antibiotics to this regimen may add a further measure 
of protection to the patient by sterilizing his gastrointestinal tract. Indeed high 
dose, frequently administered oral gentamicin, vancomyein, and nystatin has 
reeently been shown to signifieantly reduee the frequency of gram-negative 
baeteremia even when used alone, without the laminar air flow isolation units (46). 

Two signifieant disadvantages of laminar air flow rooms are their great expense 
and the permanent installation that they require. We have been evaluating simpler, 
less expensive, portable equipment that utilizes the same type of filter as the laminar 
air flow rooms (:Med Assist Filters, Med-Assist Deviees, Chestnut HilI, Mass.). 
Thus far 9 patients have been evaluated while undergoing treatment in regular 
hospital rooms equipped with the Med-Assist filter units. Surveillanee cultures 
were regularly obtained from predetermined room and patient sites. Careful house
keeping routines and reverse isolation procedures were employed. The air filtration 
units were effeetive in markedly reducing the number of airborne organisms. The 
room never became contaminated by organisms brought into it initially by the 
patient, and only 2 of the 9 patients acquired any new organism while under 
treatment. Although this initial study was primarily designed to test environmental 
control by the Med-Assist filter units, it is also apparent that signifieant infections 
were reduced in this small group of patients and no pneumonias were observed (47). 
It therefore appears that the Med-Assist air filtration system can reduce air
borne infection in granulocytopenic patients, and more studies are indicated to 
define the precise role of these units relative to standard laminar air flow rooms 
in the supportive care of granulocytopenic leukemia patients. 

Although the measures discussed above have dearly served to reduee the incidence 
of serious infection in acute leukemia patients, infection is still the most frequent 
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cause of death in patients with that disease. Many serious infections in granulocy
topenic patients can be successfully resolved with early use of appropriate anti
biotics. Since most infections in granulocytopenic patients are not accompanied by 
classic localizing signs such as abscess formation (48) it is imperative that the 
physician act quickly at the first observance of a fever of unexplained origin. To 
procrastinate ollen means death to the patient (49). The proper, proven reaction to 
such a fever is the institution of empirie, broad spectrum antibiotic therapy after 
blood, urine, sputum and reet al cultures have been obtained. The empirie therapy 
should include at least one antibiotic with significant activity against Pseudomonas 
aeruginosa, such as gentamiein or carbenicillin (50). In 24-48 hours, appropriate 
changes in antibiotic therapy can usually be made on the basis of culture results 
and clinical reassessment. Such practice is of proven life-saving value in the 
management of the febrile granulocytopenic leukemia patient. 

Blood Component Therapy: There is no doubt that granulocyte transfusions 
have been on occasion life saving to the infected granulocytopenic leukemia patient 
(51), especially when large numbers of cells are transfused (52). Transfused 
granulocytes have been demonstrated to circulate and to localize in infected soft: 
tissue, although they rarely result in a rise in the peripheral granulocyte count. 
Several devices have been developed for the procurement of granulocytes from 
normal donors and all utilize a differential centrifugation principle (53) or the 
ability of granulocytes to adhere to nylon fibers - a process that can be reversed 
by the lowering of the pH of the system (51). Granulocyte transfusion has gained 
widespread clinical acceptance in the last year or two. 

It is generally accepted now that platelet concentrate transfusions administered 
prophylactically to markedly thrombocytopenic leukemia patients prevent bleed
ing, and that donor platelets HL-A matched to the recipient significantly delay 
the onset of platelet transfusion "resistance." This practice of prophylactic platelet 
transfusion has all but eliminated serious bleeding in leukemia patients so treated 
(54). 

It should be clear from the foregoing summary that significant progress has 
been made in the management of adult patients with acute leukemia. It should also 
be clear that progress has been much less dramatic than that wh ich has occurred 
in the management of children with ALL. However, new drug therapies currently 
under investigation, and new experimental modalities of therapy ("immuno" ther
apy) coupled with refinements in supportive care currently under evaluation may 
soon serve to more favorably alter prognosis for the adult patient with acute 
leukemia. 
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Aids in the Management of Leukemia (Cellremoval by 
Continuous Flow Leukapheresis and Impulsecytophotometry) 

P. Höcker, E. Pittermann, D. Lutz and A. Stach er 

1 st Med. Dept and the Ludwig-Boltzmann-Institute for Leukemia 
, Research and Hematologie 

Hanusch-Krankenhaus, Vienna 

During the last years the mechanical withdrawal of white blood cells (WBC) 
by a continuous flow cellseparator (CFC) was shown to be an effective method to 
treat chronic leukemias, especially in certain situatio~s (1, 2, 3, 6, 7, 8). We want 

Table I: Clinical datas of patients with CML and CLL submitted to leukapheresis 

..-ER FEMLE MLE AVEItME 
~c:.. 

IIITREATED PRETREATED 

ME 

CML 20 9 11 51.05 228 17 3 
<23-79) (63-700) 

CLL 12 8 .. 67.3 7Iil 6 6 
(&81) (110-660) 

Table 11: Indication for leukapheresis in patients with CML and CLL 

CML CLL 

HIGH PERIPHERAL QOUNT 11 2 
INCIPIENT BLAST CRISIS 2 fJ 

RESISTiNCE AGAINST CYTOSTATICS 2 fJ ... 

INCOMPATIBILITY OF CYTOSTATICS 2 4 

INITIALTHERAPY 3 6 

TOTAL 20 l2 
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Table III: 1;tesults of leukapheresis therapy 

fUIIIR OF MEM IUtATIOfC OF A ILOOD WLIIE LEUICOCYTE LEUICOCYTE!u 
LPH lllIILE PIIOCEJUtElHCIURI POSElIED PER 1tEDUCT10fC REMOYID X 1 

PROCIDURE I PER PItOCEIlURE 

at 108 ",03 7,95 56 3,02 
1,5 -.5,2 2,7 - 11,' 21,6-88,11 0,9 - 11.2 

CLL 142 4,16 7,"" ",06 11,00 
0,9 - 6,7 2,1 - 10,2 .... 89-96,2 0,11 - 16,07 

i'lft<fl I .,fP ((':! l r1!~'4' J~" ; I 11 ft;~', ·ft ~.~}i~~;;';l ,.... . ' 

to demonstrate our results obtained in 20 patient'SWith CML and in 12 patients 
with CLL who underwent repeated leukapheresis using an AMINCO cellseparator. 

The clinical datas were shown in tab. 1. The indication for leukapheresis was 
mainly high peripheral cell count with signs of hyperviscosity in some of the 
patients, resistance to cytostatic treatment or incompatibility of cytostatic drugs. 
Also untreated patients entered this study (tab. 2). 

The results obtained by leukapheresis are 'shown in tab. 3. In· all cases a· quick 
decrease in the peripheral cell count could be obtained by a single serie of 3-4 
subsequent procedures. The number of removed ceIls, vari.ed from 0,9 - ,11,2 x 1011 

in cases of CML and from 0,4 - 16,7 x 1011 in cases of CLL. A dose relationship , 
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Fig. 1: Clinical course of a long time leukapheresis therapy in a patient with CML. 
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Table IV: Mean values of removed leukocytes in patients with CML and CLL 
with different pretreatment va lues 

peripheral 
leukocyte count 
before CML CLL 
Leuc aPhe~esi s - -(10 3/mm ) n x ·s n x s 

40 - 60 11 1,43 0,64 14 2.59. 0.86 

60 - 80 22 1.49 0.62 16 3.36 1.02 
, 

80 - 100 17 2.04 0.79 13 4.06 1.07 

~OO - 150 24 3.13 1. 91 26 5. 31 1.64 

50 - 200 5 4.70 1.49 7 6.85 t.93 

• was seen between the initial cell count and the number of removed cells (tab. 4). 
The procedure itself was well tolerated and many of the patients were treated as 
out patients. One patient with CML WaS treated with 55 leukaphereses over a 
period of more than 2 years until her disease underwent malignant transforma-

3 
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Fig. 2: Clinical course of a long time leukapheresis therapy in a patient with CLL. 
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Table V: Increase of the Sand G2 + M fraction in the bone marrow and peri
pheral blood in a patient with CML after 4 subsequent leukaphereses 

K.R. df DNA-histogram Enlarged 
CML LI G1 S G2/M Leuko Spleen Liver 

BLOOD 11.8% 60% 18% 22% 320000 +++ + 

B.M. 4.5% 65% 17% 18% 

after 4 LeukaEhereses (Cell seEarator) 

BLOOD 23.5% 51% 26% 23% 275000 ++(+) + 

B.M. 13.6% 59% 21% 20% 

tion (fig. 1). Another patient with CLL was also treated by 69 leukaphereses alone 
over aperiod of 3 years (fig. 2). This way a possibility is demonstrated to treat 
patients with cluonic leukemia over a longer period of time without using any 
cytostatic drugs. 

Kinetic studies were done by autoradiography and impulsecytophotometry in 
6 cases of CML during a serie of 4 leukaphereses. Only in one case a slight in
crease of the Sand G2/M fraction was observed after the serie (tab. 5). This 
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Fig. 3: Repeated leukapheresis in a patient with CML who developed resistance to di
bromannitol. 
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Table VI: Loss of blood cells during leukapheresis 

NUMBER OF LOSS OF 
LEUKAPHERESIS PLATELETS I 

67 28,57 

Table VII: Side effects of leukapheresis 

lOSS OF ERYTHROCYTES 

lOSS OF THROMBOCYTES 

HYPOVOlUMINIA 

LOSS OF 
ERYTHROCYTES I 

4,98 

ANAPHYLACTOID REACTION CAUSED BY 
PLASMAEXPANDER 

INCOMPATIBlllTY AGAINST PROTAMIN 

lOCAl THROMBOPHlEBITIS 

proves that proliferation of leukemic cells is probably not enhanced by mechanical 
cellremoval. However, in one case of resistance to dibromannitol a good response 
to the same drug was seen afl:er 6 leukaphereses had been performed (fig. 3). 

In patients with CLL leukapheresis led to an increased blastic transformation 
rate and in some cases changes in the cytochemical findings were seen (4). Side 
effects were mainly the loss of platelets and the loss of erythrocytes which in some 
cases required a transfusion of packed red cells (tab. 6). Therefore patients with 
platelet counts below 20.000/cmm were not treated by leukapheresis. Sometimes 
anaphylactoid reactions to dextran and protamin were seen as weIl as local 
thombophlebitis (5) (tab. 7). According to our experience with leukaphereses by 
CFC in the treatment of chronic leukemias the following points might be taken 
into consideration (tab. 8). Leukapheresis is an expensive, time and personal con
suming procedure which is accompanied by a loss of erythrocytes and platelets 
and which does not influence the basic disease. The benefits of the procedure are: 
it is weIl tolerated and side effects such as hyperuricemia and bone marrow aplasia 

289 



Table VIII: 

DISADVANTAGES 

EXPENSIVE PROCEDURE 

LOSS OF ERYTHROCYTES 

BASIC DISEASE IS NOT 
INFLUENCED 

ADVANTA6ES OF LEUKAPHERESIS 

WELL TOLERATED· 

MINIMAL SIDE EFFECTS 

NO BONE MARROW TOXICITY 

Table IX: Indieation for leukapheresis 

A) HIGH PERIPHER~ CELL COUNTS WITH 
CLINICAL SYMPTOMS, WHICH REQUIRES BRISK 
CELL REDUKTION. 

(INCREASED BLOOD VISCOSITY) 

B) RESISTANCE AGAINST CYTOSTATICS 
. . ,.. . 

C) INCOMPATIBILITY OF Cy;rOSTATI,CS 
D) PREGNANCY 

are absent. It has also to be mentioned that large amounts of granuloeytes ean be 
obtained of patients with CML, wich permits granuloeyte transfusions in leuko
penie patients. Leukapheresis should therefore be used in patients with a high 
peripheral eell count which requires a brisk cell reduction as weIl as in cases of 
resistance to cytostatic drugs and in cases of inability to use irradiation or cyto
static treatment, f. i. in pregnancy (tab. 9). 

Since most cytostatic agents currently used in the treatment of aeute leukemia 
are strongly cell eycle dependent, their eytotoxic effeet eorrelates with the pro
liferation rate of a certain eell population. The proliferation kinetics of Ieukemie 
cells vary from one case to another, therefore the effeet of the same kind of 
leukemia can be different. Also the proliferation pattern of a leukemie population 
is often changed after the application of eytostatic drugs. Therefore the knowledge 
of the proliferative parameters of a leukemic cell population might help to predict 
the response to a certain drug. The possibility presented by the flow system anal
ysis of impulseeytophotometry to obtain within a short time useful informations 
about the proliferative state of a given cell suspension is a considerable eontri
bution to the cytostatie treatment of Ieukemic patients. 
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Method: 
Blood and bone marrow sampies are fixed with ethanol and stained with 

ethidium bromide. Ethidium bromide is a fluoreseent dye which binds quantita
tively the double s~randed nudeic acids. The amount of ehtidium bromide bound 
per eell corresponds' with the DNA eontent of each cell. Sinee the DNA eontent 
of a eell is a charaeteristic parameter in each phase of the eell eyde, it represents 
a good marker for determining the eellular proliferation kineties. By this flow 
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Fig. 4: Low proliferation activity of leukemic ceIls in a patient with AL, undtanged despite 
of the application of several cytotoxic drugs. 
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Fig. 5: Increase of proliferation activity in a patient with AL after 3 courses with 
Adriamycine and ARA-C, followed by a complete remission after two further courses. 

system 50,000 to 100,000 cells in suspension are measured and each cell is recorded 
in a multichannel analyzer according to its ethidium bromide impulse intensity 
which corresponds to the DNA content of each cello Such a measurement results 
in a DNA histogram representing the distribution pattern of measured cells ac
eording to their DNA content. The planimetrie evaluation of the DNA histograms 
indieates the pereentage of eells in the different phases of the eell eyde. 

Using this method for measuring the proliferation pattern of peripheral blood 
and bone marrow ~ells in leukemie patients, the following observations were done: 

1.) Patients suffering from aeute leukemia with no changes in the blood and 
bone marrow histogram before and during therapy did not respond to various 
eytostatic drugs and had a bad outcome (fig. 4). This is in aceordance with other 
informations in which the prognosis was better when the labelling index of the 
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Fig. 6: Increase of the G2 + M fraction after the application of vincristine. 
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Fig. 7: Effect of a low dosage of thioguanine following to ARA-C Application leading to 
an increase of blastcells in the peripheral count and unchanged proliferation activity. 
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Fig. 8: Effect of high dosage of thioguanine following to ARA-C application leading to a 
decrease of blastcells in the peripheral count. 

blood was increased. Therefore the success of any. cell dependent drug should be 
related to the extent of the proliferative reactivity of a malignant· cell population. 

2.) A good response to chemotherapy was obtained in leukemic patients who 
either showed a high proliferative activity of their blast cdls prior to treatment 
or who exhibited an increasing amount of proliferating .leukemic cells during 
cytostatic therapy. In moSt cases such changes of the proliferation pattern were 
observed in the bone marrow histograms as weIl as in the peripheral blood. As soon 
as a high proliferative aetivity of leukemic blast cells was reached during chemo
therapy, a good response was obtained by the cytotoxic treatment with eyde 
specific drugs (fig. 5). 

Therefore the foIlow up of the proliferative activity of a leukemic cell popula
tion might be of prognosti.c importance. 4.) Cytokinetic changes which are specific 
for the action of an applied drug can be measured easily and rapidly by impulse
cytophotometry. This way the response .of leukemic cells to a certain drug can be 
observed in each leukemic patient, so that individual changes of the chemothera
peutic treatment are possible (fig. 6). It is our opinion that the follow up of the 
proliferative aetivity of a leukemie cell population during chemotherapy might 
faeilitate the individual treatment of leukemic patients on the base of cell pro
liferation and drug inte!action (fig. 7, 8). 
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The development of the syngeneic anima! system permitted tumour transplanta
tion experiments to be conducted without interference from genetically determinaled 
antigens, and provided systems in which acquired 'neo-antigens' could be studied. 
Under carefully manipulated conditions several different immunological ma
nouevres were shown to be capable of slowing the growth of tumours in experi
mental animals (see review, Alexander, 1974), and the two most promising methods 
that emerged which were applicable to man were non-specific stimulation of the 
immune system using agents such as B.C.G. (Haipern, et al 1959) and specific stim
ulation with tumour cells (Haddow and Alexander, 1964). 

In all the animal experiments successful anti-tumour effects were only seen if 
the tumour load was very small. Leukaemia in man is therefore a particularly 
good model in which to test immunotherapy because patients in remission have 
undetectable numbers of cells remaining but if left untreated they ineviatably re
lapse. Aprerequisite for active specific immunotherapy for leukaemia in man was 
the demonstration (see Powles review 1974a) using mixed cell cultures of sur
face components on human leukaemia cells which behaved like tumour specific 
transplantation antigens (T.S.T.A.'s). This provided a rationale for using killed 
leukaemia cells in addition to B.C.G. for immunotherapy in man. Thus, in the 
last ten years specific (killed tumour cells) and non-specific (B.C.G.) immuno
therapy have been used in a number of controlled clinical trials in man. 

The first comparative study was initiated by Mathe (Mathe, 1969), who 
selected a group of patients with A.L.L. who had been in remission for at least 
two years. For some all treatment stopped and the rest were given weekly Pasteur 
B.C.G., killed allogeneic A.L.L. cells, or both B.C.G. and cells. All 10 of the un
treated patients relapsed within 130 days, whereas half of the 20 immunotherapy 
patients remained in remission for greater than 295 days, so me of them for many 
years. The numbers were too small to decide which of the immunological regimes 
was best. 

Several attempts have been made to confirm the value of B.C.G. alone in A.L.L. 
during remission. In Britain, the Medical Research Council arranged a trial 
(M.R.C. 1971) which compared the use of twice weekly Methotrexate with B.C.G. 
or no treatment. They found no benefit from the use of B.C.G. but it must be 
remembered that a different form of B.C.G. (i. e. Glaxo) was used. A similar study 
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in the U.S~A.' by ~eukaemia,Stu4y Group A, (Heyn et al 1973) also;failed to show 
benefit from B.C.G. More recently the Houston Group (Gutterman et al 1974) have 
used Pasteur B.C.G: for the maifltenance of remission of aB forms öf adult leukaemia, 
and although they report benefit in A.M.L. (see below) there was no evidence that 
Pasteur B.C.G. prolonged remission in A.L.L. In the related disease Burkitt's 
Lymphoma, Ziegler (Ziegler and Magrath, 1974) used Pasteur B.C.G. given for a 
limited period by scarification and also found no therapeutic effect in maintaining 
remission in these children. 

Table I: Bart's 2, 3, + 4 trial of 'maintenance chemotherapy versus maintenance 
chemotherapy plus immunotherapy. ' 

Days Proportion in remission Proportion surviving* Proportion Surviving 
after relapse 

C)~;f- C+ I**:'~ C C+I C C+I 

0 100 100 100 100 100 100 
100 78 82 96 100 40 74 
200 50 68 70 90 0 44 
300 32 54 50 72 0 24 
400 18 40 32 60 0 10 
600 14 26 14 42 
800 10 8 14 36 

1000 10 4 10 14 
No. pts. 22 28 22 28 20 27 
No. Re-
mammg 2 1 2 5 0 4 
P. value'I-'I-*':-
difference N.S. 0.03 0.0005 
C to C+I 

'I- From onset remission. 
'1->:- C Chemo maintenance only. 

'1-':->:- C+ I ehe mo plus immunotherapy maintenance. 
'1-*""1- Log rank non-parametric method (Peto and Peto, 1972). 

At present, the pi ace of immunotherapy for A.L.L. remains speculative since 
only Mathe has reported a therapeutic effect and' no other study ,has done ex
actly as he did in giving Pasteur B.C.G. and cells. Whether it is. at present neces
sary to use immunotherapyas a primary method of treatment for A.L.L. in the 
face of the outstanding results produced by intensive combination chemotherapy 
and prophylatic treatment of the central nervous system as developed by Pinkel 
and his colleagues (Sirnone, 1974) remains to be tested. Initially A L.L. was 
selected as the best disease to test immunotherapy because so few patients with 
Acute Myelognous Leukaemia A.M.L. obtained remission with chemotherapy and 
so it was imp.ossible to conduct a trial. This situation, however, has changed. 

A joint Barts HospitallMarsden Hospital study (B. 2, 3, 4.) was started in 
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1970 to establish the effect of immunotherapy in the maintenance of patients with 
A.M.L. (Powies, et al 1973):, This was a controlled trial in which all patients in 
remission weregiven 5 days maintenance chemotherapy every month for one year 
but a randomized group of these patients were also given weekly immunotherapy 
consisting of Glaxo B.C.G., administered percutaneously using a Beaf Gun, and 
allogeneic irradiated A.M.L. cells intradermally and subcutaneously in three other 
sites. Results, summarised in Table 1, show that remission length and overall 
survival was prolonged in those patients who received immunotherapy and there 
was also a very significant prolongation of survival of the immunotherapy patients 
after they relapsed. Themechanism of action is obscure because for technical reasons 
it has not been possible to measure the immune reaction of the host directed against 
the T.S.T.A. of A.M.L. although tests employing the mixed leucocyte reactions 
(Powies, et al, 1971) indicate that immunization with leukaemia cells increases 
the ability of A.M.L. patients to recognise their own leukaemia cells (which have 
been kept stored). Two possible mechanisms deserve consideration; the first is an 
increased immune reaction to T.S.T.A.'s produced by administration of cells which 
would account for the prolongation of first remission, but it is difficult to see how 
such a rnechanism could be involved in the prolongation of survival after relapse. 
A second mechanism which could produce this latter effect is a non-specifie 
stimulation of the bone marrow which permitted immunotherap.y patients who 
had relapsed to tolerate the high doses of eytotoxic chemotherapy which were 
then required. Such an effect has been seen in animal systems (Wolmark et al 
1974, Dimitrov et al 1975) and would be effective in man because patients 
who have relapsed usually die due to bone marrow failure. 

An obvious question concerns the relative importanee of the B.C.G. and eells 
and to answer this would require three arms to a trial; i. e. chemotherapy alone, 
chemotherapy plus B.C.G., and chemotherapy plus B.C.G. plus eens. This was 
not possible in the initial study because of the limited number of patients available. 

Three other groups have documented the effects of giving various forms of 
immunotherapy to remission patients with A.M.L. and all described clinical benefit. 
The Manchester group (Freeman, et al, 1973) repeated exaetly the sort of im
munotherapy given in the Barts/Marsden study. Although their patients did well 
by contemporary standards they were not able to make this a controlled clinical 
trial due to the small number of patients available. This group did, however, 
comment on the ease of obtaining second remission in these patients and also 
remarked that survival after relapse appeared to be long. 

The first report of B.C.G. alone as immunotherapy for maintaining patients 
with A.M.L. appeared last year from the U.S.A. (Vogler and Chan, 1974). 
They described the work of the South-East Co-operative Group for the study of 
leukaemia in which 41 patients in remission were treated with Methotrexate and 
18 of these patients also received B.C.G. (Tiee strain) twice weekly for 4 weeks. 
They noted in the initial follow-up period a significant prolongation of remission 
length in the immunotherapy group, but the use of Methotrexate alone to maintain 
remission only produced aremission length of 26 weeks which is inferior to recent 
chemotherapeutie programmes. It may be that this study, when it is completed, 
will show whether B.C.G. adds significantly to chemotherapy in prolonged re
mission. Another study involving the use of B.C.G. which was essentially similar 
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to the Vogler report has been described by the Houston Group (Gutterman, 
et al 1974). In this they suggested that there was a distinct benefit to be obtained 
from the use of immunotherapy for maintaining A.M.L. patients in remission. 
However, criticism of the statistical analysis and data presented in this study 
(Peto and Galton, 1974) must lead to some reservations at present concern
ing the significance of its conclusions. 

At the time the Barts/Marsden (B2, 3, and 4) study was commenced it was not 
ethical to have untreated remission patients with A.M.L. and so the only way 
to establish the controlled trial for immunotherapy was by giving them all 
maintenance chemotherapy. When the preliminary results of this trial suggested 
that immunotherapy might be of value, it was justified to test the effetcs of im
munotherapy alone. Due to a need to obtain further information about methods 
of improving the drug regime to obtain remission in A.M.L., two new slightly dif
ferent forms of induction chemotherapy were used (B.F.2, B.F.3) before starting 
tbe immunotherapy and so a direct comparison with the initial Barts/Marsden 
study (B234) was not possible. Table 2 shows the results obtained in such a group of 

'fable 11: Remission duration and survival of patients receiving immunotherapy 
only for maintenance of remission. All patients receive weekly B.C.G., 
BF2 patients also receive weekly unirradiated cells, BF3)~ patients weekly 
irradiated cells. 

Days Proportion in remission Proportion surviving 
BF2 BF3 BF2 BF3 

0 100 100 100 100 
100 72 91 95 100 
200 32 58 77 83 
300 18 17 72 76 
400 5 32 65 
500 5 23 65 
No. pts. 22 24 22 24 
No. remaining 1 8 4 18 

,;. BF3 was sequentially after BF2 so these patients have not had sufficient time to die. 

patients with A.M.L. and it is important to point out that this was not a con
trolled trial. The immunotherapy was similar to that described in the B2, 3, and 4 
study except that the cells had been both unirradiated (BF2). (Powies, 1974b) and 
irradiated (BF3) (Powies, 1973). 

Although remission length in both groups of immunotherapy alone patients was 
shorter than those who had received immunotherapy plus chemotherapy, all three 
of these groups had similar overall survival and prolonged periods of survival 
after relapse. In this study there was no significant difference in results between 
the use of unirradiated and irradiated cells but more time must elapse before we 
can be definite about this because the two groups have been sequentially studied 
and B.F.3 has only been including patients for 11/2 years. 
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Throughout the world there are now several other trials under way, the out
come of whim should help identify the place of immunotherapy in A.M.L. As yet 
it is unclear whether intensive memotherapy (Whitecar et al, 1972, Clarkson, 
1972) is better for the patient than low dose intermittent memotherapy and/or 
immunotherapy. 

Some variations of the procedures just described are currently being studied 
cli.nically. There is experimental evidence to suggest that after sialic acid has been 
removed from tumour cell surfaces using neuraminidase they become more 
immunogenic (Currie and Bagshawe, 1968). A controlled trial is now under way 
for A.M.L. in wh im cells so treated are used for immunotherapy (Bekesi et aI1976). 

Another approam is to use B.C.G. as a 'classical' adjuvant as has been tested 
with melanoma (Currie and Basham, 1974) and we are at present conducting 
a controlled trial using B.C.G. mixed with leukaemia cells for this purpose. In 
this study a11 patients receive weekly irradiated cells and B.C.G. as in the previous 
studies, but some of these patients also receive A.M.L. cells and B.C.G. mixed 
together intradermally during the first three months of remission. Preliminary 
results (Table 3) suggest there is no difference between these two groups for 

Table III: Proportion of patients of two groups remaining in remission at various 
durations after starting weekly immunotherapy. In one group cells and 
B.C.G. are mixed together, in the other they are given at different sites 

Days 

o 
50 

100 
150 
200 
250 
300 
Total number 
No. in remission 
(Sept. 75) 

Proportion in remission 
Cells B.C.G. Cells + B.C.G. 
(separate sites) (mixed) 

100 
91 
85 
69 
30 

9 

11 
5 

100 
100 
100 

70 
58 
44 
29 
13 
3 

remission duration, but it is too early to examine the survival data. The possibility 
of treating patients whilst they still have detectable disease is also being explored 
and a preliminary study at Bart's (Hamilton-Fairley, 1975) indicates that 
this form of immunotherapy may help to obtain remission in patients who do not 
respond completely to induction memotherapy. 

There are three entirely new approames whim might soon deserve consideration 
in clinical studies. Specific xenogeneic antisera are now available for acute leu
kaemia cells (Mohanakumar et al 1974, Greaves et al, 1975) and although this has 
immediate application for monitoring the disease process, the possibility of using 
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such materials for passive serotherapy should be eonsidered as their speeifieity 
would overeome many of the problems previously eneountered with such methods. 
Another recent development has been the isolation in human leukaemia cells of 
R.N.A. sequences (Gallo et al, 1974, Spiegelman et al, 1974), which appear to have 
a eommon identity with Simian R.N.A. virus particles. Onee the relevanee of 
these observations to pathogenesis has been established the possibility of an immu
nologieal (and chemotherapeutic) approach to their presence could he considered. 

Finally, in a rat leukaemia model, Thymosin - a hormone extracted from the 
Thymus - has been found effective in bringing about total remission (Khaw and 
Rule, 1973) and when this material becomes available in larger quantities the 
possibility of clinieal evaluation may not then be too distant. 
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The management of and oudook for patients with, acute leukemia is strikingly 
different than it was 10 years ago. The introduction and refinement of empirit.ally 
based combination chemotherapy in the early 1960's not only demonstrably im
proved the response and survival of acute leukemia victims, but equally stimu
lated basic scientists and clinicians alike to view this malady as an entity which 
could be cured within the foreseeable future. With this stimulus a remarkable 
amount of careful, and, oA:en, inspired research has been conducted with the idea 
of better understanding and controlling this illness. In 1975, the task is not to 
stimulate interest in the pathogenesis and pathophysiology of leukemia, but to 

determine whether sufficient information is already available to consistendy 
manage the disease, and, if so, how best to integrate current knowledge. 

As with most illnesses, although progress has been made in parallel in the clinical 
and non-clinical spheres, and although clinical protocols have oA:en been rational
ized on the basis of pre-clinical studies, it is not clear that any therapeutic ad
vance has directly and totally depended upon non-clinical observations. For ex
ample, the systematic determination of schedule dependency, independent 
mechanisms of action, and pharmacokinetics of individual drugs have provided 
models for and explanations of the increased effectiveness of drug combinations, 
but it is hard to imagine that without these studies individual drugs with anti
leukemic activity would not have been combined in much the same fashion as is 
the current practice without these ancillary investigations. Indeed historically 
many of the clinically most successful approaches were conceived and implemented 
before or concurrent with the non-clinical studies which provided their radionale. 
Furthermore, many unequivocal conclusions in animals cannot be (or at least as 
yet have not been) confirmed in man. 

For example, studies in vitro of the scheduling of agents have suggested that a 
certain sequence of drug administration is optimal - and as a corollary, that the 
opposite sequence may be detrimental. Edelstein and his colleagues have shown 
that for greatest effect, cytosine arabinoside (ara-C) should preceed daunorubicin 
(DNR) (1), yet both Omura, et al (2) and Weil, et al. (3) have been unable to 
demonstrate such a difference in the clinical management of acute myelocytic 

.~ Supported by USPHS grants CA-5834 and CA-2599 from the National Cancer In
stitute. 
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leukemia, while DNR for 3 days plus ara-C for 7 days (3 during, and' 4 follow
ing) has been as good or better therapy as ap.y evolved to date for this condition 
(4, 5). ' ", 

Second, viral reinduction of leukemia has been documented in animals (6) and 
suggested in man (7), yet the few attempts at anti-virus therapy in patients with 
leukemia have either met with little or no success or clear evidence of failure 
(8, 9, 10). 

This preamble is not intended as a criticism of basic pre-clinical research, but 
rather as an explanation of and introduction to the great dilemma of any 
conscientious clinician, namely when to abandon or modify effective modalities of 
management based on repeated laborious clinical observations, for new approaches 
of extreme intellectual attractiveness developed in a non-clinical setting. Such a 
consideration is most germane to a symposium such as this one, at wh ich reports 
of significant recent advances in clinical chemotherapy, immunotherapy and com
bination modalities, empirically based and derivative are interspersed with reports 
of new insights and techniques of potentially revolutionary scope which have 
evolved peripheral to or in some cases exclusive of the clinicial arena. If, indeed, 
our clinical efforts had hitherto proved fruitless, it would be a simple matter to 
bear with those treatments we have, rather than flying to those we know not of. 
But clearly this is not our condition at present. Rather, therapy has made major 
strides in children during the last decade and in adults during the last 5 years. 
At every age, the most successful programs have been similar or identical (Table 1), 

Table I: Remission Induction in acute leukemia~~ 

Drugs 

Acute Lymphocytic Leukemia: 
Prednisone (P) + Vincristine (V) 

P + Daunorubicin (D) 
P+V+D 
P + V + Asparaginase 
p + V + Mercaptopurine + 
Methotrexate (POMP) 

Acute Myelocytic Leukemia: 
Daunorubicin (D) 
Cytosine Arabinoside (ara-C) 
POMP 
POMP/PVD 
Ara-C + Thioguanine 
Ara-C + D (5 days, 2 days) 
Ara-C + D (7 days, 3 days) 
Adriamycin + Ara-C + V + P 

,~ for references, and additional data, see reference 29. 
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although, in virtually all instances, age per se has proven to be the most critical 
determinant of response and survival. At the present time, perhaps 90 percent of 
children and 70 percent of adults withacute leukemia initially respond to optimal 
therapy, and up to 50 percent of children can be. expected to survive, disease free, 
for 4. to 5 years or more following diagnosis. The long range effectiveness of 
treatment in adults is only now being assessed, but within the last 4 years the 
remission rates and median survival for both acute lymphocytic leukemia and 
acute myelocytic leukemia treated with the best available protocols· has doubled, 
so that there is hope and optimism that the 2 % 5 year survival rates previously 
observed (Table 2) will be significantly increased. 

Table 11: Long term (~ 5-Year) survival in acute leukemia in adults 

Number at Median Duration Number Alive and ' 
Type Risk of Survival Disease-Free for > 5 Years 

AML 97 5.5 3 
ALL 40 8.5 0 
TOTAL 137 6.5 3 

What then are the clues from non-clinical research that may be so advantageously 
incorporated into future clinical management that we can abandon or significantly 
modify current practices? I can see only one at present, but several more are 
approaching the threshold of clinical experimentation. The available clinical 
modality is the useof non-cytocidal substances, chiefly bacteria or bacterial anti
gens, to stimulate natural immunity and/or hematopoiesis. This approach was 
spearheaded initially in acute lymphocytic leukemia (10), but has shown to more 

Table 111: Remission maintenance of acute myelm:ytic leukemia with chemo
therapy ± ilnmunotherapy (28) 

Maintenance Treatment Median Months 
No.of of Complete 

Chemotherapy Immunotherapy Patients Remission 

OAP (V, P, Ara-C) BCG 20 21 
OAP (V, P, Ara~C) None 33 11.5 
Ara-C + D, Ara-C + TC BCG + AML cells 23 11 
Ara-C + D, Ara-C + TG None 19 7 
MTX + (V + C) BCG 22 11 
MTX + (V. + C) None 26 7.5 
Ara-C + TG, Ara-C + D, N euraminidase 7 16+ 

'Ara-C + C treated AML cells 
Ara-C + TG, Ara-C + D, None 10 5 

Ara-C + C 
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consistent advantage as an adjuvant to chemotherapy in the remission maintenance 
phase of acute myelocytic leukemias (Table 3) (11, 12, 13, 14, 15). Dr. Raymond 
Powles, in this volume, has presented some of the difficulties in defining the 
mechanism(s) of action of this approach. What is dear is that first, use of the term 
"immunotherapy" for such approaches is at best premature and second, irrespec
tive of the mode of action such explorations will and should continue both at thc 
laboratory and clinicallevels. 

On the horizon shimmering with promise and back.ed by abundant data in 
animal models are the use of cell kinetics for drug selection, the exploitation of 
normal biological rhythms for drug scheduling, and the selection of dr-ugs based 
on intraceHular biochemical determinants of drug action. While clinical applica
tion of these approaches have been attempted in the past (16-19) with limited 
success, the obvious deficiencies in the methodology required for on-going studies 
may have abbrogated any striking clinical benefit. For example, most methods oE 
deterrnining intracellular DNA synthesis are either retrospective and limited to 
a few key determinations (e. g., radioautography) or are indirect and not specific 
for the most critical stern cell population (e. g., in vitro thymidine incorporation 
or spectrofluorometry). Recent progress in cell fractionation and real time analysis 
procedures, e. g., high-pressure liquid chromatography, should facilitate future 
studies in these areas. 

The use of biological pharmacological stimuli to control ceU replication and 
differentiation is perhaps the most intriguing new avenue for exploration. \V/ith
out question both naturally produced and synthetic activities can induce strikingly 
quantitative and qualitative changes in both normal and rnalignant cell populations 
in vitro as amply reviewed in this symposium (20-24). How general is this phe
nomenon, and how effectively these activities can be isolated and successfully 
delivered to their cellular targets will determine the applicability of such an ap
proach in vivo. 

Evaluation of aU modes of therapy present and future, would be greatly 
bolstered by the development of sensitive, specific assays of the extent of idsease 
involvement. Is initial therapy still appropriate? Must therapy be continued, and 
for how long? Do foci of leukemic cells (or leukemogenic agents) remain in the 
rnarrow, or in extramedullary sites such as the central nervous system or gonads? 
These are without question the most common questions asked by and of the leu
kemia therapist, and at present the answer is almost always "wait and see." Thc 
greatest frustration for the physician remains that only failure is established 
with certainty, while the greatest calamity of therapy is the injury or death of a 
patient through treatment which might not be necessary. 

Unfortunatley no suitable asssay is currently available. Light microscopy is 
capable of assessing orders of magnitude of 109-1012 leukemic cells in a clinical 
setting although even within this range the specificity of morphological (and cyto
chemical) criteria are frequently suspect. Cytogenetic assays may occasionally ex
tend this range, but are fraught with many technical and sampling variables not 
to mention the fact that approximately half of all leukemic cell lines go un
recognized with current karyotypic techniques. The production of muramidase, 
polyamines, uric acid, and lactic acid dehydrogenase are at present too non-specific 
and inscnsitive for clinical monitoring. For the above examples, and indeed for all 
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other readily available tests, there is insufficient resolution to assess tumor extent 
or activity du ring the increasingly crucial period of complete remission. 

There is reason to hope, however, that current research will shortly improve 
leukemic cell identification. Several of the most promising lines of investigation 
have been reviewed in this symposium. These include the development and utili
zation of antisera to leukemic ceIls, the identification of previously undescribed 
and possibly more specific metabolites of leukemia cells, and perhaps of greatest 
immediate value, the development of more rapid and precise techniques of cell 
separation, e. g., the fluorescence activated cell sorter. These separation techniques 
may weIl enhance the sensitivity of aIlleukemic cell identification procedures, both 
current, based on morphology, cytochemistry, and immunological characteristics 
and future, including the identification of oncorna virus footprints. The report in 
this volume by Greaves and co-workers (25) exemplifies the combination of a 
highly specific leukemia cell assay with sophisticated cell separation which should 
aid in clinical management and in the assessment of new treatments. 

Finally, I would like to briefly summarize the observations made by my col
league at Roswell Park Memorial Institute, Dr. Alex Bloch, concerning the urinary 
excretion of cytidine 3', 5'-monophosphate (cyclic CMP). Dr. Bloch has recently 
identified not only this previously unrecognized cyclic nucleotide, but cytidyl 
cyclase as weIl, in murine leukemia L1210. In this model cyclic CMP stimulates 
rapid cell proliferation, shortening the lag phase of in vitro passaged L1210 from 
two hours to less than thirty minutes (26). Cyclic CMP is either in low concen
trat ion or absent in normal mouse tissues; however it becomes elevated in re
generating liver following partial hysterectomy. Based upon these observations, 
the urinary excretion of cyclic CMP was evaluated in 6 patients with active 
leukemia (2 ALL, 3 AML, and 1 CLL), whereas no cyclic CMP could be detected 
in individuals or pooled urines from normal urine sampies, concentrations of 0.27 
to 1.31 u moles were observed in the 24 hour urines collected from all leukemic 
patients (27). In the one patient studied serially, a fall in urine concentration of 
cyclic CMP paralleled the reduction of bone marrow and blood myeloblasts. 
Clearly this observation is most preliminary, and any further judgment must await 
the completion of the controlled assessments currently in progress. Nonetheless it 
is this type of non-invasive monitering which must be developed if therapeutic trials 
are to be safely and scientifically conducted. 

In summary, the dilemma of the therapist is how far to pursue modifications 
of the empirical cytotoxic approach to leukemia therapy, and when and how to 
seek new avenues of leukemia control which have as yet no clinical substantiation. 
It is encouraging to note the continued interest and accomplishments of laboratory 
investigators in leukemia research, since despite remarkable progress during the 
last decade, leukemia remains incurable for the majority of those afflicted. 
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Avian myeloblastosis virus (AMV) is an avian RNA tumor virus which can 
replicate in every ceIl from susceptible chickens but expresses its oncogenic efIect 
only in specific target cells. In chickens, the BAI Strain A of AMV used in these 
studies gives rise to highly difIerentiated neoplasias, i. e., myeloblastic leukemia, 
chronic lymphoid leukemia, nephroblastoma and osteopetrosis. In vitro, AMV can 
transform cells from hematopoeitic tissues and from the Bursa of Fabricius (c. f. 
Baluda, 1962). . 

AMV, as all RNA tumor viruses do, replicates its RNA via a DNA template 
(v-DNA) (Temin, 1963, 1964; Bader, 1964, 1965; Baluda & Nayak, 1970; B,alti
more, 1970; Temin & Mizutani, 1970). This was established by isolation of in
fectious DNA from virus transformed cells and by detection of viral specific DNA 
sequences in infected cells and of reverse transcriptase in virions (Baluda & Nayak, 
1970; Baltimore, 1970; Temin & Mizutani, 1970; Hill & Hillova, 1971; Svo
boda et al., 1972 Neiman, 1972; Shoyab et al., 1974). Furthermore, some strains 
of sarcoma viruses, avian and murine which da net:contain active RNA directed 
DNA polymerases are noninfectious (Hanafusa & Hanafusa; 1971; May et al. , 
1972; Peebles et al., 1972). Due to the vertical transmission of endogenous proviral 
DNA, even apparently normal chicken cells contain DNA sequences which are 
complementary to theRNA of AMV (Baluda & Nayak, 1970;'Baluda, 1972; 
Neiman, 1972; Shoyab et al., 1974 a, b, C; Shincariol et al., 1974; Varmus et al., 
1972). After infection of chicken cells with an RNA tumor virus, the amount of 
viral specific sequences is increased due to the acquisition of qualitatively different 
virus specific sequences (Baluda, 1972 Shoyab et al., 1974 a, b). Addition of viral 
DNA after infection with avian oncornaviruses also takes place in mouse, rat or 
duck cells which do not contain DNA sequences homologous to the RNA of avian 
oncornaviruses (Baluda, 1972; Harel et al., 1972; Varmus et al. , 1973; Shoyab 
et al., 1974; Shoyab et al., 1975). 

Endogenous Viral DN A in Normal Chicken Cells. AMV RNA hybridizes with 
normal chicken DNA 50-65 % as much as with DNA from leukemic cells trans
formed by AMV (Baluda, 1972; Shoyab et al. , 1974 a, b, c). We had postulated 
that hybridization between AMV RNA and normal chicken DNA might be due to 
homology between AMV RNA and the RA V -0 like endogenous virus genome. 
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Fig. 1: Inhibition of hybridization between 3H-35S AMV RNA and normal chicken DNA 
by 35S RAV-O RNA: The hybridization mixture contained 1.6 mg of sonicated DNA, 
6 x 10-4 fA.g of 3H-Iabeled 35S viral RNA (specific activity: 1.9 x 106 cpm per fA.g), 
0-2 !-tg of unlabeled 35S viral RNA and 0.1 % SDS in 004 ml of OAM phosphate buffer 
pH 6.8. The hybridization mixture was placed in tightly silicone-stoppered tubes, boiled 
for 3 minutes in a water ethylene-glycol bath, quickly transferred to a water bath at 65 C 
and incubated for 64 h to reach a Cot of approximately 15,000 (concentration of nuc1eo
tides in moles per liter x time in seconds). The mixture was then diluted with cold 
water and processed to determine the fraction of 3H-Iabeled RNA wh ich became RNase 
resistant. Viral RNA which hybridized with embryonic mouse DNA under similar con
ditions (6 0/0) was subtracted from the experimental values. The values obtained in the 
presence of yeast RNA but in the absence of unlabeled viral RNA were normalized to 
100 percent and competition presented as percent of maximum hybridization. 

0-0 Competition by 35S AMV RNA 
• • Competition by 35S RAV-O RNA 

That is the case as shown in Figure 1; 35S RNA from RAV-O inhibited by 98 0/0 

hybrid formation between normal chicken DNA and 35S AMV RNA. 
Similar conclusions are obtained with another competition hybridization tech

nique (Table I). If normal chicken DNA is first hybridized with an excess of un
labeled 70S RAV-O RNA, there is no subsequent hybridization with 3H-35S AMV 
RNA. If yeast RNA replaced RA V -0 RNA in the first hybridization, 288 cpm 
of AMV RNA hybridized with normal chicken DNA. Also, 70S RA V -0 RNA in
hibits by 84 % hybridization between 3H-Iabeled 35S AMV RNA and DNA from 
leukemic chicken myeloblasts. This findings is in agreement with other work which 
shows that there is approximately 70 % homology between the genomes of RAV-O 
and AMV. This was determined by RNA excess competition of DNA driven RNA
DNA hybridization. Hybridization between 3H-Iabeled 35S AMV RNA and 
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Table I: Filter hybridization of 3H-35S AMV RNA with normal or leukemic 
chicken DNA with or without prehybridization with unlabeled 70S 
RAV-ORNA 

DNA 

Normal Chicken 
Embryos 

Leukemic Chickens 

CPM Hybridized/l00 flg DNA 
Prehybridized With: 

Unlabeled Yeast 
70S RAV-O RNA 
RNA 
(A) 
o 

97 ± 7 

(B) 
288 ± 5 

616 + 8 

A 
B 

o 

0.16 

Two hybridization vials were used. In the first vial, the hybridization mixture eontained 
10 flg/ml of 70S unlabeled RAV-O RNA and .05 % SDS in 4 X sse. In the seeond vial, 
yeast RNA replaeed RAV-O RNA. At the end of the first eyde of hybridization at 70 oe 
for 20 h, the filters were direetly transferred to different vials eontaining 1.05 X 106 epm 
of 355 3H-AMV RNA, 7.5 mg of yeast RNA in 1.5 ml of 4 X 55C plus 0.05 % SDS. 
After the seeond hybridization performed for 12 h at 70°C, the filters were washed, treated 
with ribonuc1eases A and Tl and processed as described earlier (Baluda & Nayak, 1970). 
Cpm bound to each mouse DNA filter (12 cpm when RAV-O RNA was used as competitor 
or 21 cpm when cold yeast RNA was used in the first cyeIe of hybridization) were deducted 
from epm hybridized to experimental filters. 

DNA from leukemic chicken myeloblasts was inhibited 92 °/0 by 2 flg per 0.4 ml 
of unlabeled 35S AMV, and 68 0/0 by 2 flg of unlabeled 35S RAV-O RNA. Con
versely, hybridization between 3H-Iabeled 35 S RAV-O RNA and leukemic 
chicken DNA was inhibited 96 0/0 by unlabeled 35S RAV-O RNA and 67 0/0 by 
unlabeled 35S AMV RNA. 

Appearance 0/ Viral DNA After In/ection 0/ Chick Embryo Fibroblasts with 
Prague Strain 0/ Rous Sarcoma Virus (PR-RSV) or Avian Myeloblastosis Virus 
(AMV). Proviral DNA is synthesized early after infection. This has been shown 
by hybridization of 3H-Iabeled 70S AMV RNA with DNA from chick embryo 
fibroblasts (CEF) infected with either AMV or PR-RSV (Ali & Baluda, 1974). 
It was possible to separate v-DNA newly synthesized after infection from the 
endogenous viral DNA integrated into high molecular weight cellular DNA by 
the Hirt fractionation procedure. The fractionation of v-DNA into Hirt's super
nate (low molecular weight DNA) and pellet (high molecular weight DNA) from 
cells infected with AMV at a high input multiplicity of infection showed an en
richment of viral DNA in the Hirt supernate as early as 1 h after infection. The 
synthesis of small molecular weight viral DNA continued for approximately 72 
hours (Figure 2). Alkaline sucrose velocity sedimentation analysis of v-DNA in the 
Hirt supernate suggests that v-DNA is synthesized as moleeules equivalent to 
copies of the 3 X 106 daltons viral RNA subunit. Lagging a few hours behind 
the increase in free v-DNA, there was an increase in the pellet (integrated) 
v-DNA until it reached a maximum approximately 72 hours after infection 
(Figure 2). 
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Fig. 2: Proviral DNA synthesis in cells infected with AMV or PR-RSV: CEF cultures 
were infected with AMV or PR-RSV at input multiplicities of 4 or more arid were 
subjected to Hirt fractionation at various time intervals after infection. Hirt fractionation 
separates DNA of large molecular weight from DNA of small molecular weight. The cells 
were lysed in 0.6 % SDS, O.OlM Tris-HCI (pH 7.4) and O.OlM EDTA. The lysate was 
made 1M with NaCI, allowed to precipitate at 0 °C for 16 hours and centrifuged at 
35,000 xg for 1 hour. DNA from supernate or pellet was then extracted, purified, denatured, 
immobilized on nitrocellulose filters and hybridized at 70 9C for 10 hours with 3H
labeled 70S AMV-RNA (106 cpm per ml) in 4 x SSC containing 3 mg of mouse RNA 
per ml and 0.05 % SDS. After hybridization, the arpount of DNA attached to each filter 
wasdetermined by the Burton diphenylamine reaction. 

Three to five filters were made with DNA from each fraction. 3H-AMV-RNA bound 
by mouse DNA filter was deducted from each experimental filter and the amount of 3H
AMV RNA hybridized per 100 ~g of. DNA was determined. The 3H AMV RNA hybrid
ized to end,ogenous viral DNA in noninfected cells was deducted from the cpm hybridized 
at various time intervals for each fraction. Cpm in the Hirt supernate were also divided 
by the enrichment factor, i.e., ratio of DNA recovered in the pellet to that recovered in 
supernate calculated from the respective absorbancy at 260 m~. 

The newly synthesized viral DNA from the Hirt supernatant fraction was sub
jected to neutral cesium chloride-ethidium bromide density equilibrium sedimen
tation and 10-20 % of v-DNA sedimented at a density of 1.58-1.60 g/cc, dem
onstrating the existence of circular molecules. The presence of supercoiled circular 
molecules was also detected by velocity sedimentation in alkaline sucrose 
gradients. The free linear and circular viral DNA which is detected early after 
infection in oncornavirus infected avian cells appears to be synthesized for a short 
time only after infection, approximately 72 hours. 

The sedimentation profiles of minimally sheared cellular DNA in alkaline sucrose 
velocity gradients suggest that v-DNA is synthesized as small moleeules which 
subsequently are covalently linked to high molecular weight cellular DNA. 
Table II shows that 60 hours after infection of CEF with PR-RSV, 50 % of the 
newly synthesized v-DNA still appears as free molecules. By contrast, in leukemic 
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Table 11: Alkaline sucrose velo city sedimentation of virus specific DNA isolated 
from CEF 60 hours after infection with PR-RSV 

Fraction DNAa Cpm viral RNA Newly 
(range of sedimentation per fraction hybrizided per synthesized 
values) (f-tg) 100 f-tg DNAb v-DNA 

0/0 

(0- 18)S 24.8 3,273 ± 35 9.0 
(18- 28)S 16.8 7,324 + 621 27.6 
(28- 40)S 14,..4 5,331 ± 608 14.6 
(40- 80)S 33.1 2,780 ± 380 6.8 
(80-122)S 167.8 2,925 ± 232 42.1 
Total DNA (uninfected) 2,133 ± 353 0 
Total DNA (infected) 4,221 -± 373 

3H-labelled DNA from various fractions of the gradients was purified, denatured, im
mobilized on filters and hybridized with 32P-labeled 70S AMV RNA in large excess. 
a Dete,rmined from 3H radioactivity before hybridization. 
b Mean of 2-5 filters ± standard deviation. An average background of 131 cpm per 
filter of 32p RNA hybridized to mouse DNA filters has been subtracted. 

cells several weeks after infection, or in normal cells, 100 % of the v-DNA seems 
to be integrated (Markham & Baluda, 1973). 

Integration 0/ Oncornavirus DNA in Normal Chicken Cells and in Leukemic 
Cells Trans/ormed by AMV. The integration of proviral DNA into host DNA 
had been postulated to explain the persistence of the viral genome in cells trans
formed by oncornaviruses (Bentvelzen et al., 1970; Temin, 1962, 1971). Also, 
genetic analysis suggested a dose association between the cell genome and genetic 
information responsible for expression of virus specific products (c. f. Markham & 
Baluda, J 973). 

The integration of v-DNA into normal chicken cell DNA and in leukemic 
myeloblasts transformed by AMV several weeks earlier was demonstrated by the 
formation of alkali stable bonds between v-DNA and nudear cellular DNA of 
large molecular weight (Sambrook et al., 1968; Markham & Baluda, 1973). The 
sedimentation profile in alkaline sucrose gradients of minimally she;:tred DNA from 
leukemic myeloblasts transformed several weeks earlier showed that viral DNA 
sedimented with high molecular weight cellular DNA (Figure 3). There is no 
detectable free viral DNA. The presence of viral DNA in pools I and II is due to 
partial degradation of cellular DNA into fragments containing v-DNA, since the 
concentration of v-DNA per 100 f-tg of cellular DNA was similar in pools I, II, 
III and IV. If some v-DNA had existed in a free state of lower molecular weight, 
it would have become more concentrated in pools I and II since there was a 
3-to-4-fold enrichment of smaller sized DNA in these pools as compared to pools 
III and IV. 

The existence of v-DNA as supercoiled circular molecules of relatively small 
size with a high sedimentation coefficient, i. e., greater than 93S, can also be ruled 
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Fig. 3: Hybridization of 32P-labeled 70S AMV RNA with 3H-labeled DNA from cells 
fractionated byalkaline sucrose velocity sedimentation: Cultured leukemic cells were labeled 
for 8 h with 3H-thymidine (2 f.tCi/ml), washed, and incubated in normal medium for an 
additional 16 h. Cells (2-3 x 106) were layered on the top of each alkaline sucrose gradient. 
The cells were lysed at 4 C for at least 12 h, then the gradients were centrifuged for 
7 h at 22,000 rpm at 4 C in a Beckman SW-27 rotor. Fractions were collected from the 
top of each gradient by pumping 70 % sucrose into the bottom of the centrifuge tube. 
Sampies from each fraction were precipitated with 5 % trichloroacetic acid, filtered, washed, 
dried, and counted in toluene scintillation fluid. Direction of sedimentation is from left to 
right. For eam ceIl type, 72 gradients were run, and the DNA was pooled from 60 to 72 
gradients according to specified sedimentation values and neutralized with 2 N HCI in 
O.4M Tris, pH 7.4. Soluble yeast RNA was added as carrier (5 f.tg/ml), and the DNA was 
concentrated by ethanol precipitation, phenol extracted, treated with alkali (0.3 N KOH, 
18 h at 37 C), dialyzed, denatured, and trapped on nitrocellulose membrane filters. DNA 
filters were hybridized with 1.2 x 106 counts per min per ml of 32p 70S RNA (specific 
activity, 5.4 x 105 counts per min per f.tg). Tbe histograms represent cpm of 32P-70S AMV 
RNA hybridized to each pool of DNA with specified sedimentation values. 

out. After neutral cesium chloride-ethidium bromide density equilibrium sedimen
tation, all the viral DNA was present as linear, double-stranded DNA not 
separable from linear chicken DNA. In addition, after extraction by Hirt's proce
dure, the viral DNA precipitated with high molecular weight cellular DNA. 
Similar results were obtained for endogenous v-DNA in normal chicken cells show
ing that all the endogenous v-DNA is integrated in nuclear cellular DNA of large 
molecular weight (Markham & Baluda, 1973). 

Integration may be a great advantage for RNA tumor viruses since the DNA 
provirus becomes part of the cellular genome and stability of infection is insured 
(Temin, 1971). Also, since the viral information has an RNA phase, activation 
of viral replication can occur without excision of the integrated viral DNA. On
cornaviruses, therefore, avoid the need for many complicated regulatory mecha
nisms to control DNA replication, transcription and excision such as those re
quired by temperate phages (Borek & Ryan, 1973; Echols, 1971). 

316 



CPM Hybridized per 100 ~g DNAb from 

Brain Thigh Heart Liver Lung Spleen 
Muscle 

Normal 1415±78 1249+ 99 1049+ 25 1221 + 105 1209± 67 1123 ± 68 
Chickens 
Leukemic 1286 + 60 1335 + 108 2038 + 110 1831 + 112 1903 ± 70 1662 ± 84 
Chickens 

a. Various tissues from 12 normal and from 12 leukemic 3-5 week old chickens were 
removed and pooled. DNA was isolated, purified, trapped on nitrocellulose filters and 
hybridized for 10 h at 70°C. Five filters were hybridized in each vial which contained 
5 x 105 cpm of 3H-35S AMV RNA (specific activity: 1.9 x 106 cpm per ~g) and 1.5 mg 
of mouse RNA in 0.5 ml of 4 x SSC plus 0.05 % SDS. After hybridization and process
ing, each filter contained between 30-40 ~g of DNA. 3H-RNA bound to mouse DNA (15-
20 cpm per filter) was subtracted as background from each experimental filter. 
b. Counts per minute ± standard deviation. 

Kidney RBC Leukemic 
Myelo-
bl asts 

1232± 57 1201 ± 93 

3374+ 394 2820±240 2810 + 134 
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Chicken 
Number 

16307 
16322 
16343 

Breast 
Muscle 

533 + 36 
710+ 36 
675 ±44 

Heart 

530 ± 51 
657± 36 
n. d. 

Cpm hybridized per 100 (!g DNA from b 

Liver 

550± 50 
621 ± 36 
515 ± 53 

Lung 

728 ±27 
666±44 
n. d. 

Spleen RBC 

AtrophiedC 976 ± 27 
604 + 36 923 ± 36 
746+44 911±41 

a One-day old chicks were injected intraperitoneally with AMV, and three that developed 
kidney tumors (embryonal nephromas) detected by abdominal palpation were sacrificed 
on day 102. Chicken 16307 had a nephroma confined to the upper lobe of the right kidney 
. (kidney tumor no. 1); the other lobes of the right kidney and the entire left kidney (normal 
kidney) were not affected. ehicknes 16322 and 16343 had bilateral kidney tumors. Chicken 
16322 had a large cystic tumor involving the entire left kidney (kidney tumor no. 1) and 
a sm aller cystic tumor of the top lobe of the right kidney (kidney tumor no. 2); the other 
two . lobes of the right kidney appeared normal (normal kidney). Chicken 16343 had a 
teratoma involving the entire leB: kidney (kidney tumor no. 1) and a cystic tumor in
volving the entire right kidney (kidney tumor no. 2); there was no detectable normal kidney 
tissue. 
. DNA was isolated from each organ, purified, treated with .3N KOH, denatured, trapped 

on nitrocellulose filters, and hybridized at 70 oe for 10 hr with 70S AMV 3H-RNA. 
Each vial contained five experimental filters from one organ in 1 ml of 4 x saline citrate 
with 0.05 6/0 sodium dodecyl sulfate, 3.0 mg of mouse embryo RNA, and 1 x 106 counts 
per min of AMV 3H-RNA (specific activity of 8.1 x 105 counts per min per (!g). The 
counts per minute shown represent 3H radioactivity hybridized per 100 (!g of DNA. 
b Mean of five filters ± standard deviation. 
C At postmortem it was noted that the spleen of this chicken (16307) was devoid of pulp. 

Normal Kidney 
Kidney Tumor 

No. 1 
595 + 53 1083 + 36 

1376 + 27 1085 + 36 
1811 ± 71 

Kidney 
Tumor 
No. 2 

1385 + 36 
1331 + 63 

~ 
tr -o --<: .. 
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Fig. 4: 

KlNETlCS OF HYBRIDIZATION OF 35 S AMV RNA WlTH DNA FROM DIFFERENT TISSUES OF NORMAL OR 
LEUKEMIC CHICKS 

- 
LEUKEM IC  

Hybridization kinetics of SH-labeled 35s AMV RNA with ,excess DNA from 
various tissues of normal and leukemic chickens: Tissues from six normal or from six 
leukemic chickens were pooled and DNA isolated. The hybridization mixture contained per 
m14 mg of cellular DNA sheared to a fragment size of 6-7S, 2,500 cpm of sonically treated 
3H-labeled 35s AMV RNA (size 8. to los, specific activity 1.9 X 106 cpm per pg) in 
0.4M phosphate buffer, p H  6.8 plus 0.1 O/o SDS. The hybridization was carried out a t  65 C 
in tightly silicone-stoppered tubes. After boiling for 3 min in a waterethylene glycol bath, 
the mixture was quickly transferred to a water bath at 65 C .  Samples of 0.25 ml were 
taken at different time intervals and diluted with cold water in an ice-water bath. One- 
half of each sample was then treated with pancreatic A and Ti ribonucleases to determine 
the fraction of viral RNA rendered ribonuclease resistant. A badcground of 2 010 obtained 
a Cot 0 was deducted from all experimental values. 
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Acquisition of Viral DNA in Target Tissues of AMV Infected Chickens. DNA
RNA hybridization studies were carried out to investigate: i) the distribution of 
vertically transmitted endogenous viral DNA in various tissues of normal chickens, 
and ii) the distribution of AMV provirus in various tissues of chickens wh ich 
developed neoplasias after infection with AMV. Two types of nucleic acid hybrid
ization were used: i) denatured cellular DNA immobilized on filters was hybrid
ized to an excess of viral RNA to quantitate the cellular concentration of viral 
DNA sequences in different tissues, and ii) 35S viral RNA was hybridized to an 
excess of cellular DNA to determine the proportion of the AMV genome that 
is present in different tissues. 

Filter Hybridization in RNA Excess. Our findings demonstrate that in normal 
chickens the endogenous viral DNA is present at the same cellular concentration in 
every tissue that was tested (Table III). This demonstrates the constancy of verti
cally transmitted endogenous viral DNA in every organ and probably in every 
cell of normal chickens. By contrast, after injection of AMV into one-day old 
chicks, AMV specific DNA appears to be acquired only by tumor cells and by 
target cells in leukemic chickens (Table IU). The tissues from leukemic chickens can 
be divided into three groups: 1) muscle and brain in which the cellular con
centration of viral DNA remains the same as before infection with AMV, 2) 
heart, lung, liver and spleen in which the concentration of v-DNA is increased 
approximately 50 0/0, 3) leukemic myeloblasts, RBC and kidneys in which there is 
a 2-2.5-fold increase in v-DNA. The latter group of tissue contains about the same 
amount of viral DNA. These tissues are-known to contain target cells which can 
be converted to neoplastic cells by AMV (Baluda & J amieson, 1961; Baluda et al., 
1963; Walter et al., 1962). 

AMV -induced kidney tumors provide weH defined, localized carcinoma tissue 
and apparently normal tissues can be obtained from the same chicken due to the 
absence of metastases. Consequently, 1-day-old chicks were injected intraperitone
ally with AMV, and 3 months later three female survivors that had enlarged 
abdomens with a palpable tumor mass were sacrificed. Examination of their periph
eral blood revealed that all three chickens had slightly immature (blue-gray) 
erythrocytes. In addition to the RBC, six apparently normal tissues (breast muscle, 
heart, liver, lung, spleen, and kidney) were removed, and their DNA was tested 
for viral DNA content (Table IV). Tissues known to contain target cells for tumor 
induction by AMV showed an increase in the average cellular concentration of 
viral DNA, whereas non-target tissues did not. The lungs, which may be considered 
a partial target tissue because they contain a large number of leukocytes and 
erythrocytes, showed a small, but significant (at the 0.01 level using the t test) 
increase in viral DNA content. 

Liquid Hybridization in DN A Excess. To determine what proportion of the 
AMV genome was present in the various tissues of normal and leukemic chickens, 
35S AMV RNA was hybridized in liquid to an excess of cellular DNA (Shoyab 
et al., 1974). Cellular DNA from every organ of normal chickens tested contained 
viral DNA sequences which represented approximately the same fraction of the 
AMV RNA genome (Figure 4). The amount of input viral RNA made RNase 
resistant by DNA from various tissues of normal chicken varied between 23 to 32-0/0. 
This represents hybridization of AMV-RNA with RAV-O like endogenous viral 
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DNA. The kinetics of hybridization are almost the Same for every normal 
tissue and are identical to the kinetics of hybridization between AMV RNA and 
DNA from individual whole normal chicken embryos (Shoyab et al., 1974). These 
results indicate that the endogenous oncornavirus DNA sequences, estimated at 
two to three copies per diploid cell genome, are quantitatively and qualitatively 
similar in every Organ of normal chickens. 

Unlike the findings obtained with tissues from normal chickens, the kinetics of 
hybridization of AMV RNA with DNA from tissues of leukemic chickens varied 
G t h  different tissues (Figure 4). Maximum hybridization was obtained with DNA 
from leukemic myeloblasts or RBC (64 to 67 010). Hybridization obtained with 
kidney DNA was about 10 O/o  lower than with DNA from leukemic myeloblasts 
or RBC. DNA from muscle or brain hybridized 33 010 of input viral RNA, the 
Same fraction hybridized by DNA from uninfected chickens. DNA from heart, 
liver, lung, or spleen hybridizes a fraction (42 to 50 010) of viral RNA intermediate 
between the first two groups of tissues. These data indicate that there are 4 to 6 
DNA copies of the viral genome per leukemic myeloblast. 

HYBRl DlZATlON OF 35 S AMV RNA WlTH DNA FROM DIFFERENT Tl SSUES OF CHICKENS WlTH 
K l  DNEY TUMORS 

.. 0.71- 

Cot (moles*sec/l i ter)  

Fig. 5: H~bridization kinetics of 3H-labeled 35s AMV RNA with excess DNA from 
various tissues of chidrens with kidney tumors: The conditions of hybridization were iden- 
tical to those in Figure 1. 

0 Kidney Tumor DNA Spleen DNA 
A Liver DNA A Lung DNA 

Apparently normal kidney DNA 



The intermediate increase of viral DNA sequences in some tissues, e. g., heart, 
liver, lung, and spleen, may reflect either a mixture of noninfected and infected 
cells, infiltration of the Organ by leukemic myeloblasts and RBC, or addition of 
fewer or incomplete DNA copies of the AMV genome in certain types of cells. 

The data in Table IV show that the cellular concentration of AMV DNA in- 
creases as much in kidney tumor cells as it did in leukemic myeloblasts or in RBC 
of leukemic chicks but that there is no increase in non-target Organs such as muscle 
or liver. To determine whether the increase in AMV DNA content represented the 
acquisirion of new complete DNA copies of the AMV genome or amplification of 
preexisting endogenous sequences, W-AMV RNA was hybridized in an excess 
of cellular DNA from various tissues of kidney tumor-bearing chickens. The results 
(Figure 5) show that DNA from kidney tumors hybridizes approximately 
twice as much viral RNA (67 O l o )  as does DNA from spleen, lung or h e r .  DNA 
from the latter tissues hybridizes with AMV RNA to the Same extent (33-36 O / o )  

as DNA from the- tissues of uninfected chickens. The kinetics of hybridization 
indicate that entire DNA copies of AMV RNA have been acquired by kidney 
tumor cells and that there are 4-6 copies of viral DNA per diploid cell genome. 

To demonstrate more directly the presence of viral DNA sequences in neo- 

KlNETlCS OF HYBRlDlZATlON OF 35 S AMV RNA WHlCH DID NOT HYBRlDlZE WlTH NORMAL DNA 

Cot (moles-sec / l iter ) 

Fig. 6 :  Kinetics of hybridization in excess of DNA of SH-labeled 35s AMV RNA and 
35s AMV RNA which failed to hybridize with normal chicken embryonic DNA. The 
conditions of hybridization were the Same as those described in Figure 1. 

Hybridization of 35s AMV RNA with normal chicken embryo D N A  
I(r. Hybridization of 35s AMV RNA with chicken kidney tumor DNA 
0 Hybridization of residual AMV RNA with normal chicken embryo DNA 

Hybridization of residual AMV RNA with chicken kidney tumor DNA 



plastic tissues, e. g., leukemic myeloblasts and kidney tumor cells that are not 
present in normal tissue, sonicated 35S AMV RNA was hybridized exhaustively 
with an excess of DNA from normal chicken cells to remove all viral RNA se
quences homologous to endogenous viral DNA in normal cells. The unhybridized 
AMV RNA was then isolated and rehybridized with excess DNA from normal or 
neoplastic kidney tissues. The kinetics of the second hybridization are shown in 
Figure 6, wh ich also includes for comparison hybridization of untreated 355 AMV 
RNA with DNA from the same tissues. At Cot 20,000 kidney tumor DNA hybrid
ized 59 % of untreated 355 AMV RNA whereas normal embryonic chicken DNA 
hybridized only 30 % of the viral RNA. The residual AMV RNA fraction that 
failed to hybridize with DNA from normal chickens hybridized only 6 % with 
DNA from normal cells. In contrast, the kinetics of hybridization of the residual 
AMV RNA with the kidney tumor DNA was similar to the kinetics of untreated 
35S RNA and 54 '0/0 of the residual RNA became RNase resistant. These results 
provide direct evidence that kidney tumor DNA contains new AMV DNA 
sequences acquired after infection with AMV. 5imilar results were obtained with 
DNA from leukemic myeloblasts. 

Conclusions 

Proviral DNA is synthesized within an hour after infection of chicken cells with 
an avian oncornavirus and is int,egrated into nuclear cellular DNA within a short 
time. The viral DNA appears to be synthesized as double-stranded molecules of 
approximately 6'x 106 daltons some of which are converted into supercoiled 
circles perhaps as a requisite for integration. 

The endogenous v-DNA in normal chicken cells and both the endogenous and 
AMV v-DNA in leukemic chicken myeloblasts are covalently linked with chromo
somal DNA. There is no detectable free DNA either circular or linear present in 
leukemic cells several weeks after infection. The endogenous v-DNA wh ich is 
transmitted vertically from parents to offspring is uniformly and stably distributed 
in all chicken organs. There are about 1-2 copies of endogenous provirus per 
haploid genome of all normal cells. This DNA is very closely related to RA v-o 
RNA. After infection with AMV it seems that target cells such as leukemic 
myeloblasts, RBC and nephroblasts acquire complete copies of AMV DNA. In
terestingly, only these target cells can be converted to neoplastic cells in the chicken 
as well as in vitro. The target cells acquire 1-2 copies of AMV specific DNA per 
haploid genome in addition to the endogenous v-DNA. 

All the available evidence shows that leukemic and kidney tumor cells have 
acquired AMV v-DNA. It remains to be elucidated whether the newly added 
viral DNA is alone responsible for neoplastic changes or does so in conjunction 
with endogenous viral information. 
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Sequences and Functions of Rous Sarcoma Virus RNA 

Abstract 

Peter H. Duesberg, Lu-Hai Wang, Karen Beemon, 
Sadaaki Ka wai~[- and Hidesaburo Hanafusa:t-

Virus Laboratory and Department 
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Berkeley, California 94720 
and 

~!- RockefeIler University, New York, N. Y. 10021 

A procedure has been developed to map the genetic elements of avian tumor 
virus RNA, which has a molecular weight of about 3 x 106 daltons and a poly(A) 
sequence at the 3' end. For this purpose, ab out 30 RNase T 1-resistant oli 
gonucleotides were ordered relative to the 3'-poly(A) terminus of the RNA, to 
construct an oligonucleotide map of viral RNAs. A cluster of seven envelope 
gene (env )-specific oligonucleotides, identified by their absence from the other
wise very similar oligonucleotide map of an envelope-defective deletion mutant 
(which lacks the major viral glycoprotein), mapped at a distance of 0.9 to 1.6 x 106 

daltons from the poly(A) end of sarcoma virus RNA. A cluster of three sarcoma 
gene (src)-specific oligonucleotides, identified by their absence from the other
wise nearly identical oligonucleotide map of a transformation-defective deletion 
mutant mapped at a distance of 0.2 to 0.6 x 106 daltons from the poly(A) end of 
sarcoma virus RNA. The oligonucleotide maps of sarcoma virus es and of related 
deletion mutants were the same from the poly(A) end up to 0.2 X 106 daltons and 
included one terminal oligonucleotide, termed C, which is found in a11 avian tumor 
viruses tested so far. Preliminary mapping experiments ordering the src-specific 
and env-specific oligonucleotides of recombinants, selected for sarcoma and en
velope genes of different parents, agree with those obtained by comparing maps 
of wild type viruses and deletion mutants. A partial genetic map consistent with 
these results .suggests that the src gene maps between the env gene and the 3'-poly(A) 
end of viral RNA. This map reads: poly(A)-src-env-(pol, gag). 

a) Introduction 
The genome of avian tumor viruses is probably a 60-70S RNA complex (1, 2). 

It consists of predominantly two 30-40S RNA subunits (3) with an approximate 
molecular weight of 3 x 106 daltons each (3, 4, 5, 6). Genetic (7) and biochemical 
(5, 6) studies suggest that these 30-40S subunits are very similar, perhaps identical. 
This implies that the viral genome is diploid. 

The 30-40S RNA of nondefective (nd) avian sarcoma viruses carries at least 
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four different genetic elements (8): (i) a gene for cell transformation, termed src 
(17), [the previous term onc is replaced here by src since so far a transformation 
gene has only been found in sarcoma viruses (4, 7, 9, 10, 12, 13). By contrast 
oncogenicity is a more general term and applies to transformation by both sarcoma 
and leukemia viruses]. (ii) a gene for the viral envelope glycoprotein, termed env, 
(iii) a gene for the viral DNA polymerase, termed pol and (iv) a gene for the 
viral group-specific antigen, termed gag. 

It is the purpose of our experiments to identify chemically RNA sequences of 
these genes on 30-40S tumor virus RNAs and to map these sequences on the 
viral RNA relative to its 3'-poly(A) terminus (9, 10). 

b) Chemical identification 0/ src-specific and env-specific sequences 0/ avian tumor 
virus RNA 

RNA sequenees of the src and env genes of nondefeetive (nd) sarcoma viruses 
can be chemically identified, beeause they are missing from certain related deletion 
mutants. For example, transformation-defective (td) deletion mutants, which lack 
the src gene, were also shown to lack 15 % of the RNA present in corresponding 
nd sarcoma virus RNA (4, 10, 13). Chemie al identification of these and other 
sequences of tumor virus RNA was based on the large RNase Tcresistant 
oligonucleotides which they contain. These are prepared by exhaustive digestion of 
viral [32P]RNA with RNase Ti' which cleaves only after G residues. These large 
RNase Ti-resistant oligonucleotides consist of 15-40 nucleotides, including C, 
A, and U, and have one G at the 3' hydroxyl end. They represent altogether about 
5 % of the RNA (5). The large oligonucleotides form a unique pattern, which is 
termed a fingerprint, after two-dimensional resolution by electrophoresis and 
chromatography (11). Twenty to thirty such large oligonucleotides are found in 
avian tumor virus RNA. Since these oligonucleotides are rather evenly distributed 
over the RNA, an average 5 % segment of the RNA carries one sucholigonucleotide 
and can be so identified. An RNA segment can be identified unambigously by 
two or more such oligonucleotides. 

Autoradiographs of fingerprint analyses of the 60-70S RNAs of three nd 
sarcoma virus es, Rous sarcoma virus (RSV) Prague B (PR-B), Prague C (PR-C) 
and B77, and of their td counterparts are shown in Fig. 1. It can be seen that, in 
agreement with earlier studies (13), fingerprint patterns of each nd sarcoma virus 
and its corresponding td deletion mutant are very similar. Identieal numbers were 
used to designate presumably homologous (same composition and size) spots in 
eorresponding patterns of nd and td viruses. Because two fingerprint analyses of 
the same digest never run completely identieally (11), visual identification of 
presumably homologous oligonucleotides, by triangulation with neighboring spots, 
is relatively subjeetive. Therefore definitive identifieation of oligonucleotides in 
different fingerprint patterns was based on partial sequence analyses of oligo
nucleotides. These were obtained by eluting oligonucleotides from the DEAE-cel
lu lose thin layer and digesting them with RNase A. The resulting fragments of 
most oligonucleotides were then resolved by electrophoresis on DEAE paper (11) 
and have been described elsewhere (10). 

Each nd virus tested in Fig. 1 contained two oligonucleotide spots (numbered 9 
and 12 in PR-B, 8 and 10 in PR-C, and 8 and 10 in B77) which were not present 
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(C), td PR-C (D), B77 (E), td B77 (F). Conditions for the preparation of viral [32P]RNAs, 
digestion with RNase Tl and fingerprinting by electrophoresis and hornochromatography 
were described (10). The arrows in B, D, F denote the locations where sarcoma spots would 
appear. 
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Fig. 2: Fingerprint patterns of RNase Tl-resistant oligonucleotides of 60-705 viral 
[32P]RNAs and poly(A)-tagged [32P]RNA fragments of nd SR, td SR and SR N8 
(17). Preparation of viral [32P]RNA, selection and sucrose gradient fractionation of poly
(A)-tagged fragments from alkali-degraded RNA and subsequent fingerprint analysis have 
been described previously (9, 10, 17). Homologous spots were given identical numbers in 
all fingerprint patterns. Some oligonucleotide spots which were still detectable and numbered 
in the original autoradiographs are no longer visible in the reproductions shown here. The 
inserts in some panels show tracings and numbers of spots appearing in the center right 
region of the respective fingerprint pattern. SR: Fingerprints of 60-705 nd SR RNA (A) 
and poly(A)-tagged RNA fragments of 4-105 (B), 10-145 (e), 14-18S (D), 18-225 (E), 
22-26S (F) and 26-305 (G). Approximately 35 x 106 cpm of [32P]RNA was degraded at 
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in the fingerprint pattern of the corresponding td virus. These oligonucleotide 
spots are sarcoma-specific and are thought to co me from sarcoma-specific sequences 
of nd virus RNA. They had homologous positions in each of the three sarcoma 
viruses compared here. Biochemical analyses indicated that they also contained 
the same RNase A-resistant fragments and that the fast er chromatographing 
sarcoma-specific oligonucleotide spot of each nd sarcoma virus (no. 12 PR-B, no. 
10 PR-C, no. 10 B77) consisted of two chromatographically overlapping oligo
nucleotides (10). We conclude that three out of about twenty-five large RNase T1-

resistant oligonucleotides of the nd sarcoma viruses are from sarcoma-specific 
sequences. Sarcoma-specific sequences of nd sarcoma viruses had been estimated 
previously to represent about 450,000 daltons or about 15 % of the mass of the 
30-40S RNA (4, 10, 13). 

Identification of envelope-specific sequences of viral RNA was accomplished 
in an analogous fashion by comparing the RNA of an envelope-defective deletion 
mutant of Schmidt-Ruppin RSV, termed SR N8, to that of the wild type, nd SR. 
Since SR N8 expresses gag, pol and src genes (it transforms fibroblasts like the 
wild type) but lacks an envelope glycoprotein (14), it is likely that its defect is a 
partial or complete deletion of the env gene. Due to this defect it can enter cells 
only in the coat of a helper virus or by fusion with UV -inactivated Sendai virus 
(14). Thus, envelope-specific sequences of nd SR RSV RNA are defined as those 
which are missing in SR N8 RNA. 

We have shown that the RNA of SR N8 is 21 % smaller than that of the wild 
type (16) and that all of its obligonucleotides had homologous counterparts (same 
numbers Fig. 2A, M) in nd SR RNA (16, 17). However 8 out of about 33 oligo
nucleotides present in nd SR (nos: 1, 2a, 2c, 4, 6, 9, 16 and 17) where absent 
from SR N8 (Fig. 2A and M). These are thought to be from the 21 % of the nd 
SR RNA that was deleted to generate SR N8. Fig. 2H shows a fingerprint pattern 
of td SR RNA. Two oligonucleotide spots, 8a and 10a, present in nd SR are 
absent from td SR and are thought to be from sarcoma-specific sequences of nd 
SR. 

c) Mapping of src-specific, env-specific and other sequences on avian 
tumor virus RN A 

Src-specific and env-specific sequences were mapped on RSV RNA by de
termining the location of src-specific and env-specific oligonucleotides on an oligo
nucleotide map. For this purpose viral RNA was randomly degraded by alkali. 

pH 11 at 50° for 3 min. Sixteen percent of the starting RNA was recovered as poly(A)
tagged fragments after two cycles of binding and elution from oligo(dT)-cellulose (9, 10). 
These fragments had a broad distribution with a peak at about 215 after sucrose gradient 
fractionation (10) done to obtain the size cuts (B-G). td: Fingerprints of 60-70S td 5R 
RNA (H) and of poly(A)-tagged RNA fragments of 4-105 (I), 10-15S (J), 15-20S (K) 
and 20-28S (L). About 7 x 106 cpm of 60-705 [32P]RNA was fragmented for 6 min as 
described above, and approximately 11 % was recovered as poly(A)-tagged RNA fragments 
with an average sedimentation coefficient of 16S. SR N8: Fingerprints of 60-705 SR N8 
RNA (M) and of poly(A)-tagged RNA fragments of 4-9S (N), 9-15S (0), 15-20S (P), 
20-25S (Q) and 25-30S (R). About 5 x 106 cpm of 60-705 [32P]RNA was degraded for 
3 min as above, and 18 % was recovered as poly(A)-containing RNA fragments with an 
average sedimentation coefficient of 22S. 
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Poly(A)-tagged ~~NbJV :fl!agmefilt&"we:reJase}emedT b:y~~bindit1g to oligo (dT)-eellulose, 
fraetionated aeeording to si21eJ tir-ndG:fil1getl~Tinted to deteet their oligonucleotides 
(~Qmpare Figs. 2, 3, 5, 7ki:The map posi~wn of a gi(l!Sen oligop,ucleq#dtt,,;-elative to 
ili!e-poTy{Ar-enCI --ür-vliäT"RNA.-was"tneli·-aeaucea1fiOm -the-"size -6f-rne smallest 
poly(A)-tagged RNA fragment from which it eould be isolate~~ olnr..this;rJa,hion, 
20 to 3G-large"-R~ase"·Trres-is-t;~mt:- !{)1igoM@leotides[ lWere;1 ~mdererl on-:.)the baSlisFl@f 
their distanee grom the 3'-poly(A) end of the RNA to eonstrtf~t:oligßnucl~otide 
maps (Fi~s. 2~6). 'Th~;rNeth~@häs-~eh[ desqribecl-irl'deß~tr-~9'~)r'ß;:·11)(dE.~m~leS-5f 
the fraeuonatlOn of poly{A)-tagged fragments of .PR-B ,RJN4l~n.d:-tdJeH!-,t:~nger
prints are shown in Fig. 3, ~'cl-®t~~PFiff~S.:~:;P~i{~5~~~ea'tff':!fgment§361 
nd SR RNA, td SR RNA and SR NS, I1NA afe sho ~ ~?\Fl~l-z~--!:fhe§e'lßnger
prints demonstrated clearly that in aIri-f~e§,c~1h~Me" ~)J(hi(~Wro:tiMä!t~ly lineI1ft 
relationship existed between the size of poly(A)-eontaining fr.ag-mentsa ~n:a the 
number of RN ase T cresistant oligonucleotides theyJ cbhltainekf. :w ~(t'6utd dedtli~e 
the approximate loeation of each oligonucleotide relative to the 3'-po~y(A) end 
of the RNA from the size of the smallest poly(A)-tagged ltN1\:--fragment from 
which it eould be isolated (9, 10). In this way the oligonucleotide maps of nd PR-B, 
td PR-B, nd PR-C, nd B77 and td B77, shown in Fig. 4, were derived. . f 'f ,."r;-

It ean be seen in Fig. 4 that the src-speeifie oligonucleotides of PR-B (no. '9 a1i~ 
12), PR-C (no. Sand 10) and B77 (no. Sand 10), respeetively, cluster together 
and map very near the poly(A) end of each viral RNA. The same appears to be 
true for spots 8a and 10a which are thought to be src-speeifie spots of nd SR 
(Fig. 6). It is concluded that the src-gene-specifie sequences map near the poly(A) 
end of viral RNA. It can also be seen in Fig. 4 that the oligonucleotide maps of 
PR-B and td PR-B, as weIl as those of B77 and td B77, are the same as far as 
determinded with the exception of the src-speeifie oligonucleotides which are absent 
from the td viruses. This implies that the gene order of the nd and eorresponding 
td viruses is the same. A few oligonucleotides of PR-B, PR-C and B77 were found 
to have homologous chromatographie loeations and chemie al eompositions 
[compare fingerprints of Fig. 1 and biochemieal analyses of Wang et al. (10)J. The 

various sizes after exhaustive digestion with RNase Tl as described (10). Approximately 
25 x 106 to 30 X 106 cpm of 60 to 70S [32P]PR-B RNA were partially degraded with Na2 
C03 at pH 11. and 50 C for 8 min to yield RNA fragments with a peak at 125 (G) and 
for 4 min to yield RNA fragments with a peak at 185 (H). Poly(A)-tagged fragments 
were selected by two consecutive cycles of binding to and elution from membrane filters 
(Millipore Corp.) (10). About 7.3 0/0 of the radioactive RNA was recovered as poly(A)
tagged fragments if degradation was for 4 min (H), and 5.2 0/0 of the radioactive RNA 
was recovered if degradation was for 8 min (G). Poly(A)-tagged RNA fragments selected 
from the 8 min (G) and 4 min (H) degradation mixture were fractionated according to 
size by sedimentation in sucrose gradients as described (10). The radioactivity was de
termined from an appropriate aliquot of each gradient fraction (G, H). The poly(A)-tagged 
viral RNA fragments were divided into several discrete pools (I~ VI) indicated by hori
zontal bars in (G) and (H). Sedimentation coefficients of these pools were estimated from 
the positions of 285, 185 and 45 chicken cell RNA standards analyzed in a parallel 
gradient and indicated in (G) and (H) by arrows. Pools of RNA fragments from the two 
gradients with the same range of sedimentation coefficients were combined, and the RNA 
of each pool was fingerprinted. The fingerprints of pools I~ VI are shown in A~F, re
spectively. Some oligonucleotide spots which were still detectable and were numbered in the 
original autoradiographs are no longer visible in the reproductions shown here and in 
Fig. 2 and Fig. 5. 
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Fig. 4: Maps of RNase Tt-resistant oligonueleotides of 30 to 405 viral RNAs (10). RNase 
Tt-resistant oligonueleotides of td PR-B, PR-B, PR-C, B77, and td B77, numbered as in 
the fingerprints shown in Fig. 1, 3, 5 were arranged linearly relative to the poly(A) end. 
The map position of a given oligonueleotide was determined from the smallest poly(A)
tagged RNA fragment from which it could be obtained. The relative positions of several 
oligonueleotides, which first appeared together within a given 5 to 105 cut of poly(A)
tagged fragments (Fi'g. 3), were estimated by quantitating their molarities. The higher the 
molarity of a given oligonueleotide, the eloser it was placed toward the poly(A) end of 
a given size cut (see text). Oligonucleotides whose relative map positions within a certain 
sedimentation range could not be estimated are in parentheses. ND: Not determined. The 
top scale represents the size of the viral RNA or RNA fragments in 5 values and the 
bottom scale represents a molecular weight scale derived from the respective 5 values by 
5pirin's formula: molecular weight = 1,550.52•1 (15). Those oligonucleotides of the three 
nd sarcoma viruses that have very similar or identical compositions and sequences (Fig. 1, 
ref. 10) are cireled and connected by vertical lines. The portions of these maps which 
inelude the poly(A) segments and the terminal heteropolymeric sequences of about 140,000 
daltons, containing the oligonucleotides Al-+A4 and C (in parenthesis), are not strictly 
proportional to the scale of the remaining RNA segments. 

oligonucleotides shared by these viruses are eircled in the maps of Fig. 4 and 
connected by lines. Again it can be seen that homologous oligonucleotides also 
have homologous map loeations in the three viral RNAs eompared in Fig. 4. This 
implies that the gene orders of these three different strains of viruses are also 
elosely related. 

Given the loeation of src-speeifie sequenees near the poly(A) end of viral 
RNA, a simple mechanism could be suggested to explain the occurrence of td
deletion mutants from nd sarcoma viruses. This mechanism postulates that the 
deletion could result from late initiation during transcription from viral RNA 
to proviral DNA (2) or premature termination during transcription from proviral 
DNA to viral RNA. If this were eorrect, one would prediet that the terminal 
heteropolymerie sequences at the 3'-poly(A) end of nd and eorresponding td 
viruses should be different. A small poly(A)-tagged fragment, with the approxi
mate size of the src-speeifie sequenees (r-v 450,000 daltons, see above and Fig. 4), 
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Fig. 5: Fingerprint patterns of RNase Tt-resistant oligonucleotides of small poly(A)-tagged 
fragments of PR-B and td PR-B RNAs (10). 60-70S [32P]PR-B RNA was degraded for 
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Fig. 6: Oligonucleotide maps of R Nase T,-resistant oligonucleotides of 30-40 RNAs of nd 
SR, transformation-defective(td) SR and envelope-defective SR N8 (17). RNase T,-resistant 
oligonucleotides of nd SR, td SR and SR N8, numbered as in the fingerprints shown in 
Fig. 2, were arranged linearly relative to the poly(A) end. Determination of the loeation 
of a given spot has been described (see also ref. 16, 17). Those spots whose relative locations 
eould not be determined aecurately are put in parentheses. A cluster of seven, probably 
envelope-specific, oligonucleotides present in nd SR but absent from SR N8 is underlined. 
The top seale represents the size of viral RNA or RNA fragments in S units and the 
bottom scale represents a molecular weight scale derived from the S values by Spirin's 
formula (moleeular weight = l,550·S2.1 (15). 

of nd sarcoma RNA would contain src-specific sequences. By contrast, an 
analogous RNA fragment of a corresponding td virus would contain those se
quences which follow src-specific sequences in the nd viral RNA but which would 
be directly adjacent to poly(A) here (because td viruses lack src). To test this 
hypothesis, analogous small poly(A)-tagged RNA fragments of nd and td PR-B 
were compared by fingerprinting. The result, shown in Fig. 5, indicated that the 
fingerprint patterns of up to lOS (rv 200,000 daltons, ref. 15) poly(A)-tagged 
fragments of nd and td PR-B were the same. They shared at least five inter
mediatesized oligonucleotides at the poly(A) end, which were termed C, Al, A2, 
A3 and A4 (10). This implies that the deletion of sarcoma-specific sequences (whj~ 
generated td PR-B) was not from the very end of the nd viral RNA but was 
interna I and that some 3' -terminal heteropolymeric sequences of the nd virus had 
been conserved in the deletion mutant. It would follow that the RNA of the nd 
sarcoma viruses studied here is arranged in this order: poly(A) of about 60,000 
daltons (9), a heteropolymeric sequence of about 150,000 daltons which is shared 
by nd and corresponding td viruses (Fig. 4, 6), about 450,000 daltons of src-specific 

8 min with Na2COs and analyzed as described for Fig. 3. Poly(A)-tagged fragments 
sedimenting between 4 to 7S (A), 7 to lOS (B), and 15 to 20S (e) were fingerprinted 
after digestion with RNase Tl. About 9 x 106 cpm of 60 to 70S td PR-B [32P]RNA 
was partially degraded with Na2COs at 50° for 8 min. About 6.6 % of the starting 
radioactivity was recovered after two cycles of binding and elution from membrane filters 
(10). Sedimentation of the poly(A)-tagged fragments is shown in (G). Three pools of 
poly(A)-tagged fragments were prepared: I (4 to 7S), II (8 to 13S), and III (13 to 23S). 
Fingerprint analyses of RNase Tl-digested pools I-+-III are shown in D-+-F. The arrows 
in F denote the locations where the sareoma-specific spots would appear. The homomixture 
b used here was preineubated at 60° for 24 hr (10). 
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Possible structures of recombinants between nondefective (nd) sarcoma 

and transformation-defective (td) leukosis vi ruses~ 

Parents Recombinants 

, ** " ••••••••••••••• -j --+ s rc - env - [pol- gog }1 

~~.;~-'4- env ( [pol/~~~j~ "--+- src - env '- [pOI'- gog]-f · . . 
• I : · . . · . . 

nd sarcoma: 

· . . · . . · . . 
td virus: 

· . , · , , , , , · , . 
: I' [ I' 'u ~8nv -t pol + gag 11 · , , · , , , ' , 
'._--': ..... _~' .. _._-_ .. _~-I- src - env '- [po/'- gog'H 

} 
double 

crosses 

} 

single 

cross 

Fig. 7: '}Reeombinants were seleeted for the src gene of nd sareoma viruses and the env 
gene of td viruses. Intragenie erossovers and multiple erossovers are not depieted. ':"}Re
lative map loeation of pol and gag genes is unknown. 

sequences (Fig. 4), and the remaining 2.4 x 106 daltons which should contain env, 
pol, and gag sequences. 

We have used SR N8, the envelope-defective deletion mutant of nd SR, to 
map env-specific sequences in nd SR RNA. The method was the same as that 
described to map the src-specific sequences. Fingerprint patterns of poly(A)-tagged 
RNA fragments of nd SR, SR N8 and also of td SR of various sizes are shown 
in Fig. 2, and the resulting oligonucleotide maps are shown in Fig. 6. It can be 
seen in Fig. 6 that seven out of eight presumably env-specific oligonucleotides map 
together (nos. 16, 6, 1, 2a, 2c, 4 and 17) in a cluster that is about 0.9-1.6 x 106 

daltons away from the poly(A) end. It may be concluded that env-specific se
quences of nd SR map in this region of the RNA. In addition src-specific oligo
nucleotides of nd SR (nos. 8a, 10a in Fig. 2, 6), like those of other nd sarcoma 
viruses (Figs. 3, 4, ref. 10), appear to map near the poly(A) end of viral RNA. 
It would follow that src-specific sequences map between the poly(A) end and env
specific sequences of nd SR. Since we do not know whether SR NB is a complete 
or perhaps only a partial deletion of the env gene, we can only define a minimal 
map segment for the env gene with this virus. Further deletion mutants or re
combinants (see below) would be required to determine the exact map segment of 
the env gene. The remaining oligonucleotide (no. 9) which is present in nd SR but 
absent from SR N8 may be the result of a point mutation that set apart the two 
viruses after the original deletion had occurred (16, 17). 

In summary, we may deduce the partial map, poly(A)-src-env-, for nd sarcoma 
virus RNAs by comparing their oligonucleotide maps to those of related deletion 
mutants. 

Fingerprint analyses of short poly(A)-tagged RNA fragments of nd SR, SR N8 
and td SR were found to look very similar, and all contained oligonucleotide spot 
C (compare Figs. 2B, I, N and C, ], 0). This is analogous to the finding described 
above that nd sarcoma viruses and corresponding td viruses also have the same 
terminal heteropolymeric sequences (Fig. 4) (compare also refs 10 and 17). ' 
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d) Distribution of env-specific and src-specific sequences from different parents 
in the RN As of avian tumor virus recombinants 

Recently we have started to map genes of avian tumor virus recombinants 
(5) by comparing the oligonucleotide maps of recombinants to those of their 
parents. The recombinants used had inherited an env gene from a td or leukosis 
virus parent and a src gene from a nd sarcoma virus parent. Src and env-specific 
oligonucleotides of the recombinants can be identified by correlating parental and 
recombinant src or env markers with the respective segments of their oligonucle
otide maps. 

All of these recombinants must have at least one crossover point between the 
src gene (which is ne ar the end of the nd virus) and the env gene which appears to 
be close to src, but is perhaps not exactly adjacent (Fig. 5, ref. 17). The crossover 
point between the src and the env genes should approximately define the 5' end of 
the src gene and the 3' end of the env gene. If double crosses occurred, the 5' end of 
the env gene could be approximately defined by analysis of the second crossover 
point as outlined in the scheme on Fig. 7. 

Preliminary mapping experiments of several-recombinants between Prague RSV
A and leukosis virus RAV-2, and Prague RSV-B and leukosis virus RAV-3 
(5), suggest that all recombinants selected for the src gene of the nd virus and the 
env gene of the leukosis virus parent contain a cluster of three to four src-specific 
oligonucleotides mapping in about the first 0.6 x 109 daltons away from the 3' 
end of their RNAs. The remainder of the oligonucleotide map of some re
combinants was completely co linear with that of the leukosis virus parent which 
had donated the env gene. Another recombinant RNA contained leukosis virus
specific oligonucleotides only between 0.6 and 1.5 x 106 daltons from the poly(A) 
end, its remaining oligonucleotides mapping between 1.5 x 106 daltons and the 5' 
end of the RNA were again derived from the sarcoma parent. It would appear 
that this recombinant was generated by a double cross between parents and that the 
leukosis virus-specific oligonucleotides between 0.6 and 1.5 daltons from the 
poly(A) end include the leukosis virus-specific env gene. Based on the analyses 
of these recombinants their env and src genes can be tentatively ordered to yield the 
partial map: poly(A)-src-env-. This map is in good agreement with that derived 
above from comparative analyses of nd viruses and their deletion mutants. 

Discussion 

A genetic map of avian tumor viruses: A tentative map emerges from the ex
periments described here for nd avian sarcoma viruses, beginning at the poly(A) 
coordinate in molecular weight units (x 10-5): 0-0.6, poly(A); 0.6-2, heteropoly
meric sequences shared with corresponding td and envelope-defective viruses; 2-
6.5, src-specific sequences; 6.5-9, a segment of RNA which may have a distinct 
function or may be part of the envelope gene (Nd SR and SR N8 share oligo
nucleotides (nos. 12 and 24, Fig. 6) in this map position, but SR N8 may not 
represent a complete deletion of the env gene.); 9-16, env-specific sequences; 
16-30, pol-specific and gag-specific sequences which have not been mapped so far. 
Further experiments analyzing different deletion mutants and viral recombinants 
will be used to map the functions described more precisely and to map the two 
remaining genes, pol and gag, of tumor virus RNA. 
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Generation of deletion mutants: It was observed that the oligonucleotide maps 
of all td-deletion mutants and of the env-defective mutant SR N8 show deletions 
from within the RNA, rather than from the ends as would be expected for 
deletions arising from transcriptional errors. This suggests that the deletion mutants 
we have analyzed may be the products of recombinational events occurring at the 
level of proviral DNA. A pro viral DNA intermediate could, by formation and 
subsequent elimination of loops, delete any sequences from the genome with equal 
probability. 
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the pol-gene of a temperature-sensitive polymerase mutant and of recombinants 
derived from it and have proposed poly(A)-sre-env-pol-gag as the complete genet
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The tissue specificity of Moloney leukemia virus (M-MuLV) was studied by 
infecting mice at two different stages of development. Either newborn mice which 
can be considered as essentia11y fu11y differentiated animals were infected with 
M-MuLV or preimplantation mouse embryos were infected in vitro at the 4-8 
cell stage, a stage of development before any differentiation has taken place. After 
surgical transfer to the uteri of pseudopregnant surrogate mothers, the latter 
developed to term and adult mice. In both cases, animals were obtained that had 
developed an M-MuLV induced leukemia. 

Molecular hybridization tests for the presence of M-MuLV-specific sequences 
were conducted on DNA extracted from different tissues of leukemic animals to 
determine which tissues were successfully infected by the virus. Mice which were 
infected as newborns carried M-MuLV-specific DNA sequences in "target tissues" 
only, i. e., thymus, spleen, lymph no des or in organs infiltrated by tumor cells, 
whereas "non-target tissues" did not carry virus-specific sequences. In contrast, 
when leukemic animals derived from M-MuLV-infected preimplantation embryos 
were analyzed, virus-specific sequences were detected in target tissues as weH as 
in non-target tissues, such as liver, kidney, brain, testes and the germ line. 

To study the expression of the viral DNA integrated in target and non-target 
organs, RNA was extracted from different tissues of an anima 1 infected at the 
preimplantation stage. Fifty to 100 times more M-MuLV-specific RNA was de
tected in tumor tissues than was found in non-target organs. Since a11 organs 
contained the same amount of virus-specific DNA, these results indicate that the 
integrated virus genome can be differentially expressed in different tissues. The 
organ-tropism of RNA tumor viruses is discussed in view of these findings. 

Mice that were infected at the preimplantation stage were found to have M
MuL V integrated into their germ line. Virus transmission from the father to the 
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offspring occurred according to simple Mendelian expectations. Molecular hybrid
ization tests revealed that in the animals studied, the virus was integrated into the 
germ line at only one out of two or three possible integration sites. During the 
development of leukemia amplification of this virus copy was observed in the 
target tissues only, but not in the non-target tissues. 

Introduction 

In principle, two different classes of RNA tumor viruses can induce murine 
leukemia: endogenous and exogenously or horizontally infecting C-type viruses. 
The genetic information of endogenous viruses is present in all somatic and germ 
cells of all animals in a given mouse strain and the endogenous virus is transmitted 
genetically according to Mendelian expectations (1). One of the best characterized 
examples of an endogenous oncogenic leukemia virus is found in the AKR strain 
of mice with a high incidence of leukemia (2). Virus production in AKR mice 
is controlled by two dominant loci, one of which has been mapped on linkage 
group I (3). This locus has been shown to represent the structural gene of the 
AKR virus by molecular hybridization techniques (4). 

In contrast, the genetic information of horizontally infecting or exogenous 
viruses is not transmitted genetically from the father to the offspring (5, 6, 7). 
This is readily understood since infection of newborn animals with leukemia virus 
leads to integration of viral DNA into a few "target tissues" only whereas most 
other tissues, notably the germ line, do not become infected (8, 9). One of the 
goals of this work was to study the basis of this "organ-tropism" of murine leuke
mla VIruses. 

The second aim of the experiments described in this paper was to obtain mice 
that carry an exogenously infecting virus in their germ line. This would allow us 
to study genetic transmission of an exogenous virus, to map its integration site and 
to compare this si te with the known loci of endogenous viruses. 

One way to obtain an animal carrying exogenous virus genes in every cell in
cluding the germ line would be to infect the animals at a very early stage of 
embryonic development before any differentiation has taken place, for example 
at the preimplantation stage. At this stage of development, cellular infection might 
not be restricted by the organ-tropism of a given virus and therefore all cells 
of the embryo might become successfully infected. An animal derived from such 
an infected embryo should contain virus information in each cell and the ex
pression of the virus information and of virus-induced oncogenesis should depend 
on regulatory events in individual cells which, in turn, might be influenced by the 
differentiated state of a given cell. Indeed, it has been shown recently that adult 
mice derived from blastocysts infected with SV 40 DNA carried SV 40-specific 
sequences in some of their organs (10, 11). 

We report here the successful infection and development of Moloney virus 
(M-MuL V) infected embryos into mature adult mice and the experimental re
covery of M-MuJ. V-specific DNA sequences from the tissues of some of these 
animals. Our experiments indicate chromosomal integration and genetic transmis
sion of M-MuLV. Some of the experiments described below have been published 
recently (9). 
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Materials and Methods 

1. Virus-M-MuLV clone No. 1 was grown and purified as described (12, 13). 
Virus stocks were titered by endpoint dilution using the XC plaque test (14). 

2. cDN A-Virus-specific DNA probes were prepared from purified M-MuL V 
stock in the presence of 25 or 100 !-,-g/ml actinomycin D (12). 32P-labeled dCTP 
and/or TTP at a specific activity of 100 Ci/mm (NEN) was used as radioactive 
precursor. The DNA synthesized had a specific radioactivity of 60-120 x 106 cpml 
!-'-g and sedimented between 5.5 and 6$ in alkaline sucrose gradients. It annealed 
up to 90 % to M-MuLV 60-705 RNA. 

3. Isolation and infection of mouse embryos - Four-eight cell stage embryos 
were isolated from BALB/c females mated with 129 J males and the zona pellucida 
was removed with pronase (15). The embryos were infected with 108 PFU/ml 
of M-MuLV in medium containing 2 !lg/ml polybrene for 5 hr and subsequently 
cultured in medium for 24 hr. At this time, they were surgically transplanted to 
the uterine horns of pseudopregnant ICR foster mothers (15). 

4. Extraction of nucleic acids - Mouse tissues were removed and extracted as 
described (9, 10). In some experiments, the nucleic acids were extracted by the 
Kirby method (16), the DNA was banded in ethidium bromide CsCI gradients, 
sonicated and boiled in 0.2 M NaOH for 10 min. The DNA used for hybridization 
sedimented with approximately 65 in alkaline sucrose gradients. RNA was puri
fied as described previously (12). 

5. Molecular hybridization - DNA-DNA and DNA-RNA hybridizations were 
carried out as described previously (9, 12). The cell DNA was in a 2-10 x 106 

fold excess over the 32P-Iabeled M-MuL V cDNA. Input radioactivity was 400-
800 cpm per experimental point. 

6. Histology - Sections of the major organs were fixed, sectioned and stained 
by standard histological techniques (14). Each organ was then evaluated for the 
extent of lymphomatous infiltration. 

7. Serum analysis - Mice were bled from the retro-orbital plexus and the serum 
was analyzed for p30' (14). 

Results 

1. Infection of preimplantation mouse embryos with M-MuLV. 
Preimplantation mouse embryos at the 4-8 ceU stage were infected with M

MuL V as described in Materials and Methods, washed extensively and incubated 
in medium at 37°. After 24 hr the virus-infected embryos, as weIl as the un
infected control embryos, had deve10ped to the blastocyst stage (32-64 cell stage). 
At this time, they were washed again in medium and transplanted to foster mothers 
to insure further development in utero (see next section). 

In order to determine whether infectious virus could be detected on blastocysts, 
two types of experiments were performed. First, the blastocysts were co-cultivated 
with BALB/c or NIH 5wiss 3T3 cells for six days, the cultures were passed two 
or three times and all the tissue culture supernatants were tested for M-MuLV by 
the XC cell assay. Five separate attempts to recover infectious virus were negative. 
5econd, infected blastocysts were fixed, sectioned and prepared for electron 
microscopy. No C-type particles were observed in five embryos examined. 
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These observations suggest that the input M-MuLV used for the primary in
fection of the 4-8 cell embryos did not survive in infectious form during the in 
vitro cultivation period and that the infected embryos did not produce detectable 
virus at the preimplantation stage. 

a) Induction 0/ leukemia after M-MuLV infection: Of 29 embryos that were 
infected at the 4-8 cell stage with M-MuLV and transferred to foster mothers, 15 
developed to term and into apparently healthy young mice. The survival rate to 
birth was therefore 50 % and is comparable to the survival rate of uninfected 
embryos (50-70 % in this laboratory). 

At two months of age, the animals were bled and the serum tested for the 
presence of murine p30 protein by radioimmune assay. Whereas 14 animals were 
negative in this test (less than 0.03 I-tg/ml serum), one mouse showed a high level 
of 1.9 I-tg p30 per ml serum. Two weeks later this animal was sacrificed. Autopsy 
revealed a typical lymphatic leukemia with enlarged spleen and lymph nodes. 

The foster mothers used in this experiment were bled four and twelve weeks 
after delivery and tested for murine p30. The serum contained less than 0.03 I-tgl 
ml p30, suggesting that no virus infection of the mother via the embryos was 
detectable. 

b) Histology and isolation 0/ virus: Histological examinations of sections of 
different organs revealed massive infiltration of lymph no des, spleen and kidneys 
with lymphoma ceIls, intermediate infiltration of the thymus and relatively little 
infiltration of the liver. The lung, brain and testes did not show any tumor ceU 
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Fig. 1: Association kinetics of 32P-Iabeied M-MuLV cDNA with mouse cellular DNA 
derived from various organs of the mouse infected at the 4-8 cell stage with M-MuLV, 
from control mice (BALB/c 129 and AKR) or from calf thymus. The reaction mixture 
containing 0.5 ng/ml of 32P-Iabeied M-MuLV cD NA (1.2 x 108 cpm/l-tg), 4 mg/mI mouse 
or calf thymus DNA in 0,01 M Tris-HCI, pH 7.0, 1 mM EDTA, 1M NaCI, was heat 
denatured and incubated at 68°. Per cent hybridization is plotted as a function of Cot, 
corrected to standard annealing conditions (25). The cDNA prob es used annealed to 80 o/u 
(A) or 70 % (B) to M-MuL V 60-70S RNA. 
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infiltration (Table 1). The lymphoid tumors and infiltrates were composed of 
sheets of uniform large lymphoblasts. 

The serum was tested for infectious virus on Band N type cells. Virus was 
found and titered equaIly weIl on both test cells and the TCID SO/mI serum was 
2 x 104 on B cells and 3 x 104 on N cells. Virus recovered from infected BALB/c 
cells also titered equally weIl on NIH Swiss and B type cells, indicating that the 
virus isolated was N-B tropic similar to the infecting M-MuLV. 

c) M-MuLV specific sequences in mouse DN A: The presence of M-MuL V specif
ic sequences in cellular DNA was determined by annealing the M-MuLV cDNA 
probe with DNA extracted from various tissues of the M-MuLV-infected mouse, 
control BALB/129 and AKR mice. The reassociation kinetics are shown in Figs. la 
and b. In Fig. 1a, up to 75 % of the cDNA probe (up to 63 % in Fig.1b) hybridized 
to the DNA extracted from the different tissues of the M-MuLV-infected mouse; 
with BALB/c 129 control or AKR DNA, the maximum hybridization observed 
was 50 % (37 % in Fig. Ib) and essentially no hybridization was detected to calf 
thymus DNA. The different maxima of hybridization observed for the same 
cellular DNA preparations in Figs. 1a and bare attributable to different cDNA 
probes used with different levels of maximal hybridization to virion 60-70S RNA. 
In Fig. 1a the reassociation kinetics of total mouse cell DNA is also plotted. 
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Fig. 2: Analysis of the association kinetics of 32P-Iabeled M-MuL V cDNA with mouse 
DNA by the method of Wetmur and Davidson (17). The results are plotted as the recip
rocal of the fr action of DNA remaining single-stranded as a function of Cot. The 
maximum observed hybridization was normalized to 100 %. (Co = fraction of single
stranded DNA at time 0, Ca = fraction of single-stranded DNA at different times.) The 
data are taken from Fig. tA. 
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The results indicate that uninfected control mice (BALB/129 and AKR) carry 
some sequences (up to 50 0/0) homologous to M-MuLV cDNA. In addition, the 
Moloney virus-infected mouse acquired M-MuL V -specific sequences w hich are not 
present in uninfected animals. All tissues tested contained the same amount of M
MuL V -specific DNA. 

In order to examine more closely the kinetics of reassociation and to determine 
the number of virus copies present, the data in Fig. la was plotted as the recip
rocal of the fraction of unhybridized probe versus the Cot normalized to 100 0/0 
hybridization (4, 17). If all virus-specific sequences are present in the cellular 
DNA in equal numbers, the results would be a single straight line with a slope 
proportional to the number of copies of that set of sequences. On the other hand, 
if several sets of virus-specific sequences were present, each in different proportions, 
the curves would describe several slopes. It can be seen that the viral probe anneals 
with the DNA extracted from the M-MuLV-infected mouse as though there were 
two distinct sets of virus-specific sequences in the cell DNA (Fig. 2). The Cot/2 

for each component was calculated, giving a value of 1,100 mole·sec/liter for 
the slow annealing component of M-MuLV-specific sequences and a value of 80-
100 mole· sec/liter for the fast annealing sequences in comparison to a Cottf2 of 
2,200 for unique cell DNA. The slopes of this slow annealing set of sequences in 
Fig. 2 is about 2.5 times steeper and the slope of the fast annealing set about 15 

Table I: Detection of M-MuLV-specific DNA and RNA in tissues of the Moloney 
virus-infected mouse. 

Organ Histology: No. of M-MuL V specific sequences M-MuL V 
extent of Fast Slow specific RNA 
infiltration with annealing set annealing set 0/0 
lymphoma cells 

lymph node High 15-30 2-3 0.43 
kidney High 15-30 2-3 0.41 
spleen High 15-30 2-3 0.31 
thymus Medium 15-30 2-3 0.088 
liver Low 15-30 2-3 0.005 
lung None 15-30 2-3 0.19 
testis None 15-30 2-3 0.017 
brain None (+Y- (+ )'~ 0.005 
control liver, n. t. 15-30 0 0 
spleen, kidney 
AKR liver n. t. 15-30 0 n. t. 

Tablel: Detection 0/ M-MuLV specific DNA and RNA in various tissues 0/ the Molom'Y 
virus-in/ected mouse. 

The number of M-MuLV-specific DNA copies in haploid mouse genomes was calculated 
from the COtl/2 values of each dass of virus-specific sequences relative to the COU/2 of 
unique DNA (Figs. 1 and 2). The concentration of M-MuLV-specific RNA was calculated 
from the C r U/2 values in Fig. 3. 
':. The brain DNA was positive for M-MuLV-specific DNA but no quantitation was 
possible due to the sm all amount of brain DNA isolated. 
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times steeper as compared to the self-annealing of cellular DNA. These values 
and the COt/2 values suggest about 2-3 copies per haploid genome for the slow 
annealing component and about 15-30 copies for the fast annealing component of 
sequences complementary to M-MuLV. Thus, the Moloney virus-infected animals 
acquired 2-3 copies of Moloney virus-specific sequences not present in control 
animals (Table I). 

d) Differential transcription 0/ lH-MuLV specific sequences in different organs: 
M-MuLV cDNA was annealed with RNA extracted from eight organs of the M
MuL V -infected mouse and also with RNA from some organs of control mice 
(Fig. 3). RNA extracted from the vanous organs of the experimental anima I 

o 
W 
N 
o 
0:: 
CD 
r 
I 

o 

r 50 
z w 
Ü 
0:: 
W 
CL 

~
~~...i:.A-e--l,,_·-~.t--4_ 

D • "0_ .. :'-x .- ..... -~~ ... .......... ... ~. ......... ~---=---l:l 
• THYMUS v............ " ... ~""'t. 11...:: ....... 
o TESTES ®\ 3~ ...... , ~lfe 
v LUNG v • 0... .... .......b 
+ KIDNEY ~ ." ........... . 

DLYMPHNODE ®.'" ' ....... oX~o 
Cl SPLEEN t 0 '0 • 

0,. LlVER v', 
x BRAIN v. '0, • 
• CONTROL KIDNEY " 0 

IJ.," CONTROL LlVER v " 

100 I 
10- 10 

Crt 
Fig. 3: Annealing of labeled M-MuL V cD NA with cellular RNA from different organs 
of the M-MuLV infected and control mice. Annealing in conditions of RNA excess was 
performed as described (12). Per cent hybrid formation is displayed as a function of Crt, 
corrected to standard annealing conditions (25). 

efficiently hybridized with the M-MuL V cDNA, while control RNA annealed 
only small amounts at extremely high Crt values. Maximal hybridization for the 
M-MuL V cDNA was 75 % as determined by annealing to purified M-MuLV 60-
70S RNA. 

The amount of M-MuLV specific RNA present in the various organs was de
termined from the half-saturation values of hybridization (Crt1/ 2) (12), and was 
found to vary over a wide range (Table 1). Between 0.3 and 0.43 % of the total 
RNA extracted from spleen, lymph no des and kidney was virus-specific, whereas 
liver, testes and brain contained approximately 50-100-fold less M-MuLV-specific 
RNA. The thymus and the lung showed intermediate levels of virus-specific RNA. 
With the exception of the lung, the levels of M-MuLV-specific RNA appeared to 
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correlate roughly with the degree of infiltration of a given organ with lymphoma 
cells (see Table 1). These results indicate that although all tissues contained the 
same number of M-MuLV DNA copies, these virus genes were expressed at dif
ferent levels in different organs. 

Ir. Genetic transmission 0/ M-lvfuLV. 
The previous experiments established that infection of preimplantation mouse 

embryos can lead to animals carrying M-MuLV-specific DNA sequences in many, 
if not all, the tissues of the adult. We were interested in studying whether inte
gration of the virus into the germ line could take pi ace since this would allow 
us to map the integration site of an exogenously infecting virus and to compare 
this site with the known integration sites of endogenous viruses. Therefore, we 
investigated wh ether genetic transmission of M-MuLV from a viremic father to 

its offspring can occur. 
The male used for these experiments (mouse No. 339 in Table 2) was derived 

from a 4-8 cell preimplantation embryo infected with M-MuLV. The animal 
showed moderately elevated levels of serum p30 (0.8-1.0 Ilg/ml) at six weeks of 
age and was bred with unexposed females. Of 80 progeny tested so far, seven haci 
infectious M-MuLV in the serum at 4-5 weeks of age. This observation suggests 
either that approximately 10 0/0 of the sperm of the father carried virus-specific 
information in its genome and transmitted it geneticaBy to his offspring or that 
about 10 % of the offspring were congenitally infected from the viremic father 
via the mother (as opposed to genetic transmission, 18). Earlier observations seem 
to rule out the latter explanation since leukemic males infected in utero or after 
birth with M-MuL V do not transmit the disease to their offspring (5-7). If, on 
the other hand, germ line transmission had occurred, two testable predictions 
should be fulfilled. 

1) The number of M-MuLV-specific DNA copies in the viremic N-1 animals 
should be constant in aB organs of individual animals (in contrast to animals in
fected after birth, see below). 

2) Viremic N-1 males mated to uninfected females should transmit the virus 
according to simple Mendelian expectations to the next generations. 

a) M-M,uLV-specific DN A sequences in N-l animals: The first 25 progeny of 
the viremic male infected at the preimplantation stage with M-MuLV were tested 
for both infectious virus in their serum as weH as for M-MuL V -specific DN A 
sequences in some of their organs. Four of these 25 animals showed infectious virus 
with titers between 102-103 XC PFU/ml serum. Only in DNA extracted from 
these four XC positive animals were M-MuLV-specific DNA sequences found, 
whereas in the other 21 animals, no M-MuLV-specific DNA could be detected. 
Figure 4 shows the annealing kinetics of 32p labeled M-MuLV cDNA with DNA 
extracted from five different organs of one of these animals. The slopes of the 
annealing kinetics for non-target organs, i. e., brain, liver, kidney and muscle, 
are identical, whereas the spleen, a target organ of M-MuL V infection, anneals 
with M-MuLV cDNA four times faster. The number of virus-specific DNA copies 
was calculated to be one-half copy per haploid mouse genome equivalent for 
the non-target organs and two copies for the spleen. Hybridization experiments 
with the other three viremic N-1 animals gave identical results. 
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M-MuLV SEQUENCES IN N, HYBRID DNA 
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Fig. 4: Analysis of the annealing kinetics of S2P-labeled M-MuLV cDNA with mouse 
DNA extracted from an N-1 animal derived from mating mouse No. 339 (Table 2) with 
an uninfected female. The reaction mixture containing 0.2 nglml of S2P-labeled M-MuLV 
cDNA (1.5 X 108 cpml~g)  and 5 mglml of mouse DNA extracted from different organs 
was annealed as described in Fig. 1 and the data plotted as described in Fig. 2. The cDNA 
probe used annealed up to 92 010 to M-MuLV 60-70s RNA. 

These observations indicate that whenever M-MuLV DNA sequences were 
transmitted frorn the father to its offspring (in four out of 25 N-1 animals tested) 
the virus information was expressed as infectious virus in the Serum. Secondly, 
the number of M-MuLV-specific DNA copies found in all non-target organs of 
these animals was identical and increased four-fold in the target tissues during the 
development of leukemia. 

b) Transmission of M-MuLV to the N-2 generation: The hybridization results 
described above indicate that the viremic N-1 animals carried one-half copy of 
M-MuLV per haploid mouse genome equivalent in eadi cell, suggesting that-these 
animals may have been heterozygotes for one integration site of M-MuLV. This 
would predict a 50 010 transmission of M-MuLV to the N-2 generation. 

One viremic N-1 male and two viremic N-2 males were used to test this hypothe- 



Table I1: Genetic Transmission of M-MuL V 

Mouse No. 

339 0 

921 0 
901-3 0 
901-10 0 

1 0 
2 0 
4 0 
9 0 

Mode of Infection 
with M-MuLV 

4-8 cell preim-
plantation stage 
N-l of No. 339 

N-2 of No. 339 

Infected as new-
borns with 
M-MuLV 

Transmission of M-MuLV to Offspring 
when Mated with Uninfected Females 

No. of Viremic Offspring 0/0 

7/80 9 % 

19/30 63 % 

4/ 8 50 % 

6/20 30 % 

Total 29/58 50 % 

0/35 o 0/0 

0/29 o 0/0 

0/32 o 0/0 

0/25 o % 

Total 0/121 o 0/0 

Table 2: Genetic transmission 0/ M-MuLV. 
Four-eight cell embryos were infected with M-MuLV and transplanted to foster mothers 

as described in the text. One viremic mouse derived from these embryos (male No. 339) 
was bred with uninfected BALB/c females and the resulting N-1 generation was analyzed 
for infectious virus in the serum. Viremic N -1 males were bred with normal BALB/ c 
females to yield N-2 and N-3 animals. Furthermore, newborn mice were infected with 
M-MuLV and bred with BALB/c females after development of viremia. All the progeny 
were tested for infectious M-MuLV in the serum by the XC assay. 
Figure Legends 

sis. The N-l male (No. 921, Table 2) was derived by mating mouse No. 339 with 
an uninfected BALB/c female. The N-2 males (No. 901-3 and 901-10 in Table 2) 
were derived from a viremic daughter of mouse No. 339 mated with an uninfected 
BALB/c male. Annealing kinetics of DNA extracted from various organs of this 
female with M-MuL V cD NA have been described in Fig. 4. These three viremic 
males were mated to uninfected females and the resulting N-2 and N-3 generations 
were tested for infectious virus in the serum. The results in Table 2 indicate that 
of a total of 58 N-2 and N-3 animals tested, 29 were positive for infectious M
MuLV. These data strongly favor the hypothesis that M-MuLV was integrated 
into the germ line of these mice and was transmitted genetically to the offspring 
according to simple Mendelian expectations. 

Table 2 also contains breeding data of viremic males infected with M-MuLV at 
birth. None of these animals transmitted the virus to the offspring, confirming 
earlier observations (5-7). 

In. In/ection 0/ newborn mice with M-MuL V. 
The experiments described above have shown that after infection of an anima I 

at the preimplantation stage with M-MuLV, virtually all tissues of the resulting 
adult can carry the same amount of virus-specific sequences per cell, regardless 
of whether the tissue represents a "target" tissue for the virus or not. The situation 
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might be very different when infection takes place at a later developmental stage, 
i. e., after birth, when all cells of the animal are fully differentiated. To investigate 
this possibility, newborn mice were infected with M-MuLV and following 
development of viremia and leukemia, the DNA from different organs was 
analyzed for the presence of virus-specific sequences. The results obtained with 
one of these an im als are described below. 

When sacrificed at four months of age, this animal appeared terminally ill with 
extensive tumor cell infiltration in many organs. Radioimmunoassay revealed 2 flgl 
ml serum of murine p30. Histological examination demonstrated almost 100 °/0 
lymphoma cell infiltration in the highly enlarged thymus and spleen, approxi
mately 30-50 °/0 infiltration in the liver and less than 10 0/0 infiltration in the 
kidneys. Brain and muscle had little if any signs of lymphoma cell infiltration. 

The DNA was extracted from all these tissues and annealed with 32P-Iabeled 
M-MuLV cDNA (Fig. 5). The slopes of the DNA annealing kinetics revealed two 
sets of virus-complementary sequences comparable to the results described in Fig. 
2. But, in contrast to the results obtained with the animal infected at the 
preimplantation stage (Figs. 1, 2) or in animals with genetically transmitted virus 
(Fig. 4), the curves indicate that different amounts of the slow annealing set of 
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Fig. 5: Analysis of the association kinetics of 32P-Iabeled M-MuL V DNA with mouse 
DNA extracted from an animal infected after birth with M-MuLV. The re action mixture 
containing 0.2 ng/ml of 32P-labeled M-MuLV cDNA (8 x 107 cpmiflg) and 6 mg/mI of 
mouse DNA extracted from different organs was annealed as described in Fig. 1, and the 
data are plotted as described in Fig. 2. The cDNA probe used annealed up to 90 % to 
M-MuL V 60-705 RNA. 
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M-MuLV-speci:fic sequences were present in the different organs. Spleen and 
thymus showed the highest concentration of virus-specific DNA, comparable to 
the concentration found in each of the organs of the anima 1 described in Figs. 1 
and 2. On the other hand, the slow annealing M-MuL V cDNA sequences annealed 
more slowly with the DNA extracted from the other organs. From the slopes of 
these curves, it can be calculated that in comparison to the thymus and spleen, the 
concentration of M-MuLV-specific DNA present in the liver was only about 0.4 
times as much, in the musc1e about 0.25 and in brain and kidneys approximately 
0.05-0.1 times as much. With the exception of the musc1e, these values roughly 
correlate with the extent of histological detected lymphoma cell infiltration. This 
suggests that the virus-specific DNA sequences detected in the DNA of the dif
ferent organs was derived primarily from the infiltrating tumor cells and not 
from the parenchymal cells. This correlation does not hold for the musc1e and 
may be due either to extensive tumor cell infiltration of the skeletal musc1es un
detected in the limited number of histological sections examined, or to musc1e 
cells being susceptible to virus infection (in contrast to other parenchym al cells). 

Discussion 

Murine leukemia induced by exogenously infecting M-MuLV or by the endo
genous Gross virus develops as a typically thymus-derived disease. Other RNA 
tumor viruses, such as Friend virus or murine mammary tumor virus, are character
ized by a different organ-tropism, i. e., they transform spleen erythroblasts or 
mammary gland ceIls, respectively, but not the thymus derived lymphoblasts. One 
of the aims of this investigation was to study the possible basis of the organ
tropism of a given tumor virus. 

We, therefore, compared the type of tissues that can be infected by M-MuLV 
at different stages of development. We have chosen two extreme stages of develop
ment for infection, the preimplantation 4-8 cell embryo and the newborn mouse. 
At the 4-8 cell stage of development, no differentiation or commitment of the 
single blastomers can be recognized (19), whereas the newborn mouse can be consid
ered as an essentially fuHy differentiated organism. By testing for the presence of 
M-MuLV-specific DNA sequences in different tissues of the adult leukemic mouse, 
we were able to demonstrate that the developmental stage of an animal at which 
the infection takes place indeed determines which tissues can be infected and which 
tissues are not susceptible to infection. Furthermore, we studied the expression of 
M-MuLV genetic information present in target and non-target organs. 

I. Tissue distribution of M-MuLV specific sequences. 
The leukemic animal described in this paper infected at the 4-8 cell stage with 

M-MuLV (Figs. 1 and 2, Table 1) was derived from a BALB/c 129 cross, both of 
which are low leukemia incidence strains. The animal had developed the leukemia 
at two months of age and the pathology of this disease was typical for a Moloney 
virus-induced lymphatic leukemia and distinct1y different from the pathology of 
a spontaneous leukemia in these mouse strains. This, together with the isolation 
of N-B tropic virus from the serum, tends to exc1ude the possibility that the 
anima 1 deveIoped a spontaneous leukemia but rather indicates that this leukemia 
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was indueed by the infecting M-MuLV. This condusion is further supported by 
the hybridization studies. 

The DNA-DNA hybridization experiments revealed one dass of M-MuLV co m
plementary sequences in uninfected animals and two dasses of sequences in the 
Moloney virus-infected animal (Figs. 1 and 2). The more abundant dass of M
MuLV complementary sequences was present at approximately 15-30 copies per 
haploid genome in infected and uninfected animals. A second less frequent set of 
Moloney virus-specific sequences was found only in the experimental anima I at 
a frequency of 2-3 copies per haploid mouse genome. 

Multiple copies of the endogenous C-type viruses have been detected in a variety 
of species (1, 4, 20, 21) and the number of copies of endogenous viruses va ries 
considerably, depending on the system studied and the viral probe used. The 
dass of M-MuLV complementary sequences we have detected in uninfected ani
mals may represent sequences of endogenous viruses that are homologous to part 
of the M-MuL V eDNA. 

Eight different tissues derived from an three germ layers of the Moloney virus
infected animal carried the same number of M-MuLV specific DNA copies, 
regardless of wh ether the respective organ was infiltrated with lymphoma cens or 
not. This observation suggests that the virus DNA was integrated into the host 
genome, possibly at specific sites, rather than existing as an independently 
replicating plasmid. That chromosomal integration of RNA tumor viruses occurs 
following exogenous infection has been demonstrated recently (22, 23). 

The tissue distribution of viral DNA sequences following infection at the pre
implantation stage is in sharp contrast to the situation found after infection of 
newborn animals with leukemia virus. In chicks infected with avian myeloblastoma 
virus at one day of age, virus-specific DNA sequences occurred only in cells from 
tumors or tumor ceH infiltrated organs, whereas tumor cell free "non-target" 
tissues did not contain viral specific sequences (8). The experiments described in 
Fig. 5 showed similar results. When newborn mice were infeeted with Moloney 
virus, virus-specific sequences were found primarily in leukemia target tissues such 
as thymus and spleen. The amount of virus-specific sequences found in other organs 
was correlated to the extent of infiltration with lymphoma cens of the respective 
organ, suggesting that the parenchymal cells did not become infected with virus, 
although musde tissue was a possible exception. These observations suggest that 
suseeptibility of the different eells of an animal to virus infection may be deter
mined by the developmental stage of the animal at the time of infection. Onee 
the anima I has developed to birth, i. e., to a fully differentiated stage, only certain 
target tissues are susceptible or accessible to leukemia virus infection. In contrast, 
when the animal is infeeted at the 4-8 eell stage, i. e., prior to any deteetable eeIl 
differentiation, the organ-tropism of the virus does not determine which cells be
come infeeted and eonsequently virus infeetion ean result in animals earrying the 
virus information in possibly aIl the difFerentiated eeIls of the adult. 

H. Genetic transmission 01 M-MuLV. 
The experiments diseussed above suggest that infection of newborn animals 

should not lead to germ line integration of the virus. Indeed, in experiments done 
previously germ line transmission of leukemia virus introdueed into mice by 
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transplacental infection or by infection after birth was never observed (5-7, 
Table 2). The experiments described in Fig. 4 and Table 2 indicate that infection 
of preimplantation embryos, on the other hand, can lead to virus integration into 
the germ line and to genetic transmission of the exogenously infecting virus. The 
data in Fig. 4 suggest that only one copy of M-MuLV DNA was transmitted 
vertically, thus resulting in an N-l animal carrying only one-half copy of M
MuL V -specific DNA per haploid mouse genome. It is likely that the male used 
for these studies (mouse No. 339 in Table 2) carried the virus integrated at only 
one site in approximately 10 % of his sperm, suggesting that this animal is char
acterized by germ line mosaicism analogous to allophenic mice (24). The 50 0/0 

transmission of M-MuLV from the N-l to the N-2 and N-3 generations indicates 
that the integrated virus behaved essentially like a Mendelian dominant gene. 
Experiments are presently being conducted to map the integration site. 

The observation that non-target organs of viremic N-l animals carried one-half 
copy of M-MuLV DNA per haploid mouse genome but target organs like the 
spleen and the thymus carried two copies per haploid mouse genome (Fig. 4) 
indicates that during the development of leukemia an amplification of the germ 
line transmitted virus DNA had taken place. It is not known if this amplification 
is due to reintegration of the virus into the mouse genome or if the observed 
amplification is the result of selective chromosomal duplication in the transformed 
cells. In any event, these observations and the results described in Figs. 1 and 2 
and Table 1 suggest that the maximum number of virus copies that can integrate 
is 2-3 copies per haploid mouse genome. The viremic animals derived from mouse 
No. 339 (Table 2) might therefore carry M-MuLV integrated into their germ line 
at only one out of two or three possible integration sites. 

IH. Expression of M-.l1uLV. 
The animal described in Figs. 1 and 2 carried equal amounts of M-MuLV

specific DNA in all tissues tested. This enabled us to compare the expression 
of the virus information in target and non-target organs of M-MuLV infection. 

The virus information present in the cells was expressed to very different ex
tents in the various tissues. For most tissues, the amount of virus-specific RNA 
found roughly correlated with the degree of infiltration with lymphoma cells in 
the respective organs. RNA from brain, liver and testes, which histologically 
showed little or no infiltration contained 50-100 times fewer viral sequences than 
RNA from the highly infiltrated spleen, lymph nodes and kidneys (Table 1). The 
lung was the only clear exception in this correlation with no tumor cell infiltration 
observed in the histological specimen but nevertheless with a relatively high 
concentration of viral-specific RNA expressed. The contribution in these measure
ments of viral-specific RNA from virus particles present in the serum has not yet 
been determined. 

Several interrelated aspects of known gene expression and ontogeny may ex
plain these results. One possibility is that viral DNA was transcribed into RNA 
in lymphoma cells only. The amount of virus-specific RNA found in different 
tissues would then reflect the extent of infiltration. In any case, it is evident that 
M-MuL V transcription is one manifestation of differential gene expression in 
different tissues. All tissues contained the same amount of M-MuLV DNA, so it 
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is likely that the M-MuLV virus gene eame under eontrol of host regulatory 
elements such as those involved in normal tissue differentiation. 

These experiments suggest a seeond eontrol mechanism involved in the organ
tropism of RNA tumor viruses. If, as in these experiments, an M-MuLV gene is 
introdueed into the DNA of all eells in an animal, its expression still appears to be 
repressed in all eells exeept the target eells. Therefore, in addition to organ
tropism at the level of adsorption, penetration or integration of the virus (as 
shown by the data on M-MuLV infeeted newborn animals), a seeond level of 
organ-tropism appears to be operating at the level of the expression of the inte
grated virus genome. 
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Type C Virogenes: Modes of Transmission 
and Evolutionary Aspects 
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Extensive evidence has demonstrated that type C RNA viruses are active 
agents in the causation of naturally oecuring cancers. Type C RNA viruses are a 
distinct dass of vertebrate viruses which share a eommon morphology, protein 
composition, and viral life cyde. They are spherical partides eontaining a large 
single-stranded RNA as their viral genome eomplexed with a RNA-directed DNA 
polymerase (reverse transcriptase) in a central, symmetrie, electron dense eore 
surrounded by a unit membrane. During viral replication the nucleoid condenses 
beneath the surface of the cytoplasmic eell membrane with subsequent "budding" 
of the virus from the cell surface. 

Type C RNA virus es have been isolated from many vertebrate species. They 
have been shown to cause a variety of naturally occurring vertebrate neoplastic 
diseases, induding leukemias and sarcomas of chickens, lymphomas and related 
hematopoietic neoplasms and sarcomas of mice, lymphosarcomas and fibrosar
comas of domestic cats, and leukemias and sarcomas of some primates. Type C 
viruses have also been isolated from other mammalian species such as rats, guinea 
pigs, hamsters, cattle, domestic pigs, woolly monkeys, gibbon apes, and baboons 
(Table 1). Recently there have been reports of isolates from human tissues (see 
below). As yet, in some of these species, the relationship between these viruses and 
neoplastic diseases of their host species has not been darified. There have also been 
reports of electron microscopic observations of typical type C viral particles in 
tissues from some other mammalian speci~s, induding dogs, horses, rhesus monkeys, 
and in certain human tissues, but such viruses have not yet been isolated in vitro 
and biochemically characterized. Type C RNA viruses exhibit varying biological 
activity. Some have no known pathological effect and others are extremely efficient 
in producing neoplasias. Also, transformation may occur either with complete or 
incomplete virus expression. Type C viruses have also been detected in normal 
tissues; embryonie and placental tissues show more type C viral expression than 
other differentiated tissues. The viruses produced by both normal and tumorigenic 
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Table I: Mammalian type C RNA virus isolates 

Species 

Mouse 
(Mus muscuZus) 

Mouse 
( Mus caroZi) 

Rat 
(Rattus norvegicus) 

Chinese hamster (Cricetulus 
griseus) and Syrian (or 
Golden) hamster (Meso
cricetus auratus) 

Guinea pig 
(Cavies spp.) 

Domestic cat 
(Felis catus) 

Pig 
(Sus serofa) 

Cattle 
(Bos taurus) 

Woolly monkey 
(Lagothrix ssp.) 

Baboon 
(Papio cynocephalus and 
other Papio species) 

Gibbon ape 
(HyZobates Zar.) 

Description 

Many well-studied laboratory strain leukemia and 
sarcoma viruses (MuL V, MSV). Large variety of 
endogenous viruses. 
Antigenically related to gibbon and woolly monkey 
viruses (see text): 
Endogenous viruses released from numerous rat cell 
lines in culture, Poorly infectious. 
Poorly infectious viruses released from cells in cul
ture. 

Type C virus induced from cultured cells and as
sociated with spontaneous and transmissable leu
kemia. Some consider it more like a type B virus. 
Two distinct classes: (a) Feline leukemia and sarco
ma viruses (FeLV, FeSV); (b) RD-114/CCC family 
of endogenQus feline viruses. 
Endogenous viruses released from both normal and 
leukemic celliines in culture. Poorly infectious. 
Infeccious type C viruses isolated from lympho
sarcoma tissue. 
Simian sarcoma virus (SSV -1). 

Endogenous viruses which replicate weIl in cells of 
heterologous species. 

Gibbon lymphosarcoma virus (GL V). 

tissues are very similar to one another in their morphology, biochemical and immu
nological properties (1, 2). 

Transmission of virogenes 

The spontaneous appearance of complete, infectious type C RNA viruses in 
animals of certain mammalian species and in cultured cells derived from these 
animals led to the hypothesis that the information for the production of such vi
ru ses might be transmitted genetically from parent to progeny along. with other 
cellular genes (virogene-oncogene hypothesis) (3, 4). Activation of this norm~lly 
repressed, genetically transmitted, type C endogenous virogene information, rather 
than infection from outside the animal was proposed as the most common mech
anism by which type C RNA tumor viruses produce naturally occurring cancers. 
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Table 11: Species where a COMPLETE virogene is known to be present in normal 
cells 

Chicken 
Chinese Hamster 
Syrian Hamster 

Mouse (Jrf us musculus) 
Mouse (Mus caroli) 
Rat 

Cat 
Pig 
Baboon 

Vertical transmission from generation to generation rather than infection from 
animal to animal was postulated to be the primary means by which the viral genes 
have been maintained in animal populations. Much subsequent experimental work 
supports this, the most important being that "virus-free" cell cultures (Table 2) 
derived from chicken, mouse, hamster, rat, pig, cat, and baboon tissues (reviewed 
in 5) can begin to secrete either spontaneously or after treatment with chemical 
inducing agents, typical complete type C viruses (6, 7). Cocultivation of the virus 
producing cell cultures with appropriate permissive cell lines from heterologous 
species has been needed to detect and increase virus production in several of these 
systems (8-10). The properties characterizing such endogenous mammalian type 
C RNA viruses .which are products of the genetically transmitted virogenes are 
summarized in Table 3. 

Table 111: Pro per ti es of endogenous type C virogenes 

1. DNA of all somatic and germ cells of all the animals in a species contain viral 
gene sequences. 

2. Multiple related but not identical copies present in the cellular DNA, more than 
DNA from a heterologous cell that is actively producing virus. 

3. Virus expression (RNA, gs antigen, polymerase, complete particles) under 
cellular contro!. Expressed in certain tissues at certain times during develop
ment. 

4. Clonal lines either spontaneously or after induction are capable of releasing 
complete virion. 

5. Cells generally resistant to exogenous infection by the homologous endogenous 
VIrus. 

The endogenous type C virogenes are those sets of gene sequences that are an 
integral part of the host species' chromosomal DNA and code for the production 
of type C viruses. These gene sequences contained in normal cellular DNA should 
be distinguished from type C viral DNA sequences which can be added to the ani
mal's genome from the outside by "exogenous" viral infection and subsequent in
tegration (provirus formation) (11). Endogenous type C virogenes should also be 
distinguished (Table 4) from those gene sequences not originally present in the 
genome, that are postulated to arise by gene duplication and/or recombination 
mediated by the reverse transcriptase mechanism (12, 13) (protovirus formation 
(14)). 

The endogenous virogenes and the oncogenes (those cellular genes responsible 
for transforming anormal cell into a tumor cell which may or may not be present 
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Table IV: Major differences between virogene and protovirus models 

Virogene 
1. Viral copies present in germ cells 

and somatic cells. 

2. Genes maintained in population by 
normal cellular replication. Reverse 
transcriptase not required. 

3. Transformation results from activ
ation of normally latent cellular 
genes associated with and/or part 
of the viral gene sequences. 

Protovirus 
1. Germ cells lack virus information. 

Generated in rare somatic cells by 
chance. 

2. Reverse transcriptase plays essen
tial role in generating new viruses. 

3. Transformation results from the 
generation of new gene sequences 
that do not preexist in normal cel
lular DNA. 

as apart of the genome of type C viruses (4)) are normally repressed, but can be 
activated by a variety of intrinsic (genetic, hormonal) as weIl as extrinsic 
(radiation, chemical carcinogens, other infecting viruses) factors (Table 5). Regu
latory genes and environmental factors determine the extent of virogene tran scrip
tlOn. 

Table V: Implications of the virogene-oncogene hypothesis 

Virogenes 
1. All somatic cells of a species have DNA homologous to type C virus RNA of 

that species (virogenes). 
2. Type C viruses derived from closely related species should have closely related 

specific antigens, e. g., gs antigens, polymerase and their nucleic acid sequences 
should be more related to one another than are those virus es released by 
distantly related species (virogene evolution). 

Oncogenes 
3. The transformation specific sequences of RNA tumor viruses should be present 

in normal cellular DNA (oncogenes). 
4. Spontaneous, chemically induced and viral induced transformed cells and tumor 

cells should have RNA as weIl as DNA sequences homologous to the transform
ing specific sequences found in tumor viruses (oncogene expression). 

Type C virogene sequences offer several distinct advantages for the study of 
evolutionary relationships. As cellular genes, type C virogenes are subject to the 
pressures of mutation and selection; thus, closely related an im al species would be 
expected to have closely related, but not identical, endogenous type C virogenes. 
Type C virogenes are unique from a11 other known cellular genes in their ability 
to give rise to the production of infectious type C virus particles. The complete 
expression of virogenes, at least in some species, with concomitant production of 
type C viruses containing specific viral proteins, areverse transcriptase, and a high 
molecular weight RNA, offers a unique possibility for the isolation of a discrete 
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set of cellular genes and their products. Single-stranded 3H-DNA transeripts that 
represent the viral RNA sequences, synthesized in vitro by the viral reverse tran
scrip ta se, can be used to detect information in the cellular DNA of related species. 
Mammalian type C viruses are present in cellular DNA in multiple complete copies 
(five to fifteen per haploid genome) as a family of related, but not identical, gene 
sequences (15). These sets of type C virogenes appear to evolve more rapidly than 
the unique sequence cellular genes, possibly because of their presence in multiple 
copies in each genome (16). This apparent faster rate of evolutionary divergence 
of the primate type C viral genes allows a fine degree of discrimination among 
the various primate species. It is thus possible to establish taxonomie relationships 
among closely related species that are not revealed by methods involving the 
annealing of entire unique sequence DNA. The use of such viral probes clearly in
dicates that virogene evolution has followed the pattern of overall species evolution 
(16). In contrast, infectious, horizontally transmitted primate viruses spread from 
animal to animal and are completely unrelated by molecular and antigenie criteria 
to endogenous, genetically transmitted primate viruses. The properties of infectious 
viruses traveling from animal to animal can become rapidly altered, thereby ob
scuring their origin. Genetically transmitted viruses have remained stable enough 
to make it possible to detect events which occurred millions of years ago, and pre
cisely determine the species from which. they originated. The inability to detect 
viral-related sequences in more distantly related species reflects extensive changes 
in base sequences that have accumulated in the virogene since divergence (17). 

Endogenous primate type C viruses 

It has only been within the last year or two that endogenous type C viruses have 
been successfully propagated from primates, man's closest relatives. Several isolates 
from different tissues and from different species of baboons have been obtained in 
this laboratory. They are morphologically and biochemically typical of mammalian 
type C viruses, are elosely related by host range, viral neutralization and interfer
ence and by immunologie and nucleic acid hybridization criteria, but are distinct1y 
different from a11 other previousIy studied type C viruses (10, 18). 3H-DNA 
transeripts prepared from three of the baboon type C virus isolates hybridize 
completely to DNA extracted from various tissues of several different healthy 
baboons (18). These type C virus isolates satisfy a11 the criteria for endogenous, 
genetically transmitted viruses of primates. The finding of DNA sequences in nor
mal tissues is one of the strongest pieces of evidence that the viral information is 
maintained in the population as cellular genes. 

If the baboon type C viruses were truly endogenous primate viruses (10) and had 
evolved as the species evolved, then it appeared reasonable to suspect that other 
Old World monkeys that are elose relatives to the baboon would have related vi
rogene sequences in their DNA. Primate species more distantly related taxonomi
cally to baboons would be expected to have more extensive mismatching of their 
virogene DNA sequences as measured by the thermal stability of nucleic acid 
hybrids formed or by the final extent of hybridization (19, 17). 

The study of the evolutionary relationships of type C viral gene sequences is 
especially favorable in primates since much is known about the evolutionary rela-
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tionships between primates: the fossil record has been intensively studied as Homo 
sapiens have been particularly interested in their own origins. The Old World 
monkeys (which include the baboon species) have been separated from the great 
apes and man for 30 to 40 million years. The New World monkey branch 
diverged from the common stern leading to both the apes and the Old World 
monkeys, approximately 50 million years ago while the prosimians evolved from 
primitive mammalian stock roughly 60 to 80 million years ago. 

Hybridization studies employing a DNA copy of the baboon virus RNA were 
used to detect type C viral nucleic acid sequences in primate cellular DNA. Multiple 
copies of viral gene sequences related to the RNA genomes of the baboon type C 
viruses are found in all other Old World monkey species, higher apes, and are also 
found in man. However, no homology can be detected in various New World 
monkey DNAs (17). The degree of relatedness of the virogene sequences closely 
correlates with the txonomic relatedness of the monkey species based upon anatom
ie criteria and the fossil record. The results establish that, within the primates, 
type C viral genes have evolved as the species have evolved, with virogenes from 
more closely related genera and families showing more sequence homology than 
those from distantly related taxons. That such species as the baboon and rhesus 
monkey, which have diverged genetically and have been geographically separated 
for several million years, still retain related virogene sequences, and the low, but 
consistently observed, hybridization to ape (chimpanzee) DNA with the baboon 

. viral probe, demonstrates that this virogene information has been conserved 
in the primate stock du ring the course of evolution as stable cellular elements for 
at least 30 to 40 million years (17). The ubiquitous presence of endogenous type 
C virogenes among anthropoid primates and their evoJutionary preservation sug
gest that such genes provide functions with a selective advantage to the 
species possessing them. 

Virogene information is not only present in other Old World primates, but is 
also normallY expressed. Probes from the baboon virus isolates have detected viral
specific RNA in rhesus monkey, stumptail and green monkey liver tissue; and p30 
antigen has been found in normal stumptail spleen tissue and in a rhesus ovarian 
carcinoma (20). Two human tumors, an ovarian carcinoma and a lymphocytic 
lymphoma, have also been found to contain primate type C viral p30 antigen (21). 
These genes, therefore, are not inactive, but are normally expressed; the level, 
however, varies from animal to animal and from tissue to tissue in a given anima!. 

Interspecies transfer of type C virogenes 

Type C viruses have also, under natural conditions, been transferred between 
species that are only remotely related phylogenetically. In some instances, type C 
virogenes have escaped host .control as virus partic1es infectious to other species. 
These viruses can be transmitted from one species to another with integration of 
their information into .the DNA and subsequent perpetuation through the germ 
line of the recipient species. Because of the stability of the viral gene sequences when 
they are incorporated into cellular DNA, events that have occurred millions of 
years ago still can be recognized by examining the genetic information of the virus 
and that of the host ce!!. One can assess the relatedness of a given virus to the host 

362 



it is associated with by comparing (using molecular hybridization) the match 
between the viral RNA genome and the DNA of cells from an animal of the 
species with which the virus is associated. Endogenous viruses from one species 
horizontally transmitted to another species are related to, but distinct from, one 
another by many different criteria: nucleic acid sequence homology, antibody inhi
bition of polymer ase activity, antigenicity of the p30 protein, viral interference 
and viral neutralization. Three known examples of trans-species infections by 
endogenous type C genes are discussed below. 

One example involves the transfer of an endogenous primate type C virus into 
the germ line of the ancestor of the domestic cat (22, 23). Results have shown that 
domestic cat DNA contains sequences partially related to endogenous baboon type 
C viral sequences, even though unique sequence baboon and cat cellular DNA 
show no homology. Since other mammals do not contain those related sequences, 
the finding of baboon type C viral sequences in the distantly related domestic cat 
(Fdis catus) cannot be explained strictly on evolutionary grounds (17). 

Domestic cat DNA contains type C virogenes which can lead to the production 
of endogenous RD-114/CCC viruses (24, 25). In comparing the endogenous pri
mate viruses to this feline group of viruses we found that they are related to each 
other, but can be distinguished by biologic and immunologic criteria and by partial 
nucleic acid sequence homology. Endogenous viruses from one group of mammals 
(primates) are concluded to have infected and become apart of the germ line of 
an evolutionary distant group of animals, progenitors of the domestic cat (22, 23) 
and thus have had a common ancestor even though they now behave as endogenous 
viruses of two taxonomically distant mammalian species. 

Genes related to the nucleic acid of an endogenous domestic cat type C virus 
(RD-114/CCC) are found in the cellular DNA of anthropoid primates while at the 
same time many members of the cat family Felidae lack these sequences (Table 6). 

Table VI: Relationship between cat and baboon endogenous type C virus 

1. The cat (RD-114/CCC) and baboon virus groups are related but distinct from 
one another by: 
a. Viral DNA-RNA hybridization, 
b. Inhibition of polymer ase activity by antibody, 
c. Antigenicity of the p30 protein, 
d. Viral interference, 
e. Viral neutralization. 

2. Cat and baboon unique sequence DNA markedIy different, speCles diverged 
from one another over 80 million years ago. 

3. Cat (RD-114/CCC) virus DNA transcripts hybridize to the DNAs of all Old 
World Monkeys and apes, and to the DNAs of domestic cats and certain other 
Felis species. 

4. Baboon (M7/M28) virus DNA transcripts hybridize to the DNAs of a11 Old 
Worid Monkeys, higher apes, and man, and to DNAs of those Felis species 
which contain RD-114 related sequences. 
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From the relatives of the domestic cat that have RD-114/CCC viral genes and 
from those that did not acquire them, we have coneluded that the infection occurred 
3 to 10 million years ago, in Africa or in the Mediterranean Basin region before 
the üld World monkeys had significantly diverged. This absence of RD-114/CCC 
related information in other cats is consistent with acquisition of this virus re la
tively recently in feline evolution. 

Experiments have shown that, besides the RD-114/CCC cat viruses which were 
transmitted from primates to cats (as described above), another distinct elass of 
type C RNA virus was acquired by cats and is now present in their germ Hne. 
These feline leukemia viruses (FeLV) were transmitted from an ancestor of the rat 
to ancestors of the domestic cat and their elose relatives (26). The relationships 
observed between FeL V and the endogenous viruses of rodents are similar to those 
between endogenous feline viruses of the RD-114/CCC group and endogenous 
primate type C viruses. FeL V -related gene sequences are found not only in the 
cellular DNA of domestic cats but also in the DNA of three other elosely related 
Felidae (Felis sylvestris, F. margarita, F. chaus). More distantly related Felis species 
lack FeL V -related virogenes, while the cellular DNA of rodents, in particular rats, 
contains related virogene sequences. This suggests that FeL V -related genes were 
introduced into the Felis lineage following trans-species infection(s) by type C 
viruses of rodent origin. The absence of FeLV-related DNA sequences in most of 
the Felidae indicates that these genes were acquired subsequent to the initial Felidae 
divergence in evolutionary history but prior to the radiation of the above four 
Felis species. It is interesting that cats which contain sequences related to RD-114/ 
CCC genes also contain FeLV-related genes, while other members of the Felis 
species lack both sets of sequences. Both groups of viral genes appear to have been 
introduced to the cat germ cells from distinctly different groups of animals (rodents 
and primates) (26). 

The third example of trans-species infection is that of an endogenous virus a~
quired by an ancestor of the domestic pig from an ancestor of the mouse (27). Pig 
cell cultures produce type C viruses (28-31) that are genetically transmitted and 
present in all pig tissues in multiple copies in the cellular DNA (31, 15). Partially 
homologous viral gene sequences are also found in rodent, in particular Muridae, 
cellular DNA (27). Close relatives, such as the European wild boar and the African 
bush pig, have elosely related viral genes in their DNA. The nucleic acid homology 
between the endogenous pig type C viral RNA and murine cellular DNA suggests 
that the endogenous viruses had a common ancestor. It can be shown that this virus 
was acquired by an ancestor of the pig from a sm all rodent related to the mouse 
(27). From the extent of hybridization of the pig type C viral DNA probes to 
rodent cellular DNA, the type C virogenes were introduced into the Suidae line
age by trans-species infection from members of the family Muridae after the mouse 
had separated from the rat, but before the different species of mice had diverged 
from each other. Rodent viral genes thus gave rise to infectious particles that be
came incorporated into the porcine germ line. The rate of evolution of the virogene 
sequences in the pig appears to be much slower than that of genes that have re
mained in the rodent lineage; this may be a consequence of transfer from a shorter
lived an im al (the rodent) to a longer-lived one (the pig) (27). The time of gene 
transmission is estimated as occurring 5 to 10 million years ago and it is concluded 
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Table VII: Examples of transmission of type C virus genes between species 

Donor 

Primate 
(Old World monkey) 

Rodent 
(Mouse ancestor) 

Rodent 
(Rat ancestor) 

Rodent 
(M. caroli or 
elose relatives) 

Recipient 

Felis 
(An ces tor of the 

domestic cat) 
Pig ancestor 

Felis 
(Ancestor of 

domestic cat) 
Primates 

Genetically 
Transmitted in Recipient 

Yes 

Yes 
Yes 

(but also horizontally 
transmitted in Felis catus) 

No 

that the present-day porcine type C virogenes most elosely approximate the viral 
genes as they were 4 to 6 million years ago in the rodent lineage (27). 

The data as summarized in Table 7 demonstrate that viral genes from one group 
0/ animals can give rise to infectious particles that not only can integrate into the 
DN A 0/ animals 0/ another species, but can also be incorporated into the germ 
line (germ line inheritance 0/ acquired virus genes). Clearly, if viral gene sequences 
can be acquired in this way, it is possible that type C viruses have served to intro
duce other genes from one species to another, and may provide an important 
mechanism by which species stably acquire new genetic information. 

The infectious primate type C RNA virus group 

Infectious primate type C viruses have recently been recovered from several 
colonies of gibbon apes with various hematopoietic neoplasms, especially myeloge
nous and lymphoid leukemias (32), and from one woolly monkey with a 
spontaneous fibrosarcoma (a New World primate) (33, 34). GAL V (gibbon ape leu
kemia virus) and SSV-SSAV (simian sarcoma virus-simian sarcoma associated 
virus) spread from anima 1 to animal under natural conditions and induce tumors 
when inoculated into other primates (34-36). These viruses are related to one 
another by several immunologie criteria and eontain related RNA genomes (37). 
Gene sequences homologous to those of the RNAs of GAL V and SSA V have not 
been detected in the cellular DNA of normal primates studied thus far (38, 19). 
Thus, unlike the baboon type C virus, these two viruses are not endogenous viruses 
of primates. 

The type C viruses of the GALV-SSAV group are poorly controlled by thc 
primate host and appear readily eapable of producing neoplastic disease. Infeetion 
by such viruses ean eause loeal epidemies of lymphoproliferative tumors in infected 
gibbon colonies (39). The ability to isolate virus es from gibbons, however, is not 
restricted to animals with tumors. Recently, three isolates have been obtained from 
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the brains of normal gibbons (animals without tumors) from a single eolony in the 
United States (37). Based on immunologie assays and interferenee tests, the group 
of infectious type C viruses of primates contains many members, all partially re
lated to one another. At present, the infectious primate type C viruses can be 
elassified into four distinct subgroups (see Table 8) based on hybridization studies 

Table VIII: Infectious primate type C viruses; isolation and partial character
ization 

Proposed Su bgrou p 

A Woolly monkey 
B Gibbon type 1 
C Gibbon type 2 
D Gibbon type 3 

Isolates 

SSV/SSAV 
GALV-1 
GALV-SEATO 
GBr-1, GBr-2, GBr-3 

Reference 

(34) 
(32) 
(39) 
(37) 

which show extensive mismatching of the gene sequences when the different gibbon 
isolates were compared to one another and to SSAV (37). It is probable that addi
tional subgroups will be defined as new isolates are obtained. 

In studying the relationships between the various mammalian type C viruses 
using nueleic acid hybridization it was noted that the infectious primate viruses, 
GAL V and SSA V, share a significant degree of nueleic acid sequence homology with 
endogenous type C viruses from the laboratory mouse, Mus musculus (40). Several 
homologous proteins of these two major groups of viruses also share unique inter
speeies determinants (41). These unexpected findings suggested the possibility that 
the infectious primate viruses of the GAL V -SSA V group were derived from en
dogenous mouse viruses or from a type C virus of a rodent elosely related to the 
mouse. Primates can, therefore, possess both endogenous and exogenous type C 
viruses. The ease with which type C viruses can be isolated from an Asian primate, 
the gibbon, and their relationship to JltJus musculus cellular DNA suggested that an 
Asian species of Mus might have a more closely related endogenous virus. For these 
reasons, we chose to study type C viruses from several feral Asian subspecies of 
Mus musculus. Ten of thirteen single cell clones of the distantly related Thai mouse 
speeies Mus caroli are inducible for a xenotropic type C virus. This virus, unlike 
the isolates from other Mus musculus subspecies, was found to be closely related 
antigenically to a group of infectious primate type C viruses (gibbon and woolly 
monkey type C viruses) and only weakly related to and distinctly different from 
previously studied type C viruses of Mus musculus. The polymerase of the Mus 
caroli virus is antigenica11y more similar to the primate viral enzymes than to the 
enzymes of a11 musculus type C viruses tested (Table 9). It shares cross-reactive p30 
antigens, and cross-interferes with the infeetious primate type C virus es (42). Thc 
p30 protein of the Mus caroli virus is more closely related antigenically to viruses 
of the GALV-SSAV group than to Mus musculus type C viruses. By immunologie 
and interference criteria, then, the virus isolated from Mus caroli ce11s is tinique 
among the murine virus es characterized thus far in its elose relationship to in
fectious viruses isolated from primates. These results lead to the conclusion that 
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Table IX: Inhibition of viral reverse transcriptase Activity by antisera to viral 
polymerases 

Virus From: !!g Needed For 30 % Inhibition 
Anti-MuLV Anti-SSAV 

Mouse 
Rauscher [0.8] >30 
Moloney 0.8 >30 
AKR 1.2 >30 
BALB/e 1.0 >30 
Mus musculus 0.9 >30 

(wild mouse) 
Mus caroli >60 3.6 

Primate 
SSAV >60 [0.7] 
GALV-l >60 1.2 
GALV-SEATO >60 1.2 
GBr-l >60 1.0 
GBr-2 >60 0.9 
GBr-3 >60 1.3 

a group of infeetious, type C viruses horizontally transmitted among primates 
originated by trans-species infection(s) of certain primates (gibbon, woolly monkey, 
and perhaps other apes and monkeys) by an endogenous type C virus from Mus 
caroli or another closely related species. This trans-species infection appears to be 
a relatively recent, perhaps contemporary, event with the viruses not yet heing 
incorporated into the genomes of the recipient primate species. 

Type C RNA viruses and human neoplasia 

The studies of type C virogenes in primate populations as described above are 
unusually significant: first, they are the first isolates of type C viruses from pri
mates; second, some of these viruses have been proven to be oncogenic; third, they 
provide the dosest model of animal neoplasia for man; and fourth, it is possible 
that one, the other, or both of these two primate virus groups (GALV and SSAV) 
may be involved in human neoplasia. 

Sinee the horizontally transmitted primate viruses described above are infectious 
for and can cause tumors in primates, the possibility exists that this group of 
viruses may be involved in the etiology of human cancer. This is supported hy data 
obtained using different experimental procedures in a number of laboratories. An 
enzyme with biochemieal properties related to those of type C viruses and with 
anti genie properties similar to polymerases of the woolly monkey type C virus 
(SSAV) and the gibbon ape leukemia virus (GALV) has been detected in human 
acute leukemia cells (43, 44). The DNA products of endogenous reactions from the 
"virus-like" particulate fraction of acute leukemia cells hybridize preferentially 
to viral RNA from SSAV and GALV (45, 46). Using radioimmunoassays, antigens 
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related to the major structural proteins (p30) of type C viruses have been detected 
in peripheral white blood cells from five patients with acute leukemia (47). These 
results suggest that viruses of this group, known to be infectious for and tu
morigenic in other primates, mayaIso be associated with acute leukemia in man. 

Recently, severallaboratories have reported the isolation of complete infectious 
type C viruses from human materials (48-51). :NIost information is available on 
the isolate designated HL-23, obtained from a cell culture derived from a woman 
with acute myelogenous leukemia. It appears to be closely related to the woolly 
monkey virus, SSAV (50), and thus may belong to one of the four previously 
described subgroups of infectious primate viruses. A virus closely related to baboon 
type C viruses was also isolated from patient HL-23 (52). Since two different type 
C viruses also related to the same primate viruses as HL-23 have recently been 
found in the human embryo cells described by Panem et a1. (49), isolation of one 
infectious virus from human material now appears to be an unusual rather than 
common occurrence. Additional isolates of HL-23 virus have recently been re
ported from separate clinical specimens obtained at different intervals from the 
same patient (53). The significance of these isolations, however, requires further 
evaluation. The careful characterization of additional isolates made by other lab
oratories from human tissues and cell cultures, then, is awaited with keen interest. 

Primates, including man, are known to contain endogenous type C viral se
quences in their genome which are related to those found in endogenous baboon 
viruses (16). Endogenous virogenes may be partially expressed in humans and other 
primates as evidenced by the detection of RNA sequences (20), and antigens related 
to the p30 proteins (20, 21) of endogenous baboon viruses. The expression of 
endogenous viral-related antigens is found in carcinomas and lymphomas (21) as 
weIl as in leukemias (47); viral p30 antigen expression has also been reported in 
certain normal human tissues (54). 

If infectious type C RNA viruses are important agents in cancer causation in 
man, it is critical to know how the viral information is transmitted, normally con
trolled, and maintained in the population. Are they contained in an animal reser
voir or do they spread solely from primate to primate? Finding this reservoir(s), 
if it exists, provides a chance of disrupting the process. If human leukemia involves 
the spread of an infectious agent from individual to individual as is clearly shown 
to be the case for cat leukemia (55) and bovine leukemia (56), then identification of 
the agent and its mode of spread would provide one set of approach es to preven
tion of the disease. If, on the other hand, activation of genetically transmitted 
virus by extrinsie (chemie al and physical agents) as weIl as by various intrinsie 
factors leads to tumor development and there is no contagious virus involved, the 
approaches to the prevention of the disease would be quite different. The endoge
nous primate type C virogenes, present in human cells, would appear to be the 
more logical candidate virus for involvement in the generality of human cancer. 

Possible normal functions of type C viruses 

The presence of genetically transmitted viral genes in so many vertebrate spe
eies and the evidence that they have been eonserved through evolution in several 
distinct vertebrate lineages suggests that they may provide normal function(s) 
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Table X: Possible functions of genetically transmitted virogenes in normal cells 

1. Activation of oncogenic information, while inappropriate in adult tissue, plays 
anormal role during differentiation and development. 

2. The integrated virus serves to protect the species against related, more virulent 
infectious type C viruses. 

3. Virus activation, being linked to transformation, protects the animal by altering 
the cell membrane. The released virus could alert the immune system making 
the transformed cells more susceptible to immunologie contro!. 

4. They may have had an evolutionary role as conveyors of genetic information 
not only within a species but also between species. Only this group of viruses 
has been shown to transmit genes between germ cells of different species under 
natural conditions. 

advantageous to the species carrying them (Table 10). The first suggested role, 
derived from studies on the expression of viral antigens during the course of de
velopment, was that such viral expression during the early stages of differentiation 
was a normal part of the developmental process (3). If this were the case, the ex
pression of cancer genes later in life would be an inappropriate manifestation of 
anormal developmental function. If viral genes provide a function critical for 
normal development, they clearly would be conserved during evolution. 

The acquisition of viral genes by cats from both primates and rodents, and 
by pigs from rodents, along with the fact that they have been maintained for mil
lions of years suggests the possibility that the newly acquired viral genes, once inte
grated, might have been beneficial to the recipient species if they were able to pro
vide resistance to related, but more virulent viruses. Animals that successfully 
integrated the genomes would have been at a selective advantage relative to those 
that did not, if the integrated genome protected against infection, and if infec
tion led to cancer or other type C viral-mediated diseases. Genes that provide 
protection against disease, especially against epidemie diseases, would be at a strong 
selective advantage in natural populations. This may weIl explain the success of 
the transmission between species as described above. For example, in our 
laboratory we have shown that those species of the genus Felis, including the do
mestic cat, that have acquired primate type C viral genes are resistant to infection 
by the endogenous baboon virus es, while those Felis species that have not acquired 
the viral information are still susceptible to baboon viral information. 

A third possible role for endogenous viruses arises if viral activation was closely 
linked to the transformed state in the cel!. Expression of the endogenous virus un
der natural circumstances, may be protective on an immunological basis against 
cancer, rather than the virus acting as the etiological agent. The activated virus 
could alter the cell membrane and thus alert the host immune system, conveying 
information as to the number and location of transformed cells in the body. This 
possibility is supported by the observation that transfor'med cells in culture, 
whether transformed spontaneously, by chemical carcinogens, or by other viruses, 
release their endogenous type C viruses more readily than do their normal, untrans
formed counterparts (57-59). Transformed cells that are releasing high titers oH 
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type C virus have heen reported to he much less ahle to produce tumors when in
oculated into immunocompetent animals of the same species (60). Partial viral ex
pression where viral antigens are introduced into the cell surface may he sufficient 
to alter its antigenicity and facilitate rejection of these cells. 

One final possihility that should he considered is that type C viruses have played 
an important evolutionary role as transmitters of genetic information, not only 
hetween cells of an anima I, and animals of a species, hut also hetween species. That 
virus es can transmit themselves hetween the germ cell DNAs of very different 
species has heen estahlished as a result of experiments in the past year. That they 
can recomhine with cellular gene sequences and transmit these genes to new cells 
of a different species also has heen clearly demonstrated (61, 62). That this trans
mission of cellular gene information hetween species has heen a major force in evo
lution, however, remains a speculation. 

This suggestion that viruses may have had a major role in evolution is not a new 
one (63). Viruses are unique in that they can serve to carry information hetween 
genetically isolated species. Classical Darwinian evolution deals with changes which 
occur within the genetic information of a species; which can he changed and rear
ranged hy mutation and selection, duplication and rearrangements, hut not added 
to from the outside. Viruses, however, offer the possihility of additions of new gene 
sequences to a species. The type C viruses as a group, are uniquely suited for this 
role since they must incorporate into the cellular DNA in order to replicate (14) 
but they do not kill the cells that they infect. Each time they move from ceH to ceH 
they may carry with them host cell genes providing a means of communication 
hetween cells of different species and different phyla. They serve to keep a species 
in contact or in communication with its neighhors-ecologic neighhors as weIl as 
genetic neighhors. 

Of course they can transmit information that may disrupt normal cellular control, 
and hy so doing, lead to the development of cancer in the individual. Instances of 
genetic significance, however, occur when new genes are incorporated into the germ 
line. From this perspective, the fact that these viruses cause cancer would then be 
viewed as a pathologie al manifestation of normal processes. While the viral 
genes may weH he etiologic agents in cancer causation, either as exogenous or endog
enous viruses, and this may he of profound significance to the affected individuals, 
these relatively rare and sporadic cases may not he of great evolutionary signifi
cance. 
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Abstract 

Short term cultures of bovine leukemic lymphocytes release virus particles with 
biochemical properties of RNA oncogenic viruses. These particles, tentatively 
called Bovine Leukemia Virus (BL V) have a high molecular weight-reverse tran
scriptase complex and a density averaging 1.155 g/ml in sucrose solutions. Mole
cular hybridizations between BL V -3H cDNA and several viral RNAs show that 
BLV is not related to Mason-pfizer Monkey Virus (MPMV) Simian Sarcoma 
Associated Virus (SSV-1) Feline Leukemia Virus (FeLV) or Avian Myeloblastosis 
Virus (AMV). Rauscher Leukemia Virus (RLV) exhibits a slight but reproducible 
relatednesse to BLV. The high preference of BLV reverse transcriptase for Mg++ 
as the divalent cation suggests that BL V might be an atypical mammalian leuke
mogenic type C virus. Hybridization studies using BL V 3H cDNA as a probe 
suggest that the DNA of bovine leukemic cells contains viral sequences that cannot 
be detected in normal bovine DNA. 

Abbreviations: Eagle MEM: Eagle mmlmum essential medium - SDS: sodium 
dodecyl sulfate - MMTV: mouse mammary tumor virus. 
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Introduetion 

Bovine 1eukemia is a 1ymphopro1iferative disease appearing in cattle herds under 
severa1 forms (1). The following observations lead to the conclusion that viruses 
are the most probable etiological agents of the onzootie form of the disease: 

(a) Bovine leukemia often appears in geographically localized foei. It spreads 
by horizontal as weIl as by vertical transmission (Mostly from mother to off
spring) (2, 3, 4). 

(b) Infected animals develop antibodies directed against an antigen present in 
the virus fraction of leukemic lymphocyte cultures. This antigen can be detected 
by immunofluorescence, immunodiffusion or comp1ement fixation (5-9). 

(c) Virus particles are occasionally seen in milk and tissues of leukemic animals 
(10, 11). 

(d) Cultures of bovine leukemie material produce virus particles generally con
sidered as type C (11-15) although they are morphologically somewhat different 
from typical type C viruses (16-17). 

(e) Whole blood from leukemic animals transfers the disease with high fre
quency when fed to newborn calves (18, 3) or sheep (18, 19, 20). Successful 
infections are also obtained with the viral concentrate from short term cultures 
(21, 22). 

Considering a11 these observations, it seems to us of basic interest to identify 
biochemically Bovine Leukemia Virus, to determine by molecular hybridization to 
what extent it could be related to other known type C viruses and finally and 
mostly to characterize it as an exogenous or an endogenous bovine virus. 

Materials and Methods 

Animals. 
Our experimental herd was estab1ished from animals diagnosed as leukemic by 

hematological test (key of Göttingen). A samp1e of 1eukocytes from each anima1 
was submitted to short term culture (see below) and examined by e1ectron 
microscopy for the presence of "C type" virus. Every culture derived from a 
leukemic animal produced virus particles while cultures made of normal leuko
cytes remained negative (4). 

Cell cultures. 
Blood was collected from the jugular vein; clotting was prevented by the use 

of 3 m1 of 1 % heparine for each 150 ml of b100d anticipated to be taken. Leuko
cytes were separated by the distilled water 1.7 % saline method, as applied by 
Stock and Ferrer (21). After the red blood cells were lysed by hypotonie shock, 
the cells were adjusted to 3.0 x 106/ml of Eagle MEM supplemented with 20 0/0 

inactivated (30 min at 56°C) fetal calf serum and maintained as stationary cul
tures. Penicillin (100 units/ml) and streptomycin (100 !!g/ml) were added to the 
media. These short term cultures were incubated for 72-96 hours at 37°C. 
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Virus concentration. 
A. - From short term culture supernatants. 

The medium was clarified by centrifugation at 1500 x g for 45 min at 3 °C and 
the virus was purified according to Bishop et al. (24) except that TNE (0.01 M 
Tris-HCl, pH 8.3; 0.15 M NaCl; 0.001 M EDTA) was used instead of MEM or 
Tris-BCI pB 7.5. 
B. - From cells. 

3 g of cultured lymphocytes were homogenized with an ultra-turrax homoge
nizer (Janke and Kunkel, type ZF) at full speed for 3 x 20 seconds in 4 volumes 
of TNE at 4°C. The homogenate was then processed as the virus suspension. 

Assay of 60-70S RN A directed DN A polymerase : simultaneous detection test. 
Pellets obtained after equilibrium density gradient centrifugation of BL V were 

resuspended in 0.01 M Tris-HCI, pH 8.3 at a protein concentration of 3 mg/mI. 
Triton X-I00 was adjusted to a final concentration of 0.03 % and a simultaneous 
detection test was performed (25). 

Preparation of BLV sR cDNA. 
The 60-70S RNA-3H DNA complex of a BLV simultaneous detection test was 

recovered by alcohol precipitation, treated with alkali to destroy RNA and 
chromatographed on hydroxyapatite to purify single stranded SH cDNA mole
cules (26, 27). 

Preparation 0/ sR cDNA probes 0/ AMV, SSV-l, RL Vand FeLV. 
The re action conditions were those previously described (28) except for RL V 

and feL V where Mg++ was replaced by Mn++ at a final concentration of 0.001 M. 

Preparation 0/ viral RN As. 
Viral proteins were solubilized and digested by a mixture of SDS and protein

ase K (Merck, Darmstadt) at final concentrations of 0.5 % and 0.2 mg/mI re
spectively. The digested mixture was extracted twice at room temperature with 
phenol-cresol-chloroform (6:1 :7). 60-70S RNA was recovered from the aqueous 
phase by ethanol precipitation and purified by sedimentation in sucrose gradient. 

Preparation 0/ DNAs. 
DNA from leukemic and normal cells was isolated according to Sweet et al. (29). 

All DNAs were reduced to a sedimentation constant of 6-8S by ultrasonic vibra
tion. DNAs extrated by this method had an A260/A280 nm ratio of 1.85-1.95. 

Rybridization reactions. 
3H cDNA (2000 cpm) was added to indicated amounts of RNA Cor DNA) 

in a final volume of 56f.t1 of 0.4 M NaCI, 0.001 M EDTA, 0.1 % SDS and 
0.01 M Tris-HCI, pB = 7.7. The mixture was incubated at 68°C for various 
periods of time. The extent of hybrid formation was estimated either by Cs2S0, 
equilibrium density gradient centrifugation (28) (for DNA-RNA hybrids) or Si 
nuclease digestion (30) (for DNA-DNA hybrids). 
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Results 

Characterization 0/ a 60-70S RN A and reverse transcriptase. 
BL V particles released in the culture supernatant were concentrated as described 

in Methods and used as a source of template-primer and reverse transcriptase in an 
RNA dependent DNA synthesis reaction. The reaction proceeded linearly for at 
least 30 minutes. In some cases, linear incorporation lasted for as long as 2 hours. 
As a rule, reactions were stopped after 30 min. and analyzed by the simultaneous 
detection technique (25). We systematically searched for optimum conditions for 
cD NA recovery. Incubation of the reaction mixture with proteinase K (Merck, 
Darmstadt) before phenol-chloroform extraction improved the cDNA yield by at 
least 70 0/0. 

Fig. 1 shows the outcome of a simultaneous detection test. Fractions 5 to 15 
represent the region where 60-70S viral RNA-3H cDNA complexes sediment. The 
presence of these complexes per se is a strong indication that BL V contains a 
high molecular weight RNA and reverse transcriptase, moleeules characteristic of 
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Fig. 1: Detection of the 60-705 RNA-3H cDNA complex of BL V from culture super
natants. Twelve hundred ml bovine lymphocyte culture supernatant were processed as 
described under "virus concentrations" and "simultaneous detection" (see Methods). The 
virus concentrate was divided into three equal parts. A standard RNA-directed DNA 
polymer ase reaction was performed on one part. The RNA-3H cDNA product was sized 
on sucrose gradient <e e). A second part of the virus concentrate was used in areaction 
mixture lacking dA TP ('-'). The third part of the virus concentrate was incubated in 
the compiete reaction mixture suppiemented with 100 ~g/ml of RNase A (0-0). 
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RNA oncogenic viruses. The synthesis of 60-70S RNA-3H cDNAhybrids is 
dependent on the presence of the four deoxytriphosphates in the incubation me
dium. Leaving out dATP reduced the 3H TMP incorporation to about 20 % of 
the control value. 

In the presence of RNAse A, 3H TMP incorporation is reduced to a back~ 
ground level. 

The same experimental technology was applied to virus detection in cultured 
leukemic lymphocytes. The same positive outcome of the simultaneous detection 
test was obtained. Similar results were also obtained when leukemic lymphocytes 
from sheep infected by bovine leukemic blood were examined (data not shown). 
This indicates that the observed endogenous DNA polymer ase activity is both 
RNA dependent and not due to an end addition enzyme activity. 

Requirements of the BL V -reverse transcriptase reaction: 
1/ Non ionic detergent. 

In contrast to avian RNA tumor viruses (28, 31, 32) mammalian oncornaviruses 
(25, 26) require no detergent (33) or very limited concentrations of detergents 
for optimal rate of DNA synthesis. BL V endogenous synthesis of DNA was per
formed in the presence of various concentrations of NP40 or Triton X-IOO. At 
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Fig. 2: Panel A. 
BLV-DNA polymerase activity as a function of detergent concentration. 3H cDNA 

syntheses were run in the presence of the indicated concentrations of Triton X-lOO (0) 
or NP-'40 <.) and analyzed by sucrose gradient sedimentation. Results are expressed as 
TCA precipitable counts in the 60-70S region of the gradient versus indicated detergent 
concentration. 
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Panel B. BLV-DNA polymerase activity as a function of Mg++ (0) or Mn++ (.) con·· 
centration in the re action mixture. 3H cDNA syntheses were run in the presence of the 
indicated concentrations of Mg++ or Mn++ and analyzed by sedimentation in sucrose 
gradients. Results are expressed as TCA precipitable counts in the 60-705 region of the 
gradient versus indicated cation concentration. 

the pro tein concentration used (3 mg/mI) maximum synthesis of 60-70S 3H cD NA 
occurred at 0.01 % of NP40 or 0.03 % of Triton X-l00 in the reaction mixture. 
Higher detergent concentrations practically abolish the reaction (Fig. 2a). 
2/ Divalent cation. 

The preference of viral polymer ase for Mg++ or Mn++ depends on the template
primer that is being used (34, 35). It has been shown also (36) that more similarity 
exists between the DNA polymerases from viruses of the same type than between 
the polymerases from viruses of different types but from closely related species. 
Divalent cation requirement may therefore be informative for the biochemical 
characterization of new oncornaviruses. 

Endogenous 3H cD NA synthesis was run in the conditions described in Methods 
except for divalent cation concentration. 3H cDNA counts associated with high 
molecular weight RNA after sucrose gradient sedimentation were recorded in 
Fig. 2b as functions of divalent cation concentration used. As can be seen, no 
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Fig. 3: Determination of BL V equilibrium density in sucrose solutions. 

A BL V concentrate, prepared from short term culture supernatant (1200 ml) as described 
in Methods, was suspended in TNE buffer, layered on a linear gradient 20-50 sucrose in 
TNE buffer and centrifuged overnight at 25000 rpm in a Spinco SW 27 rotor at 4 oe. 
Fractions within regions of the indicated densities were pooled and assayed by the simul
taneous detection test as described in Methods. 

notable incorporation of 3H TMP into DNA occurred at any of the Mn++ cation 
concentrations tested. Mg++, on the other hand, clearly stimulated BL V reverse 
transcriptase. The optimum concentration for the reverse transcriptase activity in 
this assay was 20 mM Mg++. 

Buoyant density in sucrose gradients. 
The buoyant density values of oncornaviruses in sucrose solutions vary accord

ing to the virus type (37). The B-type MMTV equilibrates at a density of 1.18 g/ml 
in sucrose while C type viruses have a density of 1.16 g/ml in sucrose. 

In order to determine the density values of BLV, the vi~us released in the 
supernatant of 1200 ml of culture was processed as described in the legend to 
Fig. 3. The simultaneous detection profiles obtained reveal that BL V equilibrates 
in these conditions between 1.148 and 1.164 g/ml, the density region of C type 
VIruses. 
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Preparation of BLV 3H c D N A .  
Once ihe 'optimum conditions of the BLV reverse transcriptase reaction were 

determined, we prepared BLV 3H.cDNA and tested it for its representativity of 
the BLV genome. A virus',,concentr'ate was prepated from five liters of lymphocyte 
culture supernatant and uSed to genetate an W-DNA probe. The high molecular 
weight RNA-8H cDNA comple~  was ~ur i f ied  by sucrose gradient centrifugation 
(25), 'alkali. ~reated to destrqy RNA knd fra~tionated on hydroxyapatite [to 
separate Single sthnded material from the smdll proportion pf double stianded 
molecules. Single stranded 3H cDNA was further 'characterized by self annealing, 
annealing to globin mRNA and to BLV 60-70s RNA. Fig. 4a shows a Cs2S0, 
equilibrium density profile of the self annealed single stranded material. All the 
'H founts band as a sharp peak in the density region where DNA is expected. 
This profile is-not significantly altered if BLV 3H cDNA has been previously 
hybridized to globin mRNA (Fig. 4b). This eliminates the possibility of BLV 3H 
cDNA contamination by poly thymidylic acid stretches. ARer annealing to BLV 
high molecular weight RNA (Fig. 4c), all the SH cDNA Counts equilibrate in the 
Cs2S0, gradient in a broad density~pregion from 1.66 glml (he RNA density 
region) up tp 1.48 glml covering the whole region of RNA-DNA hybrids. 
Virtually no si$gle stranded DNA molee~le remains in the DNA region. This set 
of experiments bhows th&' pui-ified single *strandedY ONA molecules of the BLV 
probe specifically hybridize to BLV RNA sequences. 

, . 
Relatedness of BLV t o  other RNA oncogenic viruses. 

A constant amount (2000 cpin; SA = 2 X 107 cpml~g)  of single stranded mole- 
cules was annealed to increasing amounts of BLV RNA. Percentages of hybrid- 

Fractions 
Fig. 4: Characterization of BLV cDNA probe. 
Cs,S04 equilibrium density gradient centrifugation of the purified BLV-cDNA alone 
(a) and afker annealing at 68 'C for 3 days to 4.5 pg of globin 9 s  mRNA (b) and 0.16 pg 
of BLV 70s RNA (C) = cpm; 0 = density. 
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Fig. 5: Kinetics of annealipg of BL V-cDNA to 60-70S BLV RNA. Crt is. the prod~ct of 
nuc1eic acid concentration (in OD260) and hybridization time (in hours/2). No corrections 
were made for salt concentrations. The hybridization mixtures contained. from 0.078 ng to 
160 ng of BL V 70S and were all incubated at 68°C for 3 days. The extent of hybridization 
was determined by Sl nuclease treatment (e e). . , 

Hybridizations with hemoglobin messen ger RNA as a control (6); RL V 70S RNA (0) 
MPMV 70S RNA (.) AMV 70S RNA (0) SSV-l 70S RNA (Ä) FeLV 70S RNA (f)) 
were run up to indicated Crt values. . 

ization were calculated from the ratios of S1 resistant counts over total 3H cDNA 
counts in the controls. The values obtained were recorded (Fig. 5) as functions 
of Crt (concentration of viral RNA in moles/liter times time in seconds (38). Crt 
1/2 equals 7 x 10-2 moles x sec/liter. In similar experiments with AMV and RLV, 
values such as 3 x 10-2 (39) and 1.5 x 10-2 (40) were reported. The somewh~t 
higher value obtained here in the BL V system is probably due to some contamina:
tion of BL V 60-705 RNA. As BL V is produced by degenerating cells, contamina
tion of the 60-70S region of sucrose gradients by cellular nucleic acid cannot be 
ruled out. Such a Crt curve also shows that 90 % of the cDNA engaged in the 
reaction was hybddized at Crt values of 1 and above. Annealing experiments 
tending to detect an hypothetical relatedness between BL V and other known RNA 
oncogenic viruses must be carried out up to, at least, Crt values of 1. Such ex
periments were performed with globin mRNA as control and M:PMV, RL V, 
FeLV, AMV, 5SV-1, RNAs. Within the limits of our experiments, we can conclude 
that 4 of the 5 virus es tested do not share common RNA sequences with BLV. 
RLV, however, showed a slight but reproducible relatedness to BLV. BLV 3H 
cDNA systematically showed some 2 to 3 % of hybridization to RL V RNA. 
A control experiment was then performed where BL V 60-70S RNA was annealed 
to SB DNA synthesized in the above five viruses tested (Table 1). Again, MPMV, 
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Table I: Q / o  Hybridization of 3H cDNA probes synthesized in various RNA viru- 
Ses with globin mRNA (as control) and various viral 60-70s RNAs". 

RNAs 
3H cDNA globin AMV SSV-1 MPMV FeLV RLV BLV 
probes mRNA 

BLV 4.3 3.1 4.9 3.6 - 6.1 85.1 
SSV-1 0.0 - 90.0 - - - 0.3 
AMV 0.0 90.2 - - - - 2.6 
RLV 0.0 - - - 80.1 8.8 
FeLV 0.0 - - - 43.1 - 0.8 

Hybridizations were run at Crt values 2 2. 

AMV, SSV-1, FeLV appeared to be unrelated to BLV but RLV 3H cDNA re- 
peatedly hybridized to some extent (3 O / o  t o  8 O / o )  t o  BLV-RNA. 

BLV genome sequences in DNA from normal bovine cells und bovine 
lymphosarcoma cells. 

A constant amount (2000 cpm; SA = 2 X 107 cpmlpg) of single stranded BLV 
3H cDNA was annealed to increasing amounts of normal and leukemic bovine 

Fig. 6 :  Hybridization kinetics of BLV SH cDNA with normal (A-A) and leukemic 
bovine DNA (M). Hybridization reactions were carried out with 2000 input countsl 
min of BLV 8H cDNA at a specific activity of 2 X 107 cpmlpg, a t  68 'C in Tris-HC1, 0.01 
M, p H  = 7.7; NaCl : 0.4 M; EDTA : 0.001 M; SDS : 0.1 010. The dashed lines are not 
mathematically derived, but simply fit to the data for illustrative purposes. 
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DNA. After about 20 days, the percentages of hybridization were determined and 
recorded as functions of Cot. Fig. 6 shows the kinetics of hybridization of BL V x 
3H cDNA with normal (6-6) and leukemic bovine DNA (e-e). About 60 0/0 

of the radioactive probe enters 51 nuclease-resistant hybrids after annealing with 
bovine leukemic DNA. The same probe formed hybrids with normal bovine DNA 
at a much slower rate, reaching only 15 % at log Cot values of about 4.5. 

These observations are consistent with the proposition that BLV contributes 
genome sequences to the leukemic cell which are not detectable by this technique, 
in normal bovine DNA. Definite proof that this proposition is indeed correct must 
await further experimental evidence. Recycling experiments (29, 41, 42) and ther
mal stability analysis of the hybrids are presently under way. 

Discussion 

Bovine leukemia is by far the best known natural model system from epi
demiological studies. As outlined in the introduction of this report, the disease 
spreads by horizontal and vertical transmission. In the latter case, however, ex
periments strongly suggest that transmission of the disease is most probably due 
to perinatal infection (3). It was therefore of obvious interest to try to identify 
the putative agent, and characterize it, biologically and biochemically. A major 
step towards this goal was accomplished when virus production was achieved in 
short term cultures of leukemic lymphocytes. We report here on our attempt to 
study biochemie al features of the virus. The positive outcome of simultaneous 
detection tests, the sensitivity of the reaetion to ribonuclease treatment, and the 
strict requirement for the four deoxyribonucleoside triphosphates (Fig. 1) practi
cally identifies BLV as an RNA tumor virus. The definite proof, however, that 
BL V possesses a high moleeular weight RNA-reverse transcriptase eomplex eould 
only be obtained through back hybridization of the DNA synthesized in vitro 
with the viral 60-705 RNA. Fig. 4 and 5 show that this is, indeed, the case. 

Parameters of the endogenous reverse transeriptase reaetion were then deter
mined. As a rule, reverse transcriptases from mammalian leukemogenie viruses 
are extremely sensitive to non-ionie detergent concentrations (32). Aeeording to 
our titration experiments, BL V reverse transeriptase exhibits maximum aetivity 
when Triton X-l00 reaches a concentration of 0.03 % in the solution where protein 
concentration averages 1.5 mg/mI. In the same conditions of protein eoneentration, 
the optimal NP-40 eoneentration is 0.01 % (Fig. 2). 

It could also be informative to investigate the metal requirements of BL V 
endogenous DNA synthesis. The optimum Mg++ concentration averages 20 mM 
while Mn++ is ineffeetive at any of the eoneentrations tested (Fig. 3). As pointed 
out by Waters and Yang (35), divalent metal requirements of a given reverse 
transcriptase reaetion depends primarily on the template-primers used. If, how
ever, the endogenous synthesis of DNA on an RNA template is considered, the 
following rules seem to obtain: 

- Mammalian type C viruses: DNA synthesis proceeds equally weIl in the 
presence of Mg++ or Mn++ provided optimal concentrations are used. The reaetion 
may even be stimulated if both eations are present at a given eoncentration (36). 

- Type B viruses: Mg++ is a mandatory requirement for DNA synthesis (43). 
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- MPMV (36, 43), GPV (43), BL V: they are morphologically different from 
type B viruses but share their divalent cations requirements. ' 

Further charactel"ization of BL V included an equilibrium density gradient,centri
fugation in sucrose gradients.· The simultaneous detection tests performed on 
material banding at the indicated densities (Fig. 4) show thai: BL V equilibrates 
between 1.148 and 1.164 g/ml" a density region characteristic of type C virus 
particles. 

The potential relatedness of BLV to other known RNA oncogenic viruses was 
screened by hybridization of the variousviral RNAs to BLV 3H cDNA (Fig. 5) 
and, mutatis mutandis, of bovine viral RNA to the various viral 3H cDNAs. The 
results of this double check are quite clearcut: AMV, MPMV, FeLV and SSV-1 
are unrelated to BL V. Surprisingly enough, RL V showed in both tests a slight but 
reproducible relatedness to BLV (some 3 to 8 0/0) (Table 1). A comparable situation 
obtains when RLV 3H DNA prob es are used to search viral sequences in "human 
leukemias, lymphomas and Hodgkin diseases (44, 45, 46). One would obviously 
want to understand the exact significance of this observation. 

Epidemiological and experimental evidence strongly suggests bovine leukemia 
to be an infectious disease. It was therefore of crucial interest to try to classify 
BL V as an exogenous or an endogenous v.irus. The biochemie al strategy of such 
experiments has been designed (41) and includes a recycling step. The recycling 
step is a mandatory prerequisite before classification of a virus, if the normal 
cell DNA of the species studies contains, at least, one copy equivalent of the 
viral genome. In this case indeed one could interpret leukemogenesis as an 
amplification of existing DNA sequences. 

That viral transformation implies de novo insertion of viral DNA sequences 
into the genome of the infected host,.is easy to demonstrate in cells transformed by 
a non-indigenous virus (47-49). That the same phenomenon holds true for cells 
infected by an indigenous virus, was clearly demonstrated by Baxt and Spiegel
man (41) in the case of human leukemias. From studies on the leukemic member 
of identical twins (42), it was further concluded that leukemia specific informa
tion must have been inserted subsequent to fertilization. These facts observed in 
human systems have been extended to avian lymphoma (50) and leukemia (51). 
The data we present he re (Fig. 6) about bovine leukemia, a "field" leukemia, suggest 
that leukemia specific sequences are present in the DNA of the leukemic cell. 
Further evidence in support of this proposition are presently being sought, i. e. 
recycling of BLV 3H cD NA on normal bovine DNA, thermal stability analysis 
of the hybrids ... 

What is the information carried by the extra-sequences? From studies with a 
transformation defective mutant of Prague RSV-C, it has been suggested (52) that 
the sarcoma virus adds transformation specific sequences to the DNA of normal 
cells. The clearcut identification of the viral sequences responsible for each viral 
function should help answering the question. 

In conclusion, we tend to believe, without having at the present time the definite 
proof, that bovine leukemia is an infectious disease both on epidemiological as 
weIl as on biochemical grounds. It seems also highly probable that it will be the 
first natural system in which Koch's postulate will be fulfilled. 
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Molecular Evidence for the Association ofRNA Tumor Viruses 
with Human Mesenchymal Malignancies . 

S. Spiegelman 

Institute of Cancer Research, College of Physicians & Surgeons, 
Columbia U niversity, 99 Fort Washington Avenue, 

New,Y ork, N.Y. 10032 

I. The Strategy of the Search for RNA Tumor Viruses in Human Malignancies 

Our overall purpose has been and remains to explore the possible involvement 
of RNA tumor viruses as etiologic or cofactor agents in human neoplasias and to 
exploit any leads that emerge that could be of any conceivable use in the pr'even
tion, diagnosis, or therapy of human cancer. 

The task of identifying the existence andthe causative role of the anima I RNA 
tumor viruses was inadvertently made easier by breeding high cancer incidence 
anima I strains. In the process, a homogeneous genetic background was created that 
was permissive for viral replication. As a consequence, virus particles reached levels 
that made their' detection inevitable. Those who are concerned with human neo
plasias are for the most part faced with the same difficulties encountered by thc 
early animal oncologists prior to the availability of inbred strains. It folloW's that 
a search for putative human viral agents requires more sensitive devices than those 
wh ich sufficed to establish their presence in the genetically homogeneous animal 
systems. In the quest for such tools, we quite naturally turned to .molecular 
hybridization and the other, methodologies developed by molecular biologists in 
the past several decades. 

Our investigations evolved through a number of stages thatare conveniently 
identified, by the questions we posed for experimental resolution: 

1) Do human neoplasias contain RNA molecules possessing detectable homology 
to the RNA of tumor viruses known to cause similar cancers in other mammals? 

2) If a positive outcome is obtained, do the RNA molecules identified in tumors 
possess the size and physical association with reverse transcriptase that characterize 
the RN A of the animal oncorna viruses? 

3) If such RNA exists in human tumors, is it encapsulated in a particle possessing 
the density and size of the RNA tumor viruses? 

4) Is the RNA of human tumor particles homologous to the RNA of the viruses 
causing the corresponding disease in animals? 
. 5) The "virogene-oncogene" concept proposes that all animals prone to cancer 
carry in their germ line a complete copy of the information required to convert a 
cell from normal to malignant for the production of tumor virus particles. Is this 
concept valid for randomly bred populations. and, in particular, for the human 
disease? 
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11. The Animal Models as a Point of Departure 

When we began our investigations, there were relatively few animal oncorna
viruses available in amounts adequate for the sort of biochemical experiments re
quired. Table I lists these and records certain relevant features that served as a 

Table I: Comparsion of Some Representative Oncornaviruses 

Virus Indigenous Bomology'~ 
Bost 

AMV RSV MuLV MSV 
AMV Chicken + + 
RSV (RAV) Chicken + + 
MuLV Mouse + + 

MSV (MuLV) Mouse + + 
MMTV Mouse 

Disease 

MMTV 
Leukemia 
Sarcoma 
Leukemia, 
lymphoma 
Sarcoma 

+ Breast 
cancer 

,} The results of molecular hybridizations between [3H]DNA complementary to the 
various RNAs and the indicated RNAs. The plus sign indicates the hybridizations were 
positive and the negative sign indicates none could be detected. 

guide in these expermients. There are two avian viruses, myeloblastosis virus 
(AMV) and the Rous sarcoma virus (RSV), that cause mesenchymal malignancies 
in chickens. In addition, we have the murine leukemia virus (MuLV) and the 
murine sarcoma virus (MuSV) that induce similar diseases in mice. Finally, we 
have the murine mammary tumor virus (MMTV), which is the unique etiologic 
agent for mammary tumors. 

When these viruses are examined for sequence homologies amongst their rtucleic 
acids, a rather informative pattern emerges. It will be noted that the two chicken 
agents have sequences in common, but do not show detectable homology with any 
of the murine agents. Turning to the murine viruses, we find that the nucleic acids 
of the leukemia, lymphoma, and sarcoma agents are homologous to one another, 
hut not to either of the two avian agents or to the mammary tumor virus. Finally, 
the mouse mammary tumor virus has a singular sequence homologous only to it
self. 

It is important to understand that a plus sign does not indicate identity, but 
simply sufficient similarity to be detectable by the relaxed hybridization conditions 
used in these initial studies. Similarly, a negative sign does not imply the complete 
absence of sequence homology, but rather that none was observable by the proce
dures used. 

If analogous, or similar, virus particles are associated with the corresponding 
human diseases, certain predictions may be hazarded on the basis of the specificity 
patterns exhibited in Table I, and they may be listed as follows: 

(a) In view of the lack of homology between the avian and murine agents, it is 
unlikely, from simple evolutionary considerations, that human agents, should they 
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exist, would show more homology to the avian group than to the murine oncorna
VIruses. 

(b) It follows that the murine tumor viruses would represent the more hopeful 
source of the molecular prob es required to search for similar information in the 
analogous human cancers. 

(c) If particles are found to be associated with human mesenchymal tumors (in 
leukemias, sarcomas, and lymphomas), their RNAs might show homology to one 
another and possibly to that of the'murine leukemia virus. 

(d) If RNA particles are identified in human breast cancer, they should not 
exhibit homology to the RNA of virus-like particles associated with the human 
mesenchym al neoplasias or to MuL V RNA, but might exhibit some homology to 
the RNA of the murine mammary tumor virus. 

On the basis of both availability and the specificity considerations outlined above, 
it is dear why the murine agents Were initially chosen for producing the necessary 
molecular probes to look for corresponding information in the human disease. 
Furthermore, the desire to monitor the biological consistency of our findings 
dictated that we examine in parallel the human neoplasias listed. Such a parallel 
examination would permit us to determine whether our findings in humans mir
rored biologically what was known from the animal experimental models. For this 
purpose, we focused our efforts on the mesenchymal neoplasias and on breast 
cancer. 

III. Molecular Hybridization with Radioactive DNA Prob es 

The DNA-RNA hybridization procedure we used to answer the question 
whether human tumors contain viral-related RNAs was one that we had designed 
(1) some fifteen years ago to answer questions of almost precisely this nature in 
the case of virus-infected bacteria. The method depends on the ability of any piece 
of single-stranded DNA to find its complementary RNA and form, under the 
proper conditions, a double-stranded hybrid structure. The re action is highly spe
cific and has proved to be of considerable value in molecular biology over the past 
decade. 

The required radioactive DNA was synthesized by supplying detergent-disrupted 
virus preparations with magnesium and the deoxyriboside triphosphates, with one 
of them being labeled with tritium. When the synthesis is completed, the protein 
and the RNA present are eliminated, and the residual radioactive DNA is purified 
to completion. Each [3H]DNA preparation is then rigorously examined for specific 
hybridizability to its appropriate template and for its in ability to complex with 
irrelevant RNAs. After satisfying the specificity criteria, the purified viral-specific 
tritiated DNA is mixed wirh cytoplasmic RNA prepared from ci variety of tumors 
and annealed under the conditions described in Figure 1. The hybridizations are 
always carried out with a vast excess of tumor RNA. Since the viral-specific 
tritiated DNA is sm all compared with the RNA, any complexes formed between 
them will behave physically more like RNA than DNA. Such complexes are readily 
detected by isopynic separation in equilibrium density gradients of cesium sulfate. 
At the end of the centrifugation, the distribution of the tritiated DNA is examined 
across the gradient. Any uncomplexed DNA will remain at a density correspond-
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MOLECULAR HYBRIDIZATION OF TUMOR p-RNA 

AND VIRA~ SPECI FIC !H-DNA 
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Fig. 1: Molecular hybridization and detection with viral-specific [3H]DNA and tumor 
RN A (see text for further details). 

ing to about 1.45. The DNA moleeules that have annealed either partially or 
completely to RNA will band at or ne ar the density of RNA «(I = 1.65). The 
movement of the tritiated DNA from the DNA density region to the RNA density 
region is then the signal that the probe used has found complementary sequences 
in the tumor RNA with which it is being challenged. 

The human neoplasias examined included adenocarcinoma of the breast (2-4), 
the leukemias (5), the sarcomas (6), and the lymphomas (7). The leukemias en
compassed both acute and chronic varieties of the lymphatic and myelogenous 
types. The human sarcomas studied inc1uded fibro, osteogenic, and liposarcomas. 
The lymphoma series contained' Hodgkin's disease, Burkitt's tumors, lympho
sarcomas, and reticulum cell sarcomas. Control adult and fetal tissues were always 
examined in parallel, and these were invariably negative. In the case of breast 
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tissue, the two benign diseases, fibroadenoma and fibrocystic disease, were also in
c1uded and were found to be negative. 

Table II summarizes in diagramatic form the outcome of the survey of human 
neoplasias with the animal virus probes. The pluses signify that the corresponding 

Table 11: Homologies among Human Neoplastic RNAs and Animal 
Tumor Viral RNAs 

Viral RNAs 

MMTV 
RLV 
AMV 

Breast Cancer 

+ 

Human neoplastic RNAs 

Leukemia Sarcoma 

+ + 

Lymphoma 

+ 

The results of rnolecular hybridization between [3H]DNA cornplernentary to the various 
viral RNAs and pRNA preparations frorn the indicated neoplastic tissues. The plus sign 
indicates that hybridizations were positive and the negative sign, that none could be 
detected (5). 

tritiated DNA complexed with the indicated tumor RNAs and the minuses, that no 
such complexes were detected. The positives in these earlier studies ranged from 
67 % for breast cancer to 92 % for the leukemias. What is most noteworthy of 
the pattern exhibited in Table II is its concordance with predictions deducible 
from the murine system. Thus, human breast cancer contains RNA homologous 
only to that of the murine mammary tumor virus. The human leukemias, sarcomas, 
and lymphomas a11 contain RNA sharing sufficient homology to that of the Rau
scher murine leukemia virus (RLV) to make a stahle duplex. These mesenchym al 
neoplasias contain no RNA homologous to the MMTV RNA. Finally none of the 
human tumors contains RNA detectably related to that of the avian myeloblastosis 
virus. The homology of leukemic RNA to that of RL V and the homology of RNA 
from human breast cancer to that of MMTV have been confirmed (8, 9). 

In summary, the specificity pattern of the unique RNA found in the human 
neoplasias is in complete agreement with what has been described for the cor
responding virus-induced malignancies in the mouse. 

IV. The Simultaneous Detection Test 

The existence of RNA in human tumors having sequence homology to virus 
partic1es causing homologous diseases in mice does not of course establish a viral 
etiology for these diseases in man. The next step requires the performance of ex
periments designed to answer the second and third questions raised in the intro
ductory paragraphs, i. e., those relating to the size of the RNA being detected and 
whether it is associated with· the reverse transcriptase in a partic1e possessing 
other features of complete or incomplete oncornaviruses. 

What we sought was a method of detecting the presence of partic1es similar to 
the RNA tumor viruses that would be simple, sensitive, and sufficiently dis-
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criminating so that a positive outcome could be taken as an acceptable signal of 
the presence of a viral-like agent. To achieve this goal, we devised a test that 
depended on the simultaneous detection of two diagnostic features of the animal 
RN A tumor viruses. 

The oncornaviruses exhibit two identifying characteristics. They contain a large 
(1 x 107 daltons in molecular weight and composed of subunits each of which is 
3 x 106 daltons) single-stranded RNA molecule having a sedimentation coefficient 
of 70S, or 35S if the 70S molecule has broken down into its subunits. They also 
have reverse transcriptase (10, 11), an enzyme that can use the viral RNA as a 
template to make a complementary DNA copy. 

The possibility of a concomitant test for both the enzyme and its template was 
suggested by our prior experience with RNA transcriptase in which we found (12) 
that the growing RNA chain could be detected as a complex with its DNA template 
on removal of the protein from the reaction mixture. Similar observations were 
made in examinations of the early reaction intermediate (13, 14) of the reverse 
transcriptase reaction. 

It was on this basis that Schlom and Spiegel man (15) developed the simultaneous 
detection test that was used to demonstrate (16) the presence in human milk of 
particles containing 70S RNA and the reverse transcriptase. The test was modified 
(17) to be applicable to tumor tissue using the mouse mammary tumor as the ex
perimental model. 

Figure 2 dia grams the procedure used. Tumor cells are first broken by the use 
of the Dounce homogenizer and nuclei, mitochondria, and large cell membrane 
fragments removed by low speed centrifugation. The supernatant is subjected to 
trypsin digestion to inactivate any nucleolytic enzymes and the trypsin is neu
tralized by trypsin inhibitor. The supernatant is then centrifuged at 150,000 X g to 
yield a cytoplasmic pellet containing virus particles, if present. The resulting pellet 
is then banded isopycnicly in a sucrose density gradient and the fraction between 
1.16 and 1.19 g/ml is collected by centrifugation. The recovered pellet is then 
treated with a nonionic detergent (NP40) to disrupt possible viral particles, and 
the disrupted preparation is used in abrief endogenous reverse transcriptase 
reaction. The product of the reaction, with its RNA template, is freed of protein 
and analyzed in a glycerol velocity gradient to determine the sedimentation coeffi
cient of the tritiated DNA. In addition, the product is subjected to equilibrium 
centrifugation in a CS2S04 gradient to determine its density. 

The presence of particles encapsulating 70S RNA and areverse transcriptase 
will be indicated by the appearance of a peak of newly synthesized DNA traveling 
at a speed corresponding to either a 70S RNA or a 35S RNA molecule. That the 
apparently large size of the [3H]DNA is due to its being complexed to an RNA 
molecule can be readily verified by subjecting the purified nucleic acid to ribo
nuclease prior to velocity examination. The disappearance of the 70S and 35S 
[3H]DNA peaks following RNase treatment proves that the [3H]DNA was com
plexed to large RNA molecules. Similarly, if the reaction is positive, newly 
synthesized DNA should appear in the RNA and/or hybrid regions of the CS2S04 

gradient, and these peaks should again be eliminated by prior treatment with 
ribonuclease. 

The simultaneous detection test was first applied to human breast cancer (18) in 
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Fig. 2: Simultaneous detection test for 70S RN A and reverse transcriptase in neoplastic 
tissue (see text for further details). 

aseries including 38 adenoc~rcinomas and ten non-malignant controls. It was 
found that 79 0/0 of the malignant sampies were positive for the simultaneous 
detection re action and all of the control sampies from normal and benign tissue 
were negative. It was further shown that the particles possessing the reverse tran
scriptase activity and its 70S RNA template loealize at a density between 1.16 
and 1.19 g/ml, the density characteristic of the on co genie viruses. 

The data obtained therefore indicate that one can, with a high probability, find 
in human breast cancers particulate elements of the right density that encapsulate 
RNA-instructed DNA polymerase and a 70S RNA. 

v. Application of the Simultaneous Detection Test to Mesenchymal Tumors 

In our initial study of the leukemias (19), peripheral leukocytes were prepared 
from the buffy coats of both leukemic and nonleukemic control patients. Cells were 
disrupted and fractionated as described in Figure 2. Representative experiments 
examining the effects of ribonuclease treatment of the product and omission of 
one of the deoxytriphosphates during the reaction are shown in Figure 3. We see 
the teIltale 70S peaks of DNA synthesized by the pellet fractions from the leuko
cytes of patients with acute lymphoblastic and acute myelogenous leukemias. The 
elimination of the complex by prior treatment with ribonuclease (Figure 3A) shows 
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Fig. 3: Detection of 70S RNA [3H]DNA complex in human leukemic cells.l gm of leukemic 
WBC was washed in 5 ml of 0.01 M NaCI, 0.01 M Tris-HCI, pH 7.4, resuspended in 
4 ml of 5 per cent sucrose, 0.005 M EDTA, 0.01 M Tris-HCI, pH 8.3, and ruptured with 
three strokes of a Dounce homogenizer. The nuclei were removed by low speed centri
fugation (2,000 g, 5 min, 2°). The supernatant was brought to a final concentration of 
1 mg/mI trypsin (Worthington) and incubated at 37° for 30 min. A tenfold excess of lima 
be an trypsin inhibitor (Worthington) was added (final concentration 3 mg/mI) and the 
solution aga in centrifuged at 2,000 g for 5 min at 2°. The supernatant was then centri
fuged at 45,000 rpm for 60 min at 2°. The resulting cytoplasmic pellet was resuspended in 
0.5 ml of 0.01 M Tris-HCI, pH 8.3, brought to 0.1 per cent Nonidet P-40 (Shell Chemical 
Co.) and incubated at 0° für 15 min. DNA was synthesized in a typical reverse tran
scriptase re action mixture (final vollrni) containing: 50 flmol of Tris-HCl, pH 8.3, 20 
flmol NaCI, 6 flmol MgCI2, 100 flmol each of dATP, dGTP, dCTP, and 50 flmol
[3H]dTTP (Schwarz Biochemical, 800 cpm per pmol). 50 flg/ml actinomycin D were added 
to inhibit DNA-instructed DNA synthesis. After incubation at 37° for 15 min, the reaction 
was adjusted to 0.2 M NaCI and 1 per cent SDS, and deproteinized by phenol-cresol 
extraction. The aqueous phase was layered on a 10 to 30 per cent gradient of glycerol in 
TNE buffer (0.01 M Tris-HCI, pH 8.3, 0.1 M NaCI, 0.003 M EDTA) and centrifuged in 
a SW-41 rotor Spinco at 40,000 rpm for 180 min at 2°. Fractions were collected from 
below and assayed for TCA-precipitable radioactivity. In this, as in all sedimentation 
analysis, 70S RNA of the avian myeloblastosis virus was used as a marker. 

(A) One aliquot of product was run on the gradient as a control and the other was 
pretreated with 20 flg of RNase 1 (Worthington) for 15 min at 37° prior to sedimentation 
analysis. (B) Reactions with and without dATP (19). 

that the tritiated DNA is indeed complexed to a 70S RNA molecule. Further, the 
omission of dA TP (Figure 3B) leads to a failure to form the 70S complex, a re
sult expected if the reaction is in fact leading to the synthesis of a proper hetero
polymer. In similar experiments, it was shown that omission of either dCTP or 
dGTP also resulted in the absence of the 70S RNA-[3H]DNA complex, all of 
which argues against nontemplated end addition reactions. 

In some cases leukemic ceIls were ohtained in amounts adequate to permit a 
more compiete characterization of the product. Hybridization of the human pro
duct to the appropriate viral RNAs provides the most revealing information since 
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it tests sequence relatedness to known oncogenic agents. We summarize in Table III 
the results of examining the peripher al leukocytes of 23 patients, all in the active 
phases of their disease, including both acute and chronic leukemias. Of the 23 leu-
kemic patients examined, 22 showed clear evidence that their peripheralleukocytes 
contained pa.!ticles mediating areaction leading to the appearance of endogenously 
synthesized DNA in the 70S region of a glycerol gradient. Nine of these were tested 
for ribonuclease sensitivity and in all cases the complexes were destroyed. In nine 
others, the DNA was recovered from the complex and annealed to RL V RNA and 

Table III: Simultaneous Detection of 70S RNA and Reverse Transcriptase in 
Leukemic Cells (19) 

Leukemias Simultaneous RNase Hybrid- Hybrid-
detection senSl- ization to ization to 

cpm tivity RLV-RNA AMV-RNAor 
MMTV-RNA 

Acute Lymphatic 
1 400 + NT NT 
2 95 + NT NT 

Acute Lymphatic/ 
Lymphosarcoma 

3 805 + + 
4 200 NT + 
5 185 + NT NT 
6 105 + NT NT 

Acute Myelogenous 
7 170 + NT NT 
8 985 + + 
9 305 + NT NT 

10 1295 + + 
11 1010 NT + 
12 115 NT + 
13 415 NT + 
14 400 NT + 
15 605 + NT NT 
16 215 + + 
17 285 + NT NT 
18 0 NT NT NT 
19 1400 NT + 

Chronic Lymphatic 
20 200 + NT NT 

Chronic M yelogenous 
21 405 NT + 
22 390 NT + 
23 600 NT + 

NT = Not Tested 
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to either MMTV RNA or AMV RNA. In a11 nine, hybridizations occurred with 
RL V RNA and not to either of the unrelated MMTV RNA or AMV RNA. In 
four patients, enough DNA complex was formed to permit a complete character
ization of the product. In all four, the DNA complexes were destroyed by ribonu
clease and the purified DNA hybridized uniquely to RL V RNA. 

In addition to this initial group, we subsequently examined 85 leukemic patients 
and 38 patients with lymphomas (20, 21), including Hodgkin's disease, African 
Burkitt's lymphoma, lymphosarcoma, and reticulum cell sarcoma. The results of 
the simultaneous detection tests on these and corresponding control tissues are 
summarized in Table IV. It is noteworthy that positive outcomes were observed 

Table IV: Simultaneous Detection on Mesenchymal Tissues 

The simultaneous detection test was carried out as described in Figure 2. Periph-
er al white blood cells (WBC) were used in the leukemias, acute myelogenous (AML), 
cllfonic myelogenous (CML), acute lymphocytic (ALL) and chronic lymphocytic 
(CLL). 

Tissue Positives Negatives 0/0 Positives 
No. (Avg. cpm) No. (Avg. cpm) 

Malignant 
AML 58 (985) 1 (10) 98 
CML 18 (520) 0 100 
ALL 25 (790) 0 100 
CLL 4 (350) 0 100 

Hodgkin's Disease 
(spleens) 22 (379) 6 (14) 79 

Burkitt's Lymphoma 9 (369) 2 (14) 82 
Other Lymphomas 7 (347) 1 (24) 88 

Normal or Benign 
WBC 0 48 (12) 0 
Spleens 0 34 (15) 0 

in more than 99 % of the leukemic patients, whether they were acute or chronic, 
lymphocytic, or myelogenous. Thus despite their disparate clinical pictures and 
differing cellular pathologies, these various types of leukemias are associated with 
virus-like particles containing RNA with similar, though probably not identical, 
viral-related information. In the leukemias, we always dealt with peripheral white 
blood cells from patients with active disease, and this may account for almost total 
lack. of negative responses. In the lymphomas, we were confined to examining 
spleens and lymphomatous tumor material where control over the content of 
malignant cells is more difficult to exercise. However, even here the proportion of 
positives is high, ranging from 79 % to 88 0/0. In contrast with these results are 
those obtained with the control series of 48 white blood cell sampies and 34 spleens. 
The non-neoplastic sampies included some with elevated white blood cell counts 
(in the range of 25,000/mm3) due to a variety of disorders. None of the 82 sampies 
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from cancer-free patients exhibited any evidence of positive reactions. The dif
ference in average cpm of positives and negatives is such that a diagnostic decision 
is unambiguous. 

VI. Implications of Simultaneous Detection Tests on Human Breast Cancer and 
the Mesenchymal Tumors 

The experiments we have just summarized on human breast cancer and the leu
kemias were designed to probe further the etiological significance of our explora
tory investigations (2, 5), which identified in these neoplasias RNA homologous 
to those of the corresponding murine oncornaviruses. The data obtained with the 
simultaneous detection test established that at least a portion of the tumor-specific 
virus-related RNA we were detecting was a 70S RNA template physicallyas
sociaed with areverse transcriptase in a particle possessing a density between 1.16 
and 1.19 g/ml, three of the diagnostic features of the animal RNA tumor viruses. 
Further, the DNA synthesized in the particles from both classes of neoplasias 
hybridized uniquely to the RNA of the corresponding oncornavirus. Note that 
this last result is complementary to and completes the logic of our experimental 
approach. We started out by using animal tumor viruses to generate [3H]DNA 
prob es that were used to find related RNA in human neoplastic tissue. We con
cluded by using analogous human particles to generate [3H]DNA probes, which 
were then used to determine sequence relatedness to the RNA of the relevant 
oncornaviruses. None of the human probes hybridized to the avian viral RNA. 
The probe genera ted by the particles from human breast cancer was homologous 
only to the RNA of mouse mammary tumor virus, whereas the human leukemic 
probe was related in sequence only to RL V RNA, the murine leukemic agent. 
The biologically logical consistency of these results adds further weight to their 
probable relevance to the human disease. 

VII. On the Problem of Germ-line Transmission of Viral Information 

We now come to grips with the fifth question raised in the introductory para
graphs, the virogene-oncogene concept (22), which derives from animal experiments 
and argues that a11 animals prone to cancer contain in their germ line at least 
one complete copy of the information necessary and sufficient to convert a ce11 
from normal to malignant and produce the corresponding tumor virus. This hypoth
esis presumes that the malignant segment norma11y remains silent and that its 
activation by intrinsic or extrinsic factors leads to the appearance of virus and 
the onset of cancer. 

There are various ways of testing the validity of the virogene-oncogene hypoth
esis, but the pathways differ in the technical complexities entailed. One approach 
commonly used attempts to answer the question: Does every normal ce11 contain 
at least one complete copy of the required viral-related malignant information? 
The methodologies used included the techniques of genetics, chemical viral in duc
tion, and molecular hybridizations. However, for a variety of reasons, none of 
these gave, or could give, globally conclusive answers. Genetic experiments do 
not readily distinguish between susceptibility genes and actual viral information. 
Further, even if genetic data succeeded in identifying some structural viral genes, it 
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would still be necessary to establish that all the viral genes are represented in the 
genome. Attempts to settle the question by demonstrating that every cell of an 
animal can be chemically induced to produce viruses have thus far, for obvious 
reasons, not been tried. The best that has been achieved along these lines is to show 
that cloned cells do respond positively. However, the proportion of clonable cells 
is small and clonability may weIl be a signal for prior infection with a tumor virus. 

Finally, the quantitative limitations of molecular hybridization make it almost 
impossible to provide definitive proof that each cell contains one complete viral 
copy in its DNA. Although it is not very difficult to show that 90 % of the in
formation is present, it is the-fast 10 % that con'stitutes the insurmountable barrier 
and 10 % of 3 x 106 daltons amounts to a far from trivial 3 x 105 daltons, the 
equivalent of about one gene. 

A useful way to obviate these technical difficulties is to invert the problem. 
Instead of asking whether one complete copy exists in normal ceIls, the question 
can be phrased in the following terms: Does the DNA of a malignant cell contain 
viral-related sequences that are not found in the DNA of its normal counterpart? 
Phrasing the issue in this manner leads to the design of experiments that avoid the 
uncertainties generated by the demonstrated fact that many indigenous RNA tu
mor viruses share, completely or partially" some sequences with the normal DNA 
of their natural hosts (23). The crucial point is of course whether all of the viral 
sequences are to be found in normal DNA. The approach we adopted requires 
removal of those viral sequences that are contained in non-neoplastic DNA by 
exhaustive hybridization of the viral probe to normal DNA in vast excess. Any 
unhybridized residue can then be used to detc::rmine whether malignant DNA con
tains viral-related sequences not detectable in normal tissue. 

We first investigated this question in the case of the human leukemias (24) and 
the strategy, as diagrammed in Fig. 4 (a and b), may be outlined in the following 
steps: 

a) Isolate from leukemic cells the fraction enriched for the particles encapsulating 
the 70S RNA and RNA-directed DNA polymerase; 

b) Use this fr action to generate [3H]DNA endogenously synthesized in the 
presence of high concentrations of actinomycin D to inhibit host and viral DNA
directed DNA synthesis; 

c) Purify the [3H]DNA by hydroxyapatite and Sephadex chromatography with 
care being exercised to remove by self-annealing and column chromatography all 
self-complementary material in the tritiated probe; 

d) Use the resultant [3H]DNA to detect complementary sequences in normal 
and leukemic leukocyte DNA; 

e) If viral-related sequences are detected in both, remove those found in normal 
leukocytes by exhaustive hybridization to normal DNA; and 

f) Test the residue for specific hybridizability to leukemic DNA. 
In carrying out the recycling and test hybridizations, it is imperative that con

ditions be chosen to account for the possibility that the leukemia-specific sequences 
are present in only one copy per genome, a possibility which is in fact realized (24). 
To this purpose, the concentration in moles per liter (Co) of DNA and the time 
(t in seconds) of annealing is adjusted to Cot values of 10,000, which are adequate 
to locate unique sequences. 
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Fig. 4: (A) Generation of [3H]DNA by human leukemic particles and hybridization of 
sequences shared with normal DNA. (B) Separation of leukemia-specific sequences by 
hydroxyapatite chromatography. See text for further details. 

A typical outcome of hybridizing such recycled tritiated DNA to normal and 
leukemic DNA is shown in Fig. 5. It is evident that no complexes stable at tem
peratures above 88° are formed with normal DNA. On the other hand, 57 % of 
the recycled [3H]DNA probe forms well-paired duplexes with leukemic DNA. 
Aseries of such experiments was performed with particle-generated [3H]DNA 
and nuclear DNA obtained from 8 untreated patients with either acute or chronic 
myelogenous leukemia. In every ca se (Table V), the [3H]DNA, after being sub-
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[3H]DNA to nuclear DNA from normalleukocytes and from leukemic leukocytes of the 
patient from wh ich the [3H]DNA was derived. 

jected to exhaustive annealing to normal DNA, yielded a residue that forms stable 
duplexes only with leukemic DNA, in agreement with the experiment of Fig. 5. 

In estimating the implication of these results, it must be recalled that the leu
kemia-specific sequences found (24) in leukemic cells are present as nonreiterated 
copies per genome. This was established by the Cot values (concentration of 
nucleotides X time) required to detect them. The sensitivity used to examine 
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Table V: Exhaustive Hybridization of [3H]DNA Probe Synthesized by Leu
kemic Particles with Normal-Ieukocyte Nuclear DNA, Followed by 
Hybridization of the Nonhybridizing Recycled Leukemic [8H]DNA 
Probe to Normal DNA and to Leukocyte Nuclear DNA from the same 
Leukemic Patient (24). 

Recycled leukemic [3HJDNA hybridized 
to leukocyte DNA 

Leukemic [8H]DNA Leukemic Normal 
hybridized to normal-

leukocyte DNA 
cpm 0/0 Hy- cpm 0/0 Hy- cpm 0/0 Hy-

bridization bridization brldization 

1 (AML) 3020 61 523 56 0 0 
2 (CML) 1350 40 1020 51 0 0 
3 (CML) 2580 51 431 35 3 0 
4 (CML) 510 45 101 36 0 0 
5 (AML) 1100 43 303 48 4 0 
6 (AML) 4520 49 1130 46 1 0 
7 (AML) 390 42 45 69 0 0 
8 (AML) 1450 49 510 52 0 0 

Background was 30 cpm and all counts recorded represent cpm above background. CML 
= Chronic myelogenous leukemia. AML = Acute myelogenous leukemia. 

normal cells for the leukemia-specific sequences was such that 1I50th of an equiva
lent of that found in leukemic cells would have been readily detected. Conse
quently, one may conclude that the vast majority of normal cells do not contain 
this particular stretch of malignant-associated information and it cannot therefore 
be represented in the germ line of nonleukemic individuals. 

VIII. Unique Sequences in Hodgkin's and Burkitt's Lymphomas 
and their Relatedness 

We have already noted that, like the leukemias, Hodgkin's and Burkitt's 
lymphomas have particles containing reverse transcriptase and a 70S RNA tem
plate related in sequence to that of RL V. It was of obvious interest to determine 
whether the lymphomas also parallel the leukemias in possessing a unique sequence 
not detectable in normal tissue. If they do, one can in addition ascertain whether 
the sequences found in Hodgkin's and Burkitt's lymphomas are related to eam 
other. The outcome has evident significance for the possible relevance of the se
quence to malignancy. 

[3H]DNA probes were synthesized with particles isolated from four Burkitt's 
tumors and three Hodgkin's disease specimens. Sequences shared with normal DNA 
(between 35 % and 40 0/0) were then removed as described for the leukemias (24) 
to yield the recycled [3H]DNA probes (25). 
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Fig. 6: Hybridization of recycled Hodgkin's disease #302 [3H]DNA to nuclear DNA 
isolated from normal spleen (0-0), Hodgkin's disease #302 (A - A), and Burkitt's 
lymphoma (NA) <. -.). Equal aliquots were removed from the hybridization vessel at 
each Cot value and hybrid formation was analyzed by hydroxyapatite chromatography. 
The input counts for each point were 1,500-2,000 cpm and only those duplexes eluting at 
88° and above are counted as stably hybridized. 

Figure 6 shows the outcome of challenging recycled Hodgkin's disease [3H]DNA 
with nuclear DNAs from normal spleen, Hodgkin's disease spleen, and from Bur
kitt's lymphoma. Few, if any, stahle duplexes are formed with normal DNA. 
Note, however, that although the probe was made with Hodgkin's disease par
ticles, the [3H]DNA hybridized to Burkitt's lymphoma nuclear DNA virtually 
as weIl as it complexed to DNA from Bodgkin's spleen. The converse is also true, 
as maybe seen from Table VI, which summarizes the results of our findings in the 
recyded [3H]DNA challenged with nuclear DNA from normal and malignant 
tissues (25). Again, normal DNA is unable to form significant amounts of 
stable complexes (elution at 88° and above) with the. [3H]DNA probes. In all 
instances, the lymphoma [3H]DNAs hybridized in stahle complexes to the nuclear 
DNA of the original types from wh ich the particles were obta,ined and used to 
generate the labeled DNA. Further, with only one exception, all of the Burkitt's 
and Hodgkin's disease [3H]DNAs cross hybridize with each other's DNA. 

In summary, several features. emerged from this study of the lymphomas. The 
particle-related sequences found in Burkitt's and Hodgkin's lymphomas possess 
sequences in common, an observation in accord with our earlier findings (7, 20, 
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Tahle VI: Hyhridization of Recycled [8H]DNA Prohes Synthesized with Human 
Lymphoma Particles with Nuclear DNA from Normal and Tumor 
Tissues 

Origin of [SH]DNA 
recycIed probe 

Burkitt's lymphomas 

Hodgkin's disease 

Nuclear DNA 

Burkitt's 
Hodgkin's 
Normal (spleen) 
IM* (spleen) 
IM* (cell) 

Hodgkin's 
Burkitt's 
Normal (spleen) 

* IM = infectious mononudeosis 

No. tested Percent 
positive total posItIves 

7/7 100 
2/2 100 
0/4 0 
0/1 0 
0/1 0 

3/3 100 
2/3 67 
0/3 0 

21, 26), that Hodgkin's and Burkitt's particles both share sequences with the 
Rauscher murine leukemia agent. Further, in view of the previous associatien of 
the Epstein-Barr virus with Burkitt's lymphoma (27, 28) and the non-neoplastic 
infectious mononucIeosis (29, 30), it is revealing to note from Table VI that the 
leukocyte DNA of patients with infectious mononucleosis was devoid of the 
Burkitt's sequences detected by the recycled [3H]DNA lymphoma probe, indicat
ing that these latter sequences are speci:6.c fot neoplastic tissues. The fact that the 
particle-related sequences in Hodgkin's and Burkitt's tumors are related to each 
other adds further weight to this conclusion. Finally, the observation that cells 
carrying multiple copies of the DNA of the Epstein-Barr virus do not complex 
with recyc1ed [3H]DNA probes from either Hodgkin's or Burkitt's particles 
proves that these particle sequences have no detectable relation to the DNA of the 
Epstein-Barr virus. 

IX. Evidence from Studies of Identical Twins 

Although the comparison of leukemic patients with normal suggests that healthy 
individuals do not contain the leukemia-specific sequences, the data do not rule 
out the possibility that those who do come down with the disease do so because 
they in fact inherit the required information in their germ line. One way to resolve 
this issue is to study the situation in identical twins. Since identical twins are 
monozygous, i. e., derive their genomes from the same fertilized egg, any chro
mosomally transmitted information must be present in both. It had already been 
shown by Goh and his colleagues (31, 32) in the case of chronic myelogenous 
leukemia that only the leukemic member of each of "two identical twin pairs 
contained the marker Philadelphia chromosome. It was of obvious interest to 
examine this situation for the leukemia-specific sequences. If the leukemic member 
of the pair contains the particle-related DNA sequences, and does so because he 
inherited them through his germ line, then these same sequences must be found in 
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the leukocyte DNA of his healthy sibling. To perform the experiment, it was 
necessary to locate identical twins with completely convincing evidence for mono
zygosity and where only one of them was leukemic. Further, the twins had to be 
of adult age since at least a unit of whole blood is required to provide enough 
leukocyte DNA to carry out the required hybridization. 

Two sets of identical twins satisfying all these requirements were found and an 
experiment similar to the one outlined above was performed with each pair (33). 
In each instance, particles containing the reverse transcriptase and 70S RNA were 
again isolated from the leukocytes of the leukemic members and used to generate 
the [:lH]DNA endogenously. The [3H]DNA was purified and sequences shared 
with normal DNA removed by exhaustive hybridization in the presence of a vast 
excess of normal DNA from random healthy blood donors. This was then followed 
by hydroxyapatite chromatography to separate paired from unpaired [3H]DNA. 
It is important to emphasize that in the recycling step, the normal DNA used came 
from the leukocytes of healthy, random blood donors and not from the normal 
twin. To have used the latter would have obviously confused the issue. The residue 
of the tritiated DNA that did not pair with the normal DNA was then used to 
test for the presence of a sequence in the leukocyte DNA of the patient and that 
of his healthy sibling. 

The results obtained with the two sets of twins are described in Fig. 7, and it is 
evident that the same situation holds between the members of the twin pairs as 
was observed in the comparison of unrelated leukemic patients andrandom nor
mals (Fig. 5 and Table V). The leukemic twin contains particle-related sequences 
that cannot be detected in the leukocytes of his healthy sibling. 

The fact that we could establish a sequence difference between identical twins 
implies that the additional information found in the DNA of the leukemic mem
bers was inserted after zygote formation. This finding argues against the applica
bility of the virogene hypothesis to this disease since it would demand that the 
leukemia-specific sequences found in the DNA of the individual with the disease 
must surely also exist in the genome of his identical twin. These results are also 
inconsistent with the possibility that individuals who succumb to leukemia do so 
because they inherit the compiete viral genome. 

x. Implications of the Unique DNA Sequences in Leukemias and Lymphomas 

The da ta we have summarized on the existence of virallateral-related sequences 
unique to the DNA of human malignant cel1s imply that they are inserted in 
somatic DNA, a process known to occur with RNA tumor viruses in animal cells 
in tissue cultures (34) and in whole animals (35). The fact that these viral sequences 
can be incorporated into somatic DNA suggests that this could also occur in early 
embryogenesis and thus involve a cell destined to differentiate into the germ line. 
An event of this nature would be selected for in any attempts at developing inbred 
strains characterized by high frequency of cancer. 

Indeed this seems to have occurred in the course of producing the AKR mouse, 
astrain in wh ich spontaneous leukemia occurs with virual certainty. It has been 
shown (36) that the DNA of the AKR mouse contains murine leukemia virus 
sequences that are not present in the DNA of the NIH Swiss mouse. These se-

408 



100 

80 

60 

E 
fr 40 

20 

o 

100 

80 

60 

E 
0.. 40 
() 

20 

o 

Yo-Twins 

Normal 

Norm gl 

r 
Na-Twins 

Leukemic 

Leukemjc 

'60°'80°'88°'95°/ '60°'80°'880195°' 

Elution Temperature, oe 
Fig. 7: Hydroxyapatite elution profile of a hybridization re action of the recycled leukemic 
twin [3H]DNA probe to nuclear DNA from normal leukocytes, normal twin leukocytes, 
and leukocytes from the same leukemic twin. The annealing reaction mixtures contained 
20 A260 units of cellular DNA, 0.004 pmol of [3H]DNA, and 15 flmol NaH2P04 
(pH 7.2) in a final vol of 0.01 ml. The re action was brought to 98° for 60 sec and 0.04 mmol 
of NaCl was added. The re action mixture was then incubated at 60° X 50 hr. The re action 
was stopped by the addition of 1 ml of 0.05 M NaHP04 (pH 6.8). The sampie was then 
passed over a column of hydroxyapatite of 20-ml-bed vol at 60°. The column was washed 
with 40 ml of 0.15 M NaHP04 (pH 6.8) at 60°,80°,88°, and 95°. Fractions of 4 ml were 
collected, the A260 of each fraction was read, and the DNA was precipitated with 2 flg/ml 
of carrier yeast RNA and 10 per cent trichloroacetic acid. The precipitate was collected on 
Millipore filters, which were dried and counted. In all cases, greater than 80 per cent of 
the nuclear DNA reannealed. A background count of 8 cpm was subracted in all instances 
(33). 
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quences were localized by genetic alld molecular hybridization, and it was found 
that they are either identical to or closely linked to the Akv-1 locus. 

The case of the AKR mouse was very likely an inadvertent result of its se
lection. An even more remarkable instance is the d~liberate insertion of viral se
quences into the germ line (37). This was accomplished by infection of preim
plantation mouse embryos' at the 4-8 ceIl stage with the murine leukemia virus 
(MuLV) foIlowed by reimplantation in the uteri of surrogate mothers. Of 15 such 
animals born, one developed lymphatic leukemia at 8 weeks of age. Molecular 
hybridizations revealed leukemia-specific viral sequences in the DNA of all eight 
different organs examined, whether they were of mesenchymal origin or not. In 
agreement with our earlier findings (35), these sequences were not found in nor
mal mesenchymal tissue nor were they detected in the DNA of non-target tissues 
in animals made leukemic by injection of virus afler birth. 

In summary, except for strains deliberately inbred for high spontaneous oc
currence of disease, the mesenchymal neoplasias of mice and men would appear to 
have a similar underlying mechanism. In both instances new viral-related sequences 
are found in the DNA of the malignant cells and these are not found in the DNA 
of uninvolved tissues. They are therefore not germinal unless one wishes to invoke 
a rather unlikely specific elimination in the course of the differentiation of every 
cell but the malignant one. Despite its implausibility, this possibility should be 
exploited by testing for the leukemic-specific sequences in the germ line DNA 
(sperm) of leukemic individuals. 

I t must be emphasized that conclusions as to the validity of the virogene-onco
gene hypothesis are only relevant to the particular instances examined and cannot 
be generalized to any other viral-related cancers even in the same animal, let 
alone to other species. In any event, it is evident that our findings with respect 
to the human mesenchymal tumors suggest more optimistic pathways for the con
trol of these diseases than would be available if the total information were already 
in the genome. The data imply that we may not be forced to master the control of 
our own genes in order to cope with these neoplasias. 

The fact that the human particles possess sequences homologous to those found 
in viral agents known 'to cause the corresponding neoplasias in mice encourages 
the hope that they are relevant to human disease. However, despite the consider
able progress that can be recorded, no definitive proof exists at the present writing 
that the virus-like particles found in the human neoplasias are either viruses or 
etiologic agents of the cancers in which they are found. Proof will ultimately come 
when it proves possible to produce the relevant malignancy in a susceptible animal 
by injection of the particles purified from human tumors. It should, however, be 
noted that we have known of the mouse mammary tumor virus for more than 35 
years and no onehas yet succeeded in producing mammary tumors with this agent 
in any animalother than the mouse. 

Under the circumstances, it" would seem prudent not to wait for the definitive 
experiment with the human particles, but rather to proceed with attempts at 
further exploration of their significance and possible clinical usefulness. 

We should like to list a few areas of possible exploitation and then turn our 
attention to abrief description of what has been accomplished along these lines. 

1. The existence of the leukemia-specific sequences can provide the clinician with 
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a hitherto ul1suspected parameter that could potentially be a useful adjunct in 
monitoring therapy. . 

.2. Ope could attempt to grow the human particles in tissue culture in order to 
provide a more accessible source of these particles for further biochemical 
characterization with the ultimate hope of generating useful reagents for diagnostic, 
therapeutic or monitoring purposes. 

3. Another, less ambitious approach is to purify one oE the protein sub
compoflents from the human particles for further characterization. This could then 
be used for the production of a monospecific antiserum that might be clinically 
useful. 

XI. Particulate Reverse Transcriptase in the Leukocytes of Leukemic 
Patients in Remission 

We have already noted (Table V) that positive simultaneous detection tests, 
indicating the presence of particl~s containing reverse transcriptase and the 70S 
RNA template, were obtained in more than 99 % of the leukemic patients examined. 
It was of obvious interest to see whether these particles could be detected in the 
leukocytes of leukemic patients who are in good clinical remission. 

Peripheral blood leukocytes were obtained from patients at the Baltimore 
Cancer Research Center and from the M. D. Anderson Hospital. The leukocytes 
from some of the leukemic patients were obtained by leukophoresis and immedi
ately stored at _7° until used. The clinical status es of the patients at the time of 
leukophoresis are summarized in Table VII. A complete remission was definedas 
the absence of symptoms related to the disease, notmal results on physical 
examination, a hemoglobin of greater than 10 g/IOO ml, leukocyte count greater 
than 3000/mm3, platelet count greater than 100,000/mm3, no bl asts in the periph
er al blood smear, and less than 5 % bl asts in the bone marrow. 

Table VIII summarizes the results of simultaneous detection assays for high 
molecular weight RNA and reverse transcriptase in the leukocytes from the pa
tients examined. Out comes are designated as positive only when the peaks of 
tritiated DNA found in the 705 and 355 regions were eliminated by prior treat
ment with ribonuclease, a feature establishing that the [3H]DNA is complexed to 
a large RNA molecule. If the peaks are not removed subsequent to RNase 
digestion, the reaction is scored as a negative outcome. In the present study two 
untreated leukemic patients were available for testing prior to remission induction 
and both were positive at that time. Three of the nine patients in complete remis
sion demonstrated a 705 or 355 peak of acid-precipitable radioactivity that was 
abolished by RNase treatment. The "negatives" were subjected to a simultaneous 
detection assay via a cesium sulphate gradient, a procedure that obviates the 
problem generated by fragmentations of the RNA template during manipulation. 

It will be noted from Table IX that sampies from the untreated patients were 
a11 positive. The [3H]DNA-RNA hybrids were detected in nine out of eleven 
patients in complete remission. In this group, six of seven AML patients and two 
of three acute lymphocytic leukemia (ALL) patients demonstrated a positive 
reaction. In five of the patients, the simultaneous detection tests were negative by 
velocity sedimentation analysis but' -yrere positive when analyzed in the ceSlUm 
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Table VII: 
Patient Age Sex Diagnosis+ Clinical':- Remission du- Total . . 

status ration at time remlSSIon 
of sampie duration 
(days) (days) 

l-A 62 F AML UN 
I-B " " " CR 7 64 

2-A 42 M AML UN 
2-B " " " CR 45 96 
2-C " " " REL 

3~A 40 F AML UN 
3-B " " " CR 7 32 

4-A 54 F AML UN 
4-B " " " CR 7 218+ 

5 34 F AML CR 42 109 
6 53 M AML CR 7 87 
7 53 F AML CR 100 112 
8 40 M ALL CR 1214 1600+ 
9 42 M ALL CR 1062 1662+ 

10 35 M ALL CR 1149 1735+ 
11 42 M AML CR 1051 1590+ 

+ AML = acute myelogenous leukemia; ALL = acute lymphocytic leukemia 
,} UN = untreated; CR = complete remission; REL = relapse 

Clinical status of leukemic patients when leukophoresis was performed for enzyme studies. 

Table VIII: 
Patient Clinical status 

IB CR 

2A UN 
2B eR 
2C REL 

4A UN 
4B CR 

6 CR 
7 CR 
8 CR 
9 eR 

10 CR 
11 CR 

70S 

0 

400 
224 

320 
0 

975 
0 
0 
0 
0 

120 

CPM 
35S 

475 

Reaction 

+ 
+ 
+ 
+ 

+ 

+ 
Test for 70S and 35S RNA-rIH]DNA in leukocytes from leukemic patients. CPM in 

70S or 35S represents acid-precipitable radioactivity that was removed from the 70S and 
355 by prior treatment with ribonuclease A and Tl' 
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Table IX: 

Patient Clinical Status RNA Reg!on Reaction 
CPM 0/0 Total 

lA UN 459 26 + 
lB CR 293 43 + 
2A UN 869 39 + 
2B CR 346 31 + 
2C REL 829 90 + 
3A UN 129 33 + 
3B CR 210 30 + 
3C CR 216 40 + 
5 CR 248 30 + 
6 CR 236 32 + 
7 CR 187 29 + 
8 CR 296 12 + 
9 CR 0 0 

10 CR 503 61 + 
11 CR 52 32 

Cesium sulfate analysis of RNA[3H]DNA in leukocytes from leukemic patients. The 
CPM in the RNA or RNA-DNA hybrid region and the percent of the total CPM applied 
to the gradient are enumerated. A positive reaction represents he at and ribonuclease
sensitive acid-precipitable radioactivity in the RNA or hybrid region of the gradient as 
described in the text. The [3H]DNA found in the hybrid density regions is hybridized to 
smaller DNA-RNA complexes, which would result from fragmentation of the larger 70S 
and 355 RNA molecules. 

sulphate gradients. Hyhrids of small molecular size would not he identified as 
70S with 35S complexes, hut can he detected as complexes in the hyhrid region of 
the cesium sulphate gradient. Only one of the patients (#9) was negative hy hoth 
glycerol and cesium sulphate gradient analyses. This patient did not appear to 
differ clinically at the time of the examination from the other remission patients 
exhibiting positive reactions. In the course of these studies we also examined by 
cesium sulphate analysis two pooled, normal white blood cell sampies and five 
non-neoplastic spleens for the presence of particles capable of yielding RNA
tritiated DNA hybrids in an endogenous reaction and all were negative, as had 
heen true in our previous studies (Table V). 

It is obvious that finding the leukemia characteristic particles in the white blood 
cells of patients in remission is disappointing and does not accord with the gener
ally accepted assumption that there is anormal and a leukemic population of 
leukocytes in acute leukemia (38). The goal of contemporary chemotherapy and 
immunotherapy is to reduce the size of the leukemic component (to zero if possible) 
to allow the bone marrow and the peripheral hlood to repopulate with non-neo
plastic cells. A number of clinical observations suggest that remission leukocytes 
are in fact normal cells. First, the prolongation of life is directly proportional to 
the duration of the remission. Secondly, a small but increasing number of patients 
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with aeute lymphoblastie leukemia in long-term remission appear to go on to eure, 
indieating a permanent extinction of the leukemic cell population (39). 

The morphology and functional properties of remission leukocytes ha ve been 
studied by a number of techniques. These include karyotype analysis (40-45), 
ability to form colonies in agar (46-49), and the detection of leukemia-related 
antigens (50, 51). In general, these studies have supported the concept that remis
sion leukocytes represent the return of a population of normal cells. Also, relapses 
are usually heralded by the detection of the abnormality associated with leukemic 
cells, and a number of these techniques have been suggested as aneillary tools in 
following the response of patients to chemotherapy. However, there have been 
instances in the above reports of patients in well-consolidated remissions whose 
peripheral leukocytes or hone marrow cells demonstrated persistence of aneu
ploidy, leukemia-related antigens, 9r abnormal colony formations in agar; these 
abnormalities appear unrelated to the effects of maintenance of chemotherapy. In 
this connection, mention should be made of Killmann's deductions (52) basedon 
the demonstrated capacity of leukemic eells to differentiate; on these grounds he 
questions whether the normal-Iooking cells observed in the bone marrow of AML 
patients in remission are in fact derived from non-Ieukemic ancestor cells. 

The data presented indicate that with regard to certain biochemical markers, 
which may be virus-related, remission leukocytes may more closely resemble the 
leukemic cells than normal cells. Quite surprisingly, two of the three ALL patients 
in long-term remission still had evidence of particles in their peripheralleukocytes. 
Further, the enzyme was detected in seven of eight patients with AML in remis
sion. We are unable to determine if all or a fraction of the peripher al white cells 
studied possessed the leukemic characteristics. Thus we cannot directly answer the 
question wh ether one or two white cell populations are present. 

Mak and his colleagues (53, 54) have described particulate activity in the super
natants of short-term cultures derived from bone marrow of leukemic patients in 
remission. The activity of the cultures from remission patients equaled, and in some 
instancesexceeded, that detected in the cultures derived from patients in relapse. 

There are a number of plausible explanations for the persistence of the particu
late enzyme and its associated template in the remission leukocytes. The normal 
cell found in remission could be infected with a non-oncogenic C-type virus 01' 

conversely the remission leukocyte could have acquired resistance to transforma
tion whereas susceptibility to infection was unaltered. Second, as a result· of chemo
therapy, a portion. oE the leukemic clone could have evolved into a non-neoplastic 
clone still capable of expressing some viral function. There are a' number of in vitro 
models for the latter phenomenon. Thus, it has been shown that cells transformed 
with a murine sarcoma virus can spontaneously, or after exposure to antimetabo
lites, revert to anormal morphology. Certain clones of these morphological rever
tants behave in a non-malignant manner, yet some viral functions are expressed o'r 
can be induced (55). 

A more direct method for examining. such questions is to use the molecular 
hybridization to answer the following questions: 1) Do remission cells have leu
kemia-specific DNA nucleotide sequences? 2) If present, are some leukemia-specific 
DNA sequences not expressed or are critical DNA sequences' deleted? These areas 
are presently under investigation. 
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XII. Attempts to Produce Human RNA Tumor Particles in Cell Cultures 

All would agree that an important advance would result from the establishment 
of particle-producing cells in short, or preferably long-term culture. An alter
native but equally useful outcome could be obtained by the successful infection of 
established celliines with the human virus-like particles. Although not yet achieved, 
a number of re cent reports suggest that this desirable situation may eventually be 
obtained. Thus, McGrath et al. (56) describe a human breast carcinoma cell line 
that may ultimately be converted into a source of breast cancer particles. Koder 
et al. (57) have succeeded in using arginine starvation to induce the release of 
virus-like particles from human leukemic cells. We have already noted that short
term cultures of leukemia bone marrow aspirates in a conditioned medium has led 
to the production of particles recoverable from the culture supernatants (53, 54). 

Probably the most interesting recent announcement along these lines came from 
Gallo and his colleagues (58, 59, 60) who reported the isolation of aC-type virus 
(HL23V) from cultured peripheral white blood cells derived from a patient with 
acute myelogenous leukemia. The reverse transcriptase of this putative human 
oncornavirus was found to be antigenically related to the reverse transcriptase of 
the simian sarcoma virus type-1 (SSV-1) and to the gibbon ape lymphoma virus 
(GALV). The spontaneously released viruses from the human leukemia cells were 
successfully transmitted' to A204, a human rhabdomyosarcoma celliine. The in
fected A204 (HL23V) culture was an excellent producer, yielding virus in suffi
cient quantities to permit biochemical and immun~logical characteriz,ation. 

The potential implications of these observations made it mandatory to undertake 
the task of identifying the nature of the virus particles released. We will here 
briefly summarize our efforts along these lines. 

The A204 (HL23V) culture produced high titers' of particles that were found 
by [3H]-uridine labeling to possess the characteristic buoyant density (1.16 g/ml) 
of oncornavirus. Simultaneous detection assays (15) of the culture supernatants 
demonstrated that the particles encapsulated 70S RNA and reverse transcriptase. 

The reverse transcrlptase from A204 (HL23V) culture supernatants' was ex
amined for rel~tedness to the SSV enzyme. Figure 8 shows that the anti,serum 
prepared against the SSV reverse transcriptase was capable of inactivating the 
reverse trapscrip.t:;l.se activity of HL23V particles only to about 60 0/0. Th.e partial 
inhibition of enzyme activities suggested the possible presence of a second virus 
containing an antigenically unrelated enzyme. 

To identify the unknown component in thc HL23V particles, Cl. search was in
stituted amongst known oncornaviruses using immunologie and molecular hybrid
ization techniques. Probable candidates were quickly narrowed down to the RD-
114/CCC baboon endogenous virus group. Figures 9A and 9B show hydro
xyapatite temperature elution profiles of viral (SSV and BV-M7) cD NA annealed 
to the total RNA from HL2~V particles. The extentof the hybridization and the 
thermal stability indicate that the HL23V particles contain the complete .infor
mation of both the simian sarcoma virus (SSV) and the baboon endogenous virus 
(BV-M7). 

To.determine whether all of the genetic information of HL23V can be accounted 
for by these ,two viruses, the reciprocal hybridization was performed. In. these 
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Fig. 8: Effects of anti-SSV reverse transcriptase IgG on HL23 reverse transcriptase activity. 
Increasing amounts of IgG purified from normal goat serum and from goat antiserum 
directed against SSV reverse transcriptase were mixed with NP-40-disrupted HL23, in
cubated for 15 min at 37° and then assayed for reverse transcriptase. SSV was similarly 
treated and assayed. Both HL23 and SSV input were standardized to incorporate 10 pmoles 
of [3H]-TP in a synthetic template assay. The reverse transcriptase reactions (100 ~l) 
contained the following in ~moles: Tris-HCl (pH 8.0), 5; MnCh, 0.02; KCl, 4; dithio
threitol, 0.04; 0.02 each of dGTP and [3H]-dGTP (500 cpm/pmole) and oligo dG12: 
poly Cm at 4 ~g/ml. After incubation at 37° for 30 min, the reactions were terminated 
and assayed for acid-precipitable radioactivity. Using incorporations at identical inputs of 
normal IgG as control, the percent inhibition of the SSV and HL23 polymer ase activity by 
the increasing levels of immune IgG were computed. 0 = V; 6. HL23 virus. 
the increasing levels of immune IgG were computed. 0 = SSV; 6. = HL23 virus. 

experiments, eDNA probe synthesized endogenously with HL23V particles, was 
annealed to RNAs from SSV-1 or BV-M7 or both. Figure 10 shows that thc 
HL23V-eDNA hybridized 37 % and 44 % to the RNAs of BV-M7 and SSV-1, 
respectively. These individual hybridizations were additive as demonstrated by 
the compiete complexing of HL23V-cDNA to a mixture of BV-M7 and SSV-1 
RNAs. These data indicate that the genetie information of HL23V virions is 
completely accounted for, within the limits of the sensitivity of the molecular 
hybridization technique used, by the compiete genomes of both SSV-1 and BV-M7. 

To supplement an.d confirm these findings by an independent method, competi
tion molecular hybridizations were performed using cDNA synthesized from SSV. 
Viral RNA from SSV was labeled with 1251. SSV-cDNA ean proteet this 1251_ 
SSV-RNA more than 79 % from ribonuclease digestion at molar ratios of 5:1 
(cDNA:RNA). Table X shows that when unlabeied viral RNAs were added in 
vast excess to compete this homologous reaction, both SSV and HL23V RNA 
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Fig. 9: Hybridization of [3H]-DNA transcripts of (A) SSV-1 and (B) BV (M7 isolate) to 
HL 23 viral RNA. SSV-1 and BV-M7 were obtained from Pfizer, Inc. (Maywood, N. J.) 
and were derived from sucrose density gradient-banded tissue-culture supernatants of a 
chronically infected human lymphoblastoid cell line (NC-37) and baboon kidney-canine 
thymus coculture (BKCT), respectively. HL23 virus was prepared from high-speed pellets 
of 2-day old media from HL23 virus-infected human rhabdomyosarcoma cell cultures. 
[3H]-DNA probes for each of the viruses were isolated from the 60-70s RNA:DNA 
hybrids of Standard large-scale simultaneous detection assays. Hybridization reactions 
were Set up between the various probes (500-1000 cpmlassay) and viral RNAs (0.2-1.0 pg) 
in 20 p1 volumes in sealed siliconized glass tubes in 0.8 M phosphate buffer, p H  6.8, 0.1 O/o 
SDS and 10 mM EDTA. After heating at 100 ' C  for 1 min, the reactions were incubated 
at 68 OC for 20 h (Cot 2 2). The reactions were anlyzed by thermal elution hydroxyap- 
atite chromatography. Fractions of the total radioactivity eluted above 60 'C were plotted 
as a function of temperature. 0 = SSV-1 RNA, = BV-M7 RNA, = HL23V RNA. 

Table X: Analysis of HL23V for SSV Genomic Content by Competition Hybri- 
dization 

Competing Competing RNA 010 Resistance of 
RNA 1251-SSV RNA "51-SSV RNA 

None - 
SSV-1 1500 
GALV 1200 
MuLV-R 1800 
Mouse 1 8 s  + 2 0 s  450 
H L 2 3 V  2300 

Hybridization reactions (5.5 p1) were performed as described in Fig. 9 and contained 
0.11 ng lZ5I-SSV RNA (1.2 X 108 cpmlpg), 0.68 ng C3H]-SSV cDNA (2 X 103 cpm/yg) 
and 0.5-0.25 yg of the indicated competing RNA. Following incubation at 68' for 48 h, 
the reactions were diluted with 0.01 M Tris-HC1, p H  8.0, 0.4 M NaCl, 0.01 M EDTA and 
divided into four equal aliquots. Ribonuclease A (25 unidml)  and ribonuclease T, (5 units? 



ml) were added to two aliquots and the sampies incubated at 37° for 1 h. Nuclease resistance 
was the ratio of acid-precipitable 1251 in the sampies with and withoutribonuc1ease. 
Recovery of input acid-precipitable 1251 was greater than 90 0/0. SSV RNA wasisolated 
from virions by disruption with SDS, Pronase treatment, rate sedimentation in a sucrose
SDS gradient and equilibrium density gradient centrifugation in potassium iodide. Viral 
RNAs from GALV-1 and MuLV-R were isolated by similar procedures excepting the KI 
gradient. HL23V RNA was total RNA from purified virus and the mouse 18S and 20S 
RNAs were extracted'from purified ribosomal subunits from NIH/3T3 tissue culture cells. 
[3H]-SSV cDNA was synthesized from SSV RNA and oligo dT with AMV DNA polym
erase in the presence of 0.1 mght.! actinomyc in D and 0.5 mg/mI distamycin A. The 
reaction contained TTP, dATP and dGTP at 1 mM each and [3H]-dCTP (25 Ci/mMole) 
at 0.05 mM. This SSV cDNA protected 1251-SSV RNA 33 0/0, 75 % and 87 % from 
ribonuclease digestion at molar input ratios of 004, 3 and 15, respectively (cDNA:RNA). 
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Fig. 10: Reconstruction 
hybridizations. HL23V 
[3H]-DNA probe was 
hybridized to SSV and 
BV-M7 RNAs indivi
dua}ly andin combi
nauon. 
o = SSV RNA, 6. = 
BV-M7 RNA, 
• = SSV and BV-M7 
RNAs. 

rendered the 125I-SSV completely digestible. The GALV competed less success
fully, illustrating the sensitivity of this technique for detecting the small sequence 
differences known to exist between GALV and SSV. 

HL23V was further tested for its immunological similarity to SSV and BV-M7. 
The virus was concentrated by ultracentrifugation from culture supernatants of 
A204 (HL23V) and used as competing antigens in radioimmune assays for the 
p30 and gp45 of SSV grown in NC-37. As shown in fig. 11, the extent of competi
tion of HL23V in both of these radioimmune assays was indistinguishable from 
SSV. Further, an immunodiffusion analysis of HL23V was made with antisera 
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Fig. 11: Competition radioimmunoassays. HL23V was assayed for the presence of proteins 
antigenically related to the p30 (A) and gp45 (B) of NC-37 grown SSV-1. Antisera used 
for the studies with SSV-p30 were prepared by immunizing rabbits with -the purified p30. 
An NC-37 absorbed rabbit antiserum prepared by inoculation of disrupted virions and 
used for the studies with SSV-gp45 was kindly supplied by Dr. D. Larson (Pfizer, Maywood, 
N. ].). The p30 protein of SSV-1 was purified from sonicated virus, followed by phospho
cellulose and Sephadex G75 column chromatography and isoelectric focusing. It was iodin
ated and repurified and the iodinated p30 antigen preparations obtained had specific 
activities of 6 X 106 cpmhtg. The gp45 protein of NC-37 grown SSV was pudfied from 
sonic-disrupted virus by co lu mn chromatography on agarose SM in guanidium hydro
chloride. Analysis· of the preparations by 5 % sodium dodecyl sulfate polyacrylamide gel 
electrophoresis and isoelectric focusing indicated homogeneity of the 45,000-'dalton antigen. 
Succinimidyl-3-(4-hydroxphenyl) propionate (JCN Pharmaceuticals; Inc.) was first labeled 
with 1251 anel purified. The purified gp45 was then labeled byconjugation with the 1251_ 
labeled ester and chromatographed on a Sephadex G-25 column. Titrations of the antisera 
were performed in 200 ~l reactions that included 0.2 % bovine serum albumin (BSA) in 
saline, 5000 cpm of 125I-antigen and dilutions of antibody. After 1 h incubation at 37°C, 
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100 f.A.g of normal rabbit carrier IgG and a titered amount of goat anti-rabbit IgG 
were added. The re action was incubated for 15 h at 4 oe. The sampies were centrifuged 
and both precipitates and supernatants were counted in a Searle Autogamma counter model 
1185. The results are expressed as percent cpm precipitated. Greater than 80 % of the labeled 
antigen could be bound by specific antisera. Competition assays were performed in a similar 
manner, except that unlabeled competing antigen was added to the original incubation 
mixture. The unlabeled competing antigens were SSV = (0), HL23V = (0), SSV-gp45 = 
(e) and MPMV = (1\). 

prepared against the major and internal structure of proteins of the woolly monkey 
(p30) and of the baboon virus (p28). The lines of identity obtained with BV-M7 
and SSV indicate that, by these criteria, aga in HL23V cannot be differentiated 
from a mixture of these two agents. 

In summary, immunologic and hybridization analyses indicate that the particles 
produced by A204 (HL23V) consist of a mixture of two viruses that are in
distinguishable immunologically and by nucleotide sequence from two known non
human primate viruses, the baboon endogenous virus M-7 (61) and the woolly 
monkey virus SSV-l (62). It will be noted that our conclusions and results (63) 
are in complete agreement with those of Gilden and his collaborators (64) whose 
experiments, complementary to ours, involved hybridizations to the cytoplasmic 
RNA of various cell lines infected with HL23V and antigenic analysis of the 
type-specific p12 and piS antigens. 

Any attempts to establish productive long-term cultures are always exposed to 
the all pervasive danger of laboratory contamination with animal oncornaviruses. 
Because of this, any evidence that agents produced in tissue cultures are either 
identical or even similar to a known anima I oncornavirus has been accepted as 
sufficient evidence to condemn the cultureand its particles as irrelevant to the 
human disease. 1t is important to recognize, however, that this is not a logically 
compelling argument. For example, it could weH be tr~e that some animal viruses 
originated from a human source. It is even less certain to conclude that an agent 
is human if it cannot be identified either by base sequence or by antigenie properties 
with a known animal virus. This line of reasoning makes the untenable assumption 
that our catalogue of all tumor viruses is complete. 

The clinically relevant question for any putative human candidate particle is not 
necessarily its origin but its relation to the human disease. Are there at present 
any criteria that can be used usefully to decide whether a given tissue culture 
virus (e. g., HL23V) is in fact relevant to human neoplasia? A possihle resolution 
can be achieved by answering the following two questions: (1) Can one provide 
evidence at the level of protein and/or nucleotide sequence for the presence of 
the putative agent in the original tumor material from which the tissue culture 
was established? (2) Can one provide evidence at the level of protein and/or 
nucleotide sequence for the persence of the putative agent in the malignant cells 
of other patients with the same disease? 

A positive answer to the first question in the form of evidence for their presence 
in the original tumor cells would serve to eliminate the trivial explanation that the 
particles arose in the culture by laboratory contamination. The answer to the 
second question will decide the general relevance of the observation to human 
leukemia. Unless a positive response is obtained in a major portion of the patients 
examined, no basis exists for identifying the HL23V particles as clinically signifi-
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Fig. 12: (A) DEAE-cellulose duomatography of leukemic spleen enzyme. Core-like particles 
isolated from a leukemic spleen were treated with 1 % Nonidet P-40 and 0.7 M KCI, and 
the solubilized enzyme activity was chromatographed on a 16.5 cm X 2.5 cm columh. 
Elution was with 0,4 potassium phosphate. 10 (ll of each fraction (3.2 ml) were 'assayed 
using on oligo dT-poly rA template. . 

(B) Phosphocellulose chromatography of leukemic spleen enzyme. The fractions ,from the 
pooled DEAE-cellulose peak activity were diluted and chromatographed on a 17 cm X 1.5 
cm column. Elution was with 160 ml of an 0.01 M-0.05 M potassium phosphate gradient; 
1.6 ml fractions were collected and 10 !LI aliquots assayed for oligo dT-poly rA-templated 
activity. . 

(C) Agarose gel filtration of leukemic spleen enzyme. The peak of activity eluted from 
phosphocellulose was subjected to gel filtration on a 50 cm X 0.9 cm agarose column. The 
elution rate was 4 mllhr and 0,4 ml fractions were collected. Aliquots of 4 (ll were assayed 
for enzyme activity with an oligo dT-poly rA template. 
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The concentrated phosphocellulose enzyme is then passed through a 0.5 M 
agarose ·column on which one routinely observes two peaks of activity (fig. 12C). 
If the first peak of activity is rechromatographed on the same type of column, 
a shift of most of the activity to the position of the second peak occurs. Thus, the 
first peak would appear to be an aggregate (possibly a dimer) of the enzyme. 
A summary of the ~olumn fractionations in terms of recoveries and specific ac
tivities is recorded in Table XI. 

Table XI: Purification of RNA-dependent DNA Polymerase from a Viral Co re 
Fraction of Human Leukemic Spleen 

Fraction Total Protein Total Activity Specific Activity 
(mg) (pmoles) (pmoles/mg) 

1. Viral core region 3.90 2011 5.0 x 102 

2. DEAE-cellulose pool 0.20 1949 9.7 x 103 

3., Phosphocellulose pool 0.05 1400 2.8 x 104 
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Fig. 13: Sodium dodecyl sulfate-polyacrylamide gel agarose enzymes. Fractions 48(A) and 
60(B) of Fig. 12C were subjected to electrophoresis on sodium dodecyl sulfate polyacryl
amide gels: After staining with Coomassie blue, the gels were scanned in a Gilford Model 
2400 spectrophotometer. The stained gel of each fraction is also shown. 
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To examine the purity of the final enzyme preparation, portions of the two 
agarose peak fractions of Fig. 12C were electrophoresed on 5 % acryl amide gels 
in the presence of 0.1 % sodium dodecyl sulfate. Molecular weights of the 
separated polypeptides were determined using lysozyme, ovalbumin, bovine serum 
albumin and aldolase as molecular weight markers. As shown by the gel photo
graphs and the scans of figur es 12A and 12B, both agarose peaks yielded one 
major band corresponding to a molecular weight of 70,000 daltons, supporting the 
conclusion that the first agarose peak was in fact an aggregate of the second. 
A pool of the two agarose peaks constituted the final enzyme preparation. 

Several parameters of the reverse transcriptase were examined. The reaction was 
found to proceed best 'at 37° and over a broad pH range from 7.0 to 8.2. The 
requirement for a divalent cation could be satisfied best by Mg++ (6 mM) although 
Mn++ was also effective over a very narrow range (0.5 to 1.2 mM), a feature also 
observed with the murine leukemic reverse transcriptases. In common with these, 
the purified leukemic spleen enzyme could utilize DNA but preferred RNA as a 
template. Further, the RNA templated activity was completely dependent on the 
presence of all four deoxyriboside triphosphates and exogenously added RNA 
(Table XII). 

Table XII: Deoxynucleoside Triphosphate and RNA Requirements of Leukemic 
RNA-dependent DNA Polymerase 

Reaction* 

1. Complete 
2. -dATP 
3. -dGTP 
4. -dTTP 
5. -dATP, dGTP, dTTP 
6. -RNA 

pmoles [3H] dCMP 
pol ymerized)~)~ 

4.6 
<0.024 

0.076 
<0.024 
<0.024 

0.032 

)} Incubation was for 20 min at 37° with 1.4 I!g avian myeloblastosis virus RNA as 
template. 
)}':. [3H]-dCTP was present at 1.04 X 104 cpm/pmole. 

The critical diagnostic criterion of a putative reverse transcriptase is the ability 
to transcribe heteropolymeric RNA into a DNA complement. To test this, a reac
tion was run with the purified enzyme employing isolated AMV-RNA as the 
template. The product synthesized was purified, alkali-treated and hybridized 
either to AMV or RLV-RNA. An analysis on cesium sulfate gradient showed 
clearly that the tritiated product was complementary only to AMV-RNA. Thus, 
the enzyme purified from the human leukemic particles satisfied this operational 
definition of areverse transcriptase. 

The results (69) we have just described represent the first instance of a human 
reverse transcriptase isolated to the purity required for complete characterization. 
In addition, the procedure provides enough protein to generate monospecific anti
sera for ultima te use as detecting devices. 
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XIV. Present Status and Future Prospects 

The application of nucleic acid hybridization and the other techniques of mole
cular biology have permitted us to illuminate some of the issues of human cancer 
noted in the questions listed in the introductory paragraphs. The answers obtained 
may be summarized in the following statements: 

(1) Human neoplasias do contain RNA molecules possessing detectable homolo
gies to the RNA of tumor viruses known to cause similar cancers in animal 
systems. 

(2) The RNA molecules indentified in the human tumors possess the size and 
physical association with reverse transcriptase that characterizes the RNA of the 
animaloncornaviruses. 

(3) Further, the tumor-specific RNA is encapsulated in a particle possessing the 
size and density of the RNA tumor viruses. 

(4) The RNA of the human tumor particles possess homology to the RNA of the 
viruses causing the corresponding diseases in animals. 

(5) Viral-related sequences are unique to the DNA of tumor cells, are inserted 
postzygotically, and are therefore not resident in the germ line. 

The availability of the mesenchymal and mammary tumor animal model sys
tems provided us with the viral agents that generated the radioactive DNA probes 
used to search for and find the homologous sequences in the particulate fractions 
of the corresponding human neoplasias. Our invention and perfection of the 
"simultaneous detection test" enabled us to characterize the size and particulate 
nature of the RNA detected in the human tumors. Beyond this, it evolved into an 
important technical advance since it permitted us to bypass the restriction of being 
forced to start with a known animal viral agent. Thus, we were able to extend our 
investigations beyond breast cancer and the mesenchymal tumors to other clinically 
important human neoplasias. The use of the simultaneous detection test established 
that a variety of human carcinomas contained particles having the diagnostic 
criteria associated with the oncornavirus-like particles. The neoplasias examined 
included a variety of cancers of brain (70), the gastrointestinal tract and lung (71), 
and skin (72). 

Having found these particles in the human tumors, where does one go from 
there? An obvious need is to characterize them more fully biochemically and 
iminunologically so that they can be compared with the similar agents found in 
the animal systems. However, here we are faced with a logistical problem that has 
thus far interposed serious obstacles. The amount of tumor material available and 
its particle content are such that it is difficult to isolate particles in sufficient 
quantity and purity to perform the desired biochemical examinations. Adequate 
characterizations will not be readily feasible until these particles are obtainable in 
suitable yield from established cell lines. To date this desideratum has not been 
achieved. Nevertheless, it may still prove possible to exploit some of the implica
tions derivable from certain of their features. In particular, at least a portion of 
the RNA sequences found in the particles associated with each primary tumor site 
appears to be unique. As we have already noted, the particles found in human 
breast cancer share no sequences in common with those found in the mesenchymal 
tumors. These differences appear to extend to the particles found in other sorts or 
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primary tumors. Thus, we have been able to distinguish by cross hybridization the 
sequences found in particles from stornach cancers from those found in the colon. 
Similarly, the sequences found in lung cancer particles were easily differentiated 
from those found in other tumor sites tested. It would appear from our survey 
that the sequences found in these particles are histogenically specific. 

These results suggest the possibility of developing a novel pathway for specific 
tumor detection. From the outset, it was evident that the nucleic acid hybridization 
technology we had developed and used to provide fundamental information of the 
molecular basis of the cancer cell was not likely to be useful in a clinical setting. 
In the first pi ace, it has thus far been successfully applied only to tumor cells, 
and there is little likelihood that there would be enough circulating tumor-specific 
nucleic acids to be useful for diagnostic purposes. Further, the hybridization 
procedure is too sophisticated, too laborious, and toO expensive to be introduced 
into the clinical pathology laboratory. 

It seems clear that one must find a way of translating the sequence differences 
of the tumor particles into a parameter that would be more amenable to detection 
by the devices more commonly used in the clinical laboratory; One approach 
would depend upon the plausible expectation that the sequence differences oh
served in the different particles would be reflected in proteins that might be 
distinguishable antigenically. Were this realized, one could immediately hope to 
use the very sensitive and less restrictive methods of immunology. These are not 
only very sensitive, but they are in routine use in clinicallaboratories: 

To exploit this approach and obviate the logistic and other difficulties attending 
attempts to study the whole particles, one might focus rather on isolating and 
characterizing individual protein components. Of these, one of the triost amenable 
is the reverse transcriptase since it can be followed during fractionation by means 
of its enzyme activity. As we have shown here, this approach has led to the success
ful isolation and purification of the reverse transcriptase of the particles found in 
leukemic spleens. These same methodologies can be and have been applied to other 
human neoplastic tissue. With these specific proteins available, monospecific anti
sera can be generated that could hopefully be used for detection in the body fluids 
of tumor-bearing individuals. The potential value of providing a useable specific 
assay for the presence of tumor cells has been even further enhanced by the recent 
advances in adjuvant chemotherapy. Efforts along these lines could convert what 
has thus far been an exercise in molecular biology into a potentially powerful 
clinical tool. 
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RNA Tumor Viruses and Leukemia: Evaluation of Present Results Supporting 
their Presence in Human Leukemias 

I. Introduction 

Type-C RNA viruses have been isolated from many species. In several, they 
have been often associated with leukemia and shown to reproduce the disease 
on inoculation into recipient animals. In a few species the data appear now to be 
condusive that they are the major cause of the natural disease. Two major difficul
ties in verifying results that the virus causes the disease in so me animal systems 
have been: (1) the long latent period for evident disease, and (2) the fact that many 
type-C viruses are apparently not oncogenic. Regarding the latter, we have argued 
for a major subdivision of these viruses based on a molecular hybridization assay 
(see below). 

11. Class 1 and Class 2 Viruses 

We isolate RNA from the virus and make it radiolabeled and then hybridize it 
to excess DNA purified from uninfected normal tissues of the animal believed to 
be the natural host (1, 2). By this assay, the RNA of some viruses hybridizes vir
tually completely to the cell DNA and the quality of the hybrids are good (judged 
by measuring the temperature required to dissociate the RNA-DNA complex). We 
call these viruses dass 1 (1). There is usually data (besides the hybridization results) 
which indicates that these viruses are really normal cell gene products. We believe 
that they carry out some normal function, probably during development (3-6). 
In addition, it is possible that they play an important evolutionary role in trans
mitting information horizontally between different species, information which may 
subsequently be of advantage to the recipient species and become transmitted ver
tically (parent to progeny) in the germ line of that species. In this case, it becomes 
part of the normal genetic elements 'of the recipient. In this respect, Todaro and 
his colleagues have provided evidence for interspecies transfer of virus from a 
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primate to certain cats (7; and see Todaro elsewhere in this workshop). This is now 
the feline endogenous virus, RD114. 

Examples of dass 1 viruses indude: RAVo of chickens; the guinea pig endo
genous virus; the xenotropic endogenous viruses of mice; RDl14, the endogenous 
virus of cats; and the only isolate to date of an endogenous virus from primates, 
the baboon endogenous virus (BaEV) (see next section). 

The RNA of other type-C viruses show only limited hybridization to the DNA 
of uninfected normal cells of the persumed host. These we call dass 2 (1). As a rule 
they are oncogenic. Examples of these are: avian myeloblastosis (AMV) and sar
coma viruses of chickens (AvSV); the leukemia and sarcoma viruses of mice 
(MuL V, MSV); the leukemia and sarcoma virus es of cats (FelV, FSV); and the 
leukemia-sarcoma viruses isolated from primates, the gibbon ape leukemia virus 
(GalV) and the woolly monkey (simian) sarcoma virus (SSV). I think it is because of 
the genetic differences of these virus es compared to their host combined with their 
ability to add this new information to the DNA of the host, that gives them their 
oncogenic capacity. Although it is not yet known, I suspect the bovine leukemia 
virus (See A. Burny elsewhere in this workshop) will also be a dass 2 virus. 

Most of the dass 2 virus es are infectious for the species they produce neoplasias 
under natural conditions. The exact route of infection is not dearly known, but 
in the case of AMV the leukemia is thought to occur most commonly from congenital 
infection (8), while in cats it appears to by contact between animals and possibly 
by congenital infection (9). It is important to note that many normal animals may 
contain dass 2 viruses. This has given rise to mouch confusion. It does not mean the 
virus is endogenous in the genetic or molecular sence. For instance, many normal 
cats get infected and do not get disease. It must depend on other factors, e. g., 
genetic resistance or susceptibility to activation, immune response, or possibly :fine 
variation in the genetic composition of the virus. 

If dass 1 viruses are gene products, what is the origin of dass 2 viruses? We 
believe dass 2 viruses are derived from dass 1 viruses by genetic change in the 
dass 1 viruses when the latter escape host control. This can occur when it becomes 
infectious for its own host and by processes not understood undergoes genetic 
change. The "new" virus is different from the original and on its way to becoming 
dass 2 (see Fig. 1). In this case, a dass 1 and dass 2 virus will be related (by antigenic 
tests of their proteins and by nucleic acid hybridization). Thus, AMV is related 
to RA Vo and MuL V and MSV are related to the xenotropic murine endogenous 
viruses. In these cases then we think the dass 2 viruses evolved from the dass 1 
viruses. In contrast, in cats FeL V and FSV are not related to RD114, yet there is 
considerable (20-40 0/0) of the information in FeL V which is related to normal cat 
DNA (10). In this case, I suspect that FeLV evolved from another dass 1 virus of 
cats, different from RD114. In the case of primates, like in cats, the dass 2 viruses 
(GaL V and SSV) are not related to the dass 1 virus, the endogenous virus of baboons 
(BaEV). However, unlike the situation with FeL V, FSV, there is almost no 
hybridization of the RNA of GaLV and SSV to DNA from normal primates (11). 
We suspect that GaLV and SSV were derived from another species, and Todaro 
and his colleagues (12) and our laboratory (11) have provided evidence that these 
viruses originated from a mouse (see dashed line pathway, Fig. 2). This is analo
gous to the above mentioned acquisition of RD114 by certain cats from a primate 
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(see solid line pathway in Fig. 2). However, apparently in the case of SSV and 
GaL V there has not been integration into the germ line of primates. Instead, the 
virus has become a horizontally moving infectious agent of primates (see next 
section). In contrast, in the case of RD114 after acquisition from a primate esti
mated to have occurred in the distant past (7), the virus apparently integrated 
into the germ line and became part of the normal genome of certain cats (dass 1). 
Thus, it appears that if a dass 1 virus escapes host control and enters a new species, 
it can become either an infections agent for the recipient species (a dass 2 virus) or 
it can become endogenous to the recipient species (dass 1) (see Figs. 1 and 2). 

species 1 

dass 1 virus esca pes 
from control of species 1 

specles 1 --------~> specles 1 

dass 1 virus genetically 
transmitted to progeny 

--------)~ specles 1 

Für. 1: Schematic illustration of the transmission of a truelv endogenous type-C virus 
(Class 1 virus) from one animal to another animal of the same species. Normally, the 
dass 1 virus is under host control and is vertically transmitted in the germ line. Some
how the virus has escaped from this control, and it is transmitted to other animals. How 
it escaped control is not known. Perhaps this involves minor genetic change in host in 
virus, or in both. Once it becomes transmitted horizontally it undergoes some slight genetic 
change. 

Infects only same species, but by mechanisms not understood so me genetic change in 
viral genes occur, and virus becomes a dass 2 virus for species 1, although still 
highly related to its dass 1 precursor virus, differences exist. Example: AMV from 
RA Vo; MuL V from murine xenotropic endogenous virus. 

A second mechanism for formation of a dass 2 virus might be by direct genetic 
alteration of the endogenous dass 1 virogene followed by expression and formation 
of virus with new genetic components. For instance one can envision the dass 1 
virogene of the normal animal as a "hot spot" for mutation by chemicals or radia
tion or a "hot spot" for receiving new information as when a DNA virus infects 
acei!. This is the so called "Virus Hot-Spot" proposal outlined in more detail at 
this workshop in 1973 (4). In this case, the virus did not cause the disease, but it 
was a pruduct of the disease. However, once formed, it could transmit the oncogenic 
information to other cells in the same anima!. If it escapes host control it might be 
transmitted to other animals of the same species or to another species, and in these 
instances it can become a primary cause of the natural disease. Some of these con
cepts are summarized in Fig. 3. 
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dass 1 
VIrUS esca pes 
_ of species 1 
. from control 

species 2 

. integrates into 
germ li ne of species 2 

specieS'l 

dass 1 virus escapes 
from contro! of speCies 1 

species 3 

Virus becomes a horizontally 
moving virus for species 3 
(dass 2 for species 3), 
and oncogenic to species3. 
Exampies of this may be SSV 
and GaLV of primates which 
appear to have originated 
from a mouse. 

species 2 

species 3 passed vertically in species 2, 
eventually becoming part 

Virus does of genome of species 2 
not integrate 
into the gern 
line. 

species 2 

virus is eventua,lly a dass 1 virus of 
species 2 but will slightly differ from 
dass 1 virus of species 1 because of 
recombination with DNA of species 2. 
Example of this may be RDl14 of cats 
which appears to have originated from 
an old world primate. 

Fig. 2: Interspecies transmission of type-C virus. There is now evidence that type-C viruses 
can be transmitted from one species to another. As illustrated, in some instances a dass 1 
virus of one species (here called species 1) escapes from host control, enters a new species 
and becomes integrated intö the germ line of the new species (he re called species 2). 
Presumably, it oifers a selective advantage to species 2 because it is maintained and even
tually becomes part of the normal cellular genome of species 2. In this example, the virus 
was initially dass 1 for species 1 and dass 2 for species 2, hut it eventually becomes a 
dass 1 virus of species 2. Todaro and colleagues have provided the first example of this 
in providing data for transmission of a primate type-C dass 1 virus to cats. This virus 
apparently hecame the endogenous cat virus known as RD114. Alternatively, the dass 1 
virus.of species 1 may not integrate into the germ line and not be maintained in the new 
species (here called species 3) hut instead persists as a dass 2 infectious virus horizontally 
transmitted from species 1 to species 3 and between members of species 3. This may be 
the origin of the primate type-C infectious dass 2 viruses, SSV and GaLV which appear 
to be capable of moving horizontally among some primates and which may have originated 
from a rodent. 
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PROPOSED MECHANISM FOR FORMATION OF 

CLASS n ONCOGENIC RNA VIRUSES 

EXPRESSION 

..--_....J!\'-_---.. 
( '\ 

NORMAL CELL "VIRAL" GENES ... CLASS I 

GENOME 
MODIFICATION 

ON INFECTION 

? 

CLASS I 

REVERSE 
TRANSCRIPTION 

INTEGRATION 

MODIFIED CELL "VIRAL" GENES .. CLASS n 
(e.g. RADIATION, CHEMICALS OR '" .... _-..... V~---'J 

VIRUS INFECTION) 

EXPRESSION 

ENDOGENOUS VIRUS 
(XENOTROPIC) 

ENDOGENOUS VIRUS 
(ECOTROPIC) 

EXOGENOUS VIRUS 
(ONCOGENIC) 

Fig. 3: Hypothetical scheme for origin of a dass 2 virus. The model like other theories 
proposes that type-C viruses originate from normal cell genes. Complete expression leads 
to formation of the dass 1 endogenous virus which is not able to infect most 'oi all cells 
of the host it originates from (xenotropic virus). Other endogenous viruses ,are ecotropic, 
i.e., they can infect cells of their host. I believe these viruses evolved from the xenotropic 
dass 1 viruses by minor genetic change. Once they become infectious more substantial 
genetic change may occur leading to the formation of a dass 2 virus which is often oncogenic. 
An alternative route for formation of a dass 2 virus is by direct mutation (e.g. by chemieals 
or radiation) of a "hot spot" within the dass 1 viral genes of the normal cells. If th~s 
occurs and it is followed at some later stage by complete expression, the consequence should 
be creation of a dass 2 virus, i.e., a virus with at least some genetic difference from the 
normal host. This hypothesis "virus-hot spot" theory has been discussed in more detail 
previously (4). 
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III. The Primate Type-C RNA Tumor Viruses 

As discussed above, type-C viruses have been isolated in recent years for the first 
time in primates. The first was isolated (13) from a woolly monkey, a household 
pet of a woman living in California. The animal developed a spontaneous fibro
sarcoma of the neck which yielded the virus. To this date there is only one isolate 
of the "woolly monkey" virus which has become known as the simian sarcoma 
virus (SSV). Almost simultaneously viruses were isolated from gibbon apes with 
various hematopoietic neoplasms, especially myelogenous and lymphoid leukemias 
(14). Of great interest, these isolates first came from a colony of 195 gibbons, 103 
of whom were injected with blood from humans with malaria. The control group 
of 92 animals were not inoculated (15). All 10 neoplasms developed in the inocl-t
la ted animals. Virus was isolated only from the an im als with neoplasms. Recently, 
3 isolates of the gibbon ape leukemia virus (GaLV) were obtained from brain ex
tracts from "normal gibbons", but 2 of the 3 came from animals injected with 
extracts of brains from humans with Kuru (16), and the 3rd was a cage-mate of 
the other two. There have been a few isolates from gibbons not injected with human 
material, but alt had elose contact with man. It was surprising that despite the fact 
that SSV came from a new world monkey and the gibbon isolates from an old 
world ape, the various GaL V isolated and SSV ere extremely closely related. 

When injected into some recipient primates SSV has produced sarcomas and ma
lignant brain tumors (13, 17). Injection of GaLV into young gibbons has pro
duced in so me instances myelogenous leukemia (18). More importantly, apparently 
GaLV can spread horizontally among gibbon cage-mates and produce leukemia 
in animals that do not develop a sufficient immune response (18). 

I believe that the above studies are of unusual importance: first because they are 
the first isolates of type-C viruses from any primate; second, because the viruses 
are proven oncogenic; third, because they provide the closest model of animal 
neplasias for man we have; and jourth, because I strongly suspect that these re
peated relationships to man are not mere coincidences. Although the origin of these 
viruses may have been from mice (12, 11), it is clear that now they have become 
infectious agents among primates. For the reasons descibed above, combined 
with results I will describe below, I believe that these viruses form a family of 
elosely related class 2 type-C viruses infectious for primates, including man, and 
capable of inducing neoplasias arnong thern. 

IV. Assays for Type-C Virus Markers in Human Leukemia and Evaluation of 
Results 

Although the earliest evidence for type-C virus in human leukemia came from 
pioneering electron microscopic studies, particularly by Dmochowski and his as
sociates (e. g., see references 19 and 20 for reviews by Dmochowski, it is elear 
that if virus es are involved in the leukemias of man, fully formed, released, and 
infectious virus must be a very rare event. Virus if present, must be at a very low 
level, or defective (i. e. unable to replicate and therefore not generally detectable 
by microscopy or bioassays)' or be suppressed (i. e., full provirus is present in at 
least some cells but is not fully expressed). For these reasons we turned to molecular 
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biological and immunological approaches to determine if markers of type-C virus 
could be detected in human leukemias. There are 5 viral related molecules or struc
tures which have been described in some human leukemic ceIls: (1) reverse trans
cirptase; (2) viral related nucleic acids; (3) p30 protein; (4) membrane protein 
related to gp 70; (5) cytoplasmic particles with similarities to intracytoplasmic 
VIrUS. 

Reverse transcriptase (RT). Evidence for a DNA polymer ase in some human 
leukemic cells with properties like the viral enzyme began in 1970 with areport 
by Gallo et al. (21) describing this activity in 3 patients with acute leukemia. Later 
this enzyme was partially purified, shown to be biochemically distinct from thc 
major 3 DNA polymerases of uninfected cells (22-26), and localized to a cyto
plasmic particulate fraction of the cell (22-26). Also during this period, the prop
erties of viral RT became known in detail, and it was possible to set up certain 
criteria for calling sampies positive for R T. Table 1 lists those criteria used in our 

Table I: Criteria for Reverse Transcriptase in Human Leukemic Cells 

1. found in cytoplasmic particulate fraction. 
2. carries out endogenous RNase sensitive, actinomycin D resistant DNA synthesis. 
3. in some cases it can be shown that the DNA is covalently attached to an RNA 

primer and hydrogen bonded to an RNA template. 
4. after partial purification (and if free from significant contamination with cellular 

DNA polymerases) RT will show strong preference for poly A·oligo dT 
compared to poly dA·oligo dT as template-primer. 

5. utilizes poly C·oligo dG as template-primer efficiently and this is a relatively 
specific template-primer for R T. 

6. the molecular weight is about 70,000. 
7. immunologically closely related to R T from wooly monkey (simian) sarcoma 

virus and gibbon ape leukemia virus. 

laboratory. The detailed assays will not be described here since they have been in
cluded in recent reviews from our laboratory (26). Detection and characterization 
of this polymer ase in extracellular virus es is simple, but it is very difficult to detect 
small amounts of R T in cells. This is due to the presence of proteases, nucleases, and 
most importantly, interference and confusion in the assay by the presence of the 
much greater amounts of the cellular DNA polymerases, DNA polymerases (x, ß, 
y and the mitochondrial DNA polymerase (27). In my judgement, there is no really 
simple assay for R T in cells which gives confidence that one is actually measuring 
RT. The most sensitive and simplest assay I know of is the "simultaneous detection" 
assay for R T and high molecular weight RNA developed by Spiegel man and his 
group (see ref. 28 and Spiegelman in this volume for details of this assay). 
In this approach after isolation of the cytoplasmic particulate fraction from 
the ceIl, DNA is synthesized from nucleic acids native to the same fr action by sim
ply incubating this fraction (containing nucleic acids and polymerase) in the pres
ence of the substrate nucleotides (dATP, TTP, dCTP, dGTP), one or more of which 
are radiolabeled, in the presence of appropriate buffers. The reaction is shown to be 
at least partially sensitive to RNase and resistant to actinomycin D. Product anal-

437 



ysis is then performed, and the newly synthesized DNA is shown to be joined to a 
large RNA molecule. These results, taken together, suggest that the template is a 
high molecular weight RNA (hence viral-like) and the re action RNA directed 
(hence like reverse transcriptase). Using this assay, the results indicate that most and 
perhaps allieukemie cells contain this complex. This has been confirmed by our la
boratory (29) and by Mak et al. (30). An additional factor supporting the conclusiol1 
that this assay detects reverse transcriptase and viral-like RNA is the failute by 
Spiegelman's group to detect positives in normal human tissues (28, 31). The 
strengths of this approach are its sensitivity, simplicity and capacity for application 
of relatively small quantities of tissue. Its weakness is the possibility of giving false 
positive results. 

Greater assurance that the enzyme is, in fact, R T comes only from purification 
and biochemical characterization of the polymerase (22, 25, 32), followed by im
munological (32, 24, 25', 33) comparisons to known RT from animal RNA tumor 
viruses. This is the approach used in our laboratory, and by this approach our pos
itive sampies are limited to about 20 % of patients with leukemia. Moreover, 
our sampies with patients in remission have uniformly been negative. In the case 
of adult AML and to date only in this patient population, when R T was found and 
purified, in every case it was antigenically closely related (possibly identical) to RT 
from SSV. We now have 8 cases of AML where this has been demonstrated (32, 
24, 25, 33), but even in adult AML we have found this in a fraction of the patients 
studied. 

The advantage of this approach, of course, is that when a positive is scored, one 
has assurance it scores for viral reverse transcriptase. The disadvantages are its 
complexity, time, requirement for larger amounth of tissue, and the greater 
likelihood of false negatives. We think to detect and verify R T in leukemic 
cells that it is essential to utilize the cytoplasmic particulate function. Essen
tially, this is a microsomal-membrane fraction but it includes some mitochondria. 
In our experience, it is almost essential to use fresh cells. For details the reader is 
referred to four recent papers from our laboratory (25, 24, 32, 33) and recent 
method reviews (34). Viral Related NucLeic Acids. Three characteristics have been 
used for determining a nucleic acid found in leukemic cells is viral related: (1) size; 
(2) in the case of some RNA molecules, their association with (RT; (3) nucleotide 
sequence composition. The latter has been estimated by the technique of molecular 
hYbridization. We have already touched on the first two. Viral-like size is high 
molecular weight, i. e:, about 35S or a 70S complex. This was first demonstrated 
by Spiegelman's group in leukemic cells by the indirect simultaneous detection 
assay described above (31) and confirmed by us in a few patients (29, 35). Sub se
quently, Mak et al., provided evidence for 70S RNA by pulsing cells with 
3H-uridine and isolating cytoplasmic particles released into the media in short term 
culture containing labeled 70S RNA (30). 

Association of the RNA with R T is shown by assaying the endogenous R T reac
tion of the cytoplasmic particulate fraction and determining that the DNA 
synthesized is associated with a large RNA molecule (31, 29, 30, 35). 

The last characteristic, nucleotide sequence composition, is perhaps the most im
portant. It is designed to determine if a given nUcleic acid in the cell contains se
quences related to a known type-C RNA tumor virus. The approaches that have 
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been used to obtain this information are listed in Table 2. The advantage and dis
advantage of each will be discussed separately, and the results summarized. 

1) Viral cDNA to Cell RNA. In this approach viral cDNA labeled probes 
are prepared by carrying out endogenous DNA synthesis with disrupted virus. The 
virus may be any test animal RNA tumor virus. The cDNA represents a tran
script of the viral genomic RNA. The cDNA is radiolabeled because one or more 
of the deoxyribonudeoside triphosphate substrates are radiolabeled. The cDNA is 
then hybridized to RNA purified from the leukemic cello Various hybridization 
assays may be employed, e. g., analysis of hybrids by cesium sulfate centrifugation 
or by S1 nuclease digestion (a nuclease specific for single stranqed nudeic acids, 
leaving undigested and hence TCA precipitable the hybrid molecules). Details of 
these procedures have been summarized in arecent review (36). The advantages 
of this technique are its simplicity, speed, and capacity to generate high specific 
activity probes . .The disadvantage~ are that the cDNA made are small (45 or small
er), and'although it is possible to make cDNA which represents the entire viralRNA 
genome, it is generally a very unbalanced copy. In other words much of the cDNA 
is only from, a small fr action of the viral RNA. Therefore, it is a limited probe. 
Another dis advantage is that it only looks at the cell RNA. A negative result does 
not mean that the. viral information is not present; it only suggests that it is not 
detectably expressed. It may ba present in the cell DNA but remain unexpressed. 

Hehlman et al. used this approach to detect sequences in most or all human leu
kemic cells related to RLV (37, 28). They found none related to AML or MMTV. 
Thus, there was some specifity. They did not ,find these .in the normal cells they 
examined. However, the amount of hybridization was low. Questions arise con
cerning the interpreta.tion of these results. Are they really viral or simply sequences 
in cells related to viral sequences? Therefore, the specifity pattern (i. e., to which 
virus) becomes very important. The negative data with AMV are really not so 
helpful since onevolutionary basis we expect more sequences in human cells rela
ted to mouse than to birds. Regarding, the negatives in normals, again as mentioned 
above, this approach does not mean they ~re not there. It means only they were 
not expressed at a level detectable by the assay. In this regard, using the same ap
proach, we have found RL V related sequences in normal PHA stimulated human 
lymphocytes (38). A. Tavitian elsewhere in this workshop has used this approach 
wi,th MuSV and SSV (39). He finds hybridization with the cDNA from SSV 
and with cDNA from the murine virus to leukemic cell RNA (39). 

In summary, unless a major degree of hybridization is obtained with a given 
viral cD NA probe and cell RNA and good quality hybrids ,are obtained, results 
of this kind can not prove the presence of added viral information. They do show 
that viral related sequences ,are present; they are at least consistent with the 
viewpoint that virus is present; and as the simplest and earliest approach used, 
they provided impetus for further experiments. 

2) Viral cDN A to Cell DN A. The probe (labeled viral cDNA) is the same as 
that described above. However, instead of cell RNA, cell DNA is used. This, of 
course, examines not only what is expressed, but unexpressed genetic information. 
To my knowledge, there are no published reports using this approach with human 
leukemic cells. Recently G. Aulakh in our laboratory did apply this with cDNA 
from RL V, and he has detected DNA sequences distally related to RL V 70S RNA 
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in human leukemic cells (40). However, neither these nor any published results 
mean that leukemic cells are infected by RLV. They indicate only that leukemic 
cells contain some nucleic acids with some nucleotide sequences of RL V. 

3) Viral 70S RNA to Cell DNA. With this method the entire 70S RNA gen
ome of the virus is radiolabeled. The RNA can be radiolabeled by pulsing virus 
infected and growing cells with 3H-uridine and isolating the labeled 70S RNA 
from the released virions. This technique and the subsequent hybridization of the 
70S RNA to excess cell DNA has been most extensively employed by M. Baluda 
and his colleagues with AMV and avian leukemia. The advantages of the technique 
stern mainly from the use of the whole genome which theoretically, of course, is a 
much more complete probe than the cDNA methods. The dis advantages are that some 
of the RNA degrades, and it is difficult to prepare the RNA with sufficiently high 

. specific activity as is often needed. The latter difficulty has been circumvented by ano
ther labeling technique. In collaboration with W. Prensky at Sloan Kettering, D. Gil
lespie and C. Saxinger in our group have isolated unlabeled 70S RNA from virus 
and labeled it in vitro with 1125 • This results in a probe of higher specific activity. 
We have used this 70S RNA from different virus es to hybridize to human leukemic 
cell DNA (24). Using this method, we initially did not find extensive hybridization 
of the RNA of any virus to leukemic cell DNA (24):~ (see note added in proof). 

4) cDNA From Human Leukemic Cell Cytoplasmic "Particles" to Viral 70S 
RN A. This approach merits special discussion, first, because it has been employed in 
only a few laboratories; second, because as the newest method it is not generally 
understood; and third, because unexpectedly, it has given the most interesting pos
itive results, albeit not always easy to interpret. While examining leukemic cells 
for reverse transcriptase we discovered that the enzyme was located in a cytoplas
mic particulate fr action (22-25, 32, 33, 35). Before the enzyme is purified, it is 
associated with RNAin the "particle" (35). This particulate fraction can be purified 
and the "particles" treated as if they were virions in the sense that an endogenous 
DNA synthesizing system can be detected and utilized. Surprisingly these partic
ulate fractions frequently exhibit biophysical characteristics of mature type-C 
virions (24). This includes apparent morphological integrity in repeated banding 
in sucrose gradients, size, and density (24, 35). We employed the "particle" isolation 
approach to obtain reverse transcriptase while Baxt et al. first used them to pre
pare labeled DNA prob es (cDNA complementary to RNAin the "particles"). These 
cDNA probes were tested to see if they contained nucleotide sequences homologous 
to RNA of some animal tumor viruses. Again, positive results were obtained with 
RLV but not with AMV or MMTV, Baxt, et al. then used this cD NA to provide 
evidence that leukemic cells contain nucleotide sequences not present in normal leu
kocytes (41). This was done by hybridizing this cDNA to excess normal cell DNA 
and finding that a very small portion did not hybridize to leukemic cell DNA. 
Baxt has subsequently claimed that the extra sequences are rdated to the 
RNA of RL V (42). These observations have major implications, but they 
have not yet been confirmed. It should be emphasized again that these 
results do not mean that human leukemia is due to infection by RLV. They 
do argue that extra information is present, most likely the result of addition by a 
virus which appears to have at least some sequences in common with RLV. We also 
used this cDNA synthesized from the endogenous re action of the cytoplasmic 



"particles" from fresh human leukemic blood cells (35, 43). Our approach was to 
hybridize this DNA to RNA from many RNA tumor viruses to determine if there 
was an "affinity pattern", i. e., did the cDNA probe hybridize to RNA of various 
viruses in some particular manner? Would it be qualitatively like any of the known 
viruses? We found: (1) that in the case of myelogenous leukemias the cD NA hybrid
ized significantly more to the RNA of SSV than to any other virus, and (2) the 
hybridization to RNA from other viruses followed a pattern like SSV, i. e., cDNA 
from SSV hybridized to RNA from the other viruses with the same relative pattern 
as the cDNA from the leukemic cells (i. e. to SSV>MuSV >FSV>MuLV>RD114 
> FeL V> AMV) (35, 43). These results were confirmed by Mak et al. (30). 

5) cDNA /rom Cytoplasmic Particles 0/ Human Leukemic Cells to DNA 0/ 
Virus In/ected Cells. This approach uses the labeled cDNA described above (#4) 
to hybridize to the DNA provirus from tissue culture ceIls infected with different 
viruses. We have recently initiated this type of study, and our preliminary results 
with one patient indicate positive hybridization to cells infected with SSV and more 
so to cells infected with the baboon endogenous virus. 

P 30 Protein. This viral internal structural protein is assayed for in cells by sev
eral approaches. One method, the complement fixation assay, is thought by some 
to be the more definitive (R. Gilden, personal communication), but it is not as sen
sitive as some others. A radioimmune assay (see Todaro elsewhere in this workshop) 
has been recently widely employed. One approach is to find in cells a protein of 
approximately 30,000 molecular weight (p30) which will compete in the assay of a 
known viral p30 and labeled antibody to the test viral p30. It is imperative with 
this method to show specifity since proteases of molecular weights of approximately 
30,000 could give false positive reactions by hydrolyzing the labeled antibody. This 
appears to have been the case with some suggestions of detection of the p30 of RLV 
in human leukemia. 

Strand and August (43) and Sherr and Todaro (44) have reported detection of 
a p30 protein related and possibly identical to the p30 protein of the baboon endo
genous type-C virus in a variety of human tissues. Since there is now evidence 
for endogenous (cl ass 1) viral genes in many vertebrate species and since the baboon 
virus is the only endogenous virus isolated so far from primates, these results were 
taken to indicate detection of partial expression of a human endogenous type-C 
virus, i. e., that the p30 protein was a gene product of a putative human dass 1 
virogene (44, 45). An alternate interpretation in my mind is that they may have 
found the p30 of the baboon endogenous virus itself, as a consequence of infection 
of man by this baboon virus (see later section on isolates of primate type-C viruses 
from human tissues and also note added in proof). 

In addition to these results Sherr and Todaro (46) have reported detection of a 
p30. protein in fresh blood leukocytes of 5 patients with acute leukemia related 
or identical to the p30 of SSV. Very careful controls were carried out to show spe
cifity. Strand and August have reported similar results but believe this protein 
to be present more widely in the human population (44). To date Sherr and Todaro 
have not reported detection of the p30 related or identical to SSV in normal human 
tissues, but as indicated above Strand and August believe they can detect it in some 
(44). If they are correct, it suggests rather wide-spread infection of the human 
population with a virus related or identical to SSV. 
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Cell Surface Pro teins Related to Viral Envelope Pro teins. A few groups are exam
ining leukemic cell membrane proteins to determine if any related or identical 
to envelope proteins (particularly the glycoprotein 70) of specific type-C viruses. 
Two general approaches are used. (1) Using human sera to determine if there are 
antibodies directed specifically against a membrane protein of human leukemic 
cells, and then determining if the antibody also reacts with viral envelope pro
teins. (2) Purifying viral envelop proteins and determining if antibodies raised 
against these proteins react specifically with a human leukemic cell membrane pro
tein. Some approaches like these have been used by Metzgar and Bolognesi. They 
have preliminary data which indicate detection of such proteins on leukemic cells 
related in somecases to the friend leukemia virus and in others to the primate 
cIass 2 type-C viruses (the GaL V -SSV viruses) (47). 

Specificity of Viral Markers Found in Fresh Leukemic Blood Cells to SSV and 
to Baboon Virus. It is dear from the studies described in the preceding sections that 
many laboratories now with many techniques have Jound evidence for viral mar
kers (proteins and nudeic acids) in leukemic cells. The problem now is one of inter
pretation. Do these findings represent detection of normal cell gene products 
which are leated to viral gene products but have nothing to do with virus? If they 
represent virus are they only products of an endogenous (dass 1 virus) present in 
all cells (normal or leukemic) in all members of the species and not involved in the 
disease? What is the meaning of finding markers related to RL V in some laboratories 
while others find markers related to other viruses? My interpretation of these data is 
as follows. Type-C virus es of most mammalian species are at least somewhat related 
by some tests, e. g., it would not be surprising if the genome of RL V contained some 
nudeotide sequences related or even identical to some in the primate viruses. This 
is, in fact, known tobe the case. No one has published finding markers related to 
AMV. AMV is not related to the mammalian type-C viruses. If the data are taken 
together, they strongly imply that it is markers primarily related to the primate 
type-C virus es which are being found in man, both the SSV -GaL V group and the 
baboon virus. If SSV -GaL V markers also are detected in some normal tissues of 
some people, the data are no less significant, if indeed, the findings really represent 
markers of these viruses rather than related proteins and nudeic acids which are 
really not viral. As noted earlier the SSV-GaLV group are not endogenous to man 
in the genetic sense. If they really are in some normal tissues,. it must mean that 
like EBV the virus is widespread in man. This could mean that· the situation is 
somewhat analogous to feline leukemia where the virus, FeL V, infects many cats 
but produces leukemia in only a fraction (9). 

Induction of Exponential Growth of Blood Leukocytes from Patients with 
Myelogenous Leukemia and Isolation of Type-C Viruses. 

Studies with many anima I cells indicate that DNA synthesis and cell replication 
ar.e important for production of type-C virus. Other studies, e. g., with Friend 
leukemia, indicate that differentiation mayaiso be helpful. In this· respect, human 
AML blood cells are characteristically retarded both in their replication and in 
their ability to differentiate (4, 5). Hence, when we recently identified a source of 
conditioned medium (CM) which was produced by a fibroblast strain oE a cultured 
whole human embryo which stimulated prolonged exponential growth of myeloge
nous leukemia cells in suspension culture (48, 49), we were hopeful that this would 
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result in the production of detectable complete type-C virus by the cultured AML 
cells. The factor(s) in the CM is heat stable (56°C for 1 hour) and differs from 
typieal eolony stimulating activity (CSA) by many eriteria. These include: a) indue
tion of prolonged growth in suspension eulture; b) growth is exponential; c) it 
has no effect in the soft agar system, i. e., it does not promote colony formation; 
d) it is speeific for myelogenous leukemie eells having no effect on normal bone 
marrow cells, CLL cells or ALL cells (49, 50). 

We initially treated cells (blood or bone marrow) from 16 patients with mye
logenous leukemia. These included 2 remission patients with no detectable (by mor
phology) leukemic cells. All responded to the CM factor (50). In those with a mark
er chromosome the marker persisted in culture. These results provide derect evi
denee for the following conclusions: (1) intrinsic differences exist between normal 
and leukemic cells in recognition and/or response to some growth promoting fac
tors; (2) similar differences exist between myelogenous and lymphoid cells; (3) 
myelogenous leukemia cells can be grown in vitro; (4) some remission myelogenous 
cells must still be different from normal myelogenous cells; (5) some myelogenous 
leukemic cells can be induced to differentiate confirming previous suggestions for 
this by several groups (e. g., see ref. 57 for review by Sachs). 

Cells from several patients (5 of 16) expressed readily detectable viral markers 
(pro teins and/or leukemic cells) specifically related to SSV (50), and cells from one 
patient (patient A. S. or HL-23) released classical budding type-C virus (48, 49, 51). 
This virus was transmitted to several secondarycell lines for larger production 
(51). It is infeetious and oncogenic for at least some primates (52). Most impor
tantly, the fresh blood (uncultured) cells of this patient contained RT related to 
SSV (33), and we aIl:d our colleagues have been able to reisolate this virus 
from the same patient. The original isolate came from passage 10 of her 
myelogenous leukemic cells obtained from her (pre-treatment) first hospitalization 
in Oetober, 1973 (see Table 3). Subsequently, virus was isolated in our laboratory 
and also by G. Todaro from earlier passages of these cells which were kept frozen 
and later put into culture. These were from passages 5 and 7. We also went back 
to this original blood sampie kept in liquid nitrogen and aga in isolated the virus 
(49, 51). In addition, we subcultured the first blood sampIe at passage 1 and isolated 
the virus again from the subculture (49). 

Fourteen months later (Decemher, 1974) when she was in partial remission we 
received a bone marrow speeimen. After only a few passages in eulture virus was 
again identified (by electron microseopy and by reverse transcriptase) (49) and sub
sequently again isolated by N. Teich and R. Weiss by co-cuitivation with anormal 
human embryonic fibroblast line (51). Finally, a blood sampie obtained in Decem
ber, 1973 (2 months after the first blood sampIe (now also appears to be releasing 
virus (unpublished results of P. Markharn and F. Ruscetti). See Table 2 for a sum
mary of the isolations. 

Type-C viruses related or identical to SSV have now also been isolated twice 
from a Child with lymphosarcoma leukemia by Nooter et al. (ref. 53 and see else
where in this workshop), by Gabelman et al. {rom a patient with CLL and lung 
cancer (54), and from a few different human embryos by Panem et al. (55). 

It should be noted that now there are several reports of isolates of SSV (or an 
SSV related virus) from man and only one from a woolly monkey (see Table 4). 
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Table 11: Molecular Hybridization Approaches Used to Find Viral-Related Nuc
leotide Sequences in Nucleic Acids from Human Leukemic Cells)~ 

Labeled Probe Unlabeled Test Reference Comments 
Nucleic Acid for example 

(1) Viral cDNA cell RNA 28 viral cDNA is from the endo-
genous R T re action of virions 

(2) Viral cD NA cell DNA 40 viral cDNA is from the endo-
genous R T reaction of virions 

(3) Viral 70S cell DNA 24 viral 70S RNA is prepared by 
RNA pulse labeling virus infected 

cells with 3H-uridine and then 
isolating labeled viral RNA or 
by labeling purified 70S RNA 
in vitro with 1125 • 

(4) cDNA from viral RNA 31, 35,43 This cD NA is a product of the 
cytoplasmic endogenous RT re action of hu-
particles from man leukemic cells. 
leukemic 
cells 

(5) cD NA from DNAof 42, 38 This DNA of infected cells in-
cytoplasmic infected cells cludes the DNA provirus 
particles from 
leukemic 
cells 

)~ For more details see text. 

Some of our isolates in addition to the SSV component also contain a virus re
lated or identical to the baboon endogenous virus. Thus, the virus isolate appears 
to be a mixture of both types of primate type-C viruses. We have recently learned 
that the virus isolated from human embryos by Panem et al. (56) in addition to 
having a component related or identical to SSV also has one related or identical 
to the baboon virus (S. Panem and W. Kirsten, unpublished results). 

Although molecular hybridization experiments fail to detect complete provirus 
related to SSV or to our isolates in the fresh cells of this or other patients with 
AML (23, 37), we have been able to find in her fresh uncultured blood cells the 
following viral related markers: (1) 35S and 70S RNA (38); (2) reverse tran
scriptase related to reverse transcriptase of SSV and hence to RTfrom the viruses 
we isolated (33, 48); (3) cytoplasmic viral-like particles containing 70S, 355 RNA 
and the RT (38); (4) cD NA probe synthesized from the endogenous RT reaction 
of the cytoplasmic particles hybridized to the RNA of SSV, to the RNA of the 
baboon endogenous type-C virus, to DNA from baboon virus infected human cells 
but significantly less to DNA from normal human cells (38). 

Reasons for Confidence that Virus ca me from Patient HL-23 not as a Contam
inant 
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Table III: Cell specimens from HL23 and Virus isolates 

Cell Date Nature of Extracellular Comments 
speClmen received speClmen virus detected bya 

RT EM 

HL23-1 b 10/16/73 peripheral pass 5 pass 10 virus = HL23 V -1 
blood transmi tted to 

secondary cells 
HL23-2 10/16/73 peripher al pass 3 pass 3 same original 

bloodb blood sampie as 
specimen 1 

HL23-3 10/02/74 peripheral NT NT cells not viable 
blood 

HL23-4 12/13/74 peripheral pass 8 neg. virums ma y be 
blood detected by direct 

cocultivation 
HL23-5 12/13/74 bone pass 5 pass 5 virus=HL23V-5, 

marrow transmi tted to 
secondary cells 
(N. Teich and R. 
Weiss, personal 
communication) 

HL23-6 01/25/75 peripher al neg. NT cells grew poorly 
blood 

HL23-7 01/25/75 bone neg NT cells grew poorly 
marrow 

HL23-8 01/25/75 bone NT NT used for cocultiva-
marrow tion onlYj results 

neg. 

a RT = reverse transcriptase, EM = electron miscroscopy, pass = passage number at a 
split ratio of 1 : 2, neg. = negative, NT = not tested. 
b Cell specimens 1 and 2 were from one fresh blood sample. Specimen 1 was cultured 
immediately after receipt; specimen 2 was cultured beginning 10101174 from an ampoule of 
cells frozen on 10/16/73. Virus now isolated from passage 5, 7, and 10 of specimen 1. 
Original results all on pass. 10 isolate. 

It is important to emphasize certain facts about these virus isolates in regards to 
the possibility that they might represent contaminaion with SSV. Our reasons for 
believing these isolates are not contaminants are as folIows. (1) The fresh uncul
tured cells of the patient contained proteins (33, 48) and nucleic acid (38) related 
to the virus isolates as have several (but not a11) other patients. (2) The same virus 
was isolated several times from different specimens from the same patient (see 
Table 3) after only short term passages in culture. A contaminant would have oc
curred with the same virus several times with the same patient and only 
this patient. (3) Other laboratories have independently isolated the same or a very 
related viruses from human tissues. 
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Table IV: Reported isolations of Virus of the »Woolly Monkey« (Simian) Sar
coma Virus (SSV) 

Source of Isolate Species and ·History Reference 

1. fibrosarcoma woolly monkey pet of Wolfe, L., Deinhardt, F., Thei-
a woman len, G., Kawakami, T., and 

Bustad, L., J. Nat. Can. Inst. 
47:1115, 1971. 

t 2. acute myelogenous Human. classical AML Gallagher, R. and Gallo, R., 
leukemia blood of a woman. Cells Science. 187 :350, 1975. 
cells treated with growth 

factor 
t 3. acute myelogenous Human. Same patient Teich, N., Weiss, R., Salahud-

leukemic bone as #2. Cells treated din, Z., Gallagher, R., Gillespie, 
marrow with growth factor Gallo, R., Nature. 256:551, 

1975. 
Gallagher, R., Salahuddin, Z., 
Hall, W., McCredie, K. and 
Gallo, R., PNAS (72:4137, 

t4. normal1ung Human. embryo, 8 Panem, S., Prochownik, E. V., 
fibroblasts weeks gestation Reale, F. R., and Kirsten, W. 

H., Science. 189:297, 1975. 
5. normallung Human. embryo 16 Panem, S. (as above) 

fibroblasts weeks gestation 
t 6. lung carcinoma Human. chronic Gabelman, N., Waxman, S., 

cells co-cultivated lymphocytic leukemia Smith, W., Douglas, S. D., 
with XC cells . and lung cancer Int. J. Cancer. 16: 1, 1975. 

~~ 7.lymphosarcoma Human. cells co-cuIti- Nooter, K., Aarsen, A. M., 
leukemia bone vated with XC cells Bentvelzen, P., de Groot, F. G., 
marrow cells van PeIt, F. G., Nature 

256:595, 1975. 
,~ 8.1ymphosarcoma Human. cells co-cuIti- Nooter, K., (as above) 

leukemia blood vated with human 
cells embryonie fibroblasts 

~~ 9. acute myelogenous Human. Same patient Markham, P. (unpublished) 
blood cells as #2 and #3. 

Different sampie 

':. With these isolates data is not complete to say with certainty that virus belongs to 
"SSV family." 
t In several instances with human isolates (those marked with symbol t) virus highly 
related to the baboon type-C virus was also present with the woolly monkey related virus. 

Conclusions 
We believe human myelogenous leukemia blood cells do not frequently permit 

complete expression of type-C viral information, but this information is at least 
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partially present in many and perhaps all AML patients. This is in contrast to the 
case of some animals like cats where most animals with leukemia actively produce 
virus. On the other hand, even with cats there is variation. The occasional (or rare) 
mfected animal does not completely express virus (M. Essex, personal communi
cation). Conversely, patient A. S. (HL-23) may be the unusual or rare human, who 
after appropriate growth stimulation of her leukemic cells, expresses completely and 
releases whole virus. One difficulty with our interpretation is our inability to detect 
the complete provirus.:} This results in a paradox revolving around the question -
how do human leukemic cells become transformed and how can they release virus 
if they lack the. complete genetic information apparently essential in anima I model 
systems for transformation and virus production? We think that generally the inte
grated complete provirus may be in only a sm all nu mb er of cells, perhaps not even 
the leukemic cell precursors. Release of fragments of the provirus by the infected 
cells may be sufficient, in some instances, to trans form leukocyte precursors. This 
model is compatible with the existing data on human leukemia, including the detec
tion of extra sequences in human leukemic DNA by Spiegelman anel associates (41). 
At least one tissue or cell population should contain cells with complete provirus. 
Portions of this provirus may integrate into leukocyte progenitors, a necessary 
prelude to leukemic transformation. On occasion complete provirus may integrate 
into some leukocyte precursors, the necessary event for the rare complete virus 
production. We suggest that the site of integration for fragments or whole pro
virus is the "hot spot" region discussed before at this workshop (4) and that this 
may alter gene expression by a mechanism called "paraprocessing" (1) which in turn 
leads to transformation. If this speculation is correct, detection of the complete pro
virus as the proof for the involvement of these viruses in man will be extremely 
difficult.:~ Other approaches will be necessary such as additional virus isolates from 
other laboratories and/or a clear seroepidemiological studies. 

,~ Note added in proo! 
Recently, we have for the first time been able to identify a DNA provirus in humans. We 
have found the provirus of a virus highly related or identical to the baboon endogenous 
type-C virus in the DNA of uncultured tissues from several but not all patients with 
leukemia (F. Wong-Staal, D. Gillespie, and R. Gallo, Nature, July 1976). We believe these 
results conclusively demonstrate that humans are infected by type-C virus. The results 
suggest an interspecies transfer of virus from baboon to man in the past. Whether the virus 
now spreads by way of an intermediary vector or directly - human to human is not known. 
There is no proof that this acquired viral information is causatively involved in leukemia 
although we naturally suspect that it may be. Since a major component of the repeated 
isolates of HL23 virus from a patient with AML is highly related to the baboon endogenous 
type-C virus, the new results clearly indicate that these isolates are from the patient not 
from laboratory contamination. 
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Murine and Simian C-Type Viruses: 
Sequences Detected in the RN A of 

Human Leukemic Cells by the c-DNA Probes 

A. Tavitian, C. J. Larsen, R. Hamelin & M. Boiron. 

Laboratoire d'Hematologie Experimentale, Hopital Saint-Louis 
75010 - Paris - France 

Introduction 

The detection of viral-related RNA sequences in human leukemic, human -breast 
cancer, and other human cancer cells has been facilitated in recent years by mole
cular hybridization techniques of human ribonucleic acid to the complementary 
DNA (c-DNA) synthesized in-vitro by animal type - cRNA tumor viruses (1-5). 
Our laboratory has been interested in the search for such sequences in the nucleic 
acids of various types of acute and chronic human leukemias. The approach was 
based essentially upon the evaluation of the annealing rate of single stranded 
c-DNA to cellular RNA and DNA. 

We report some of the annealing experiments we performed in the search for 
virus-like sequences in the nucleic acids of human acute and chronic leukemias with 
the aid of two synthetic c-DNA prob es synthesized with the murine sarcoma
leukemia viruses (Moloney Isolate) (M-MSV-MLV) produced continously by the 
transformed rat cell line 78 A-1 and a simian probe synthesized with the simian 
(Wooly Monkey) sarcoma and simian sarcoma-associated viruses (SSV) produced 
by the Normal Rat Kidney NRK celliine. 

Methods and Results 

Both c-DNA probes were synthesized and prepared as described previously 
and represented extensive complementary copies of their respective 70S RNA 
genomes (6). However, the SSV probe seemed less uniform in terms of complemen
tarity to its 70S viral RNA genome in that a 8 to 10-fold excesss of c-DNA was 
necessary to ren der the 70S RNA resistant to RNAase digestion in high salt (as 
compared to 2-3 fold excess in the case of M-MSV MLV). 

Annealing reactions between the tritium labelIed c-DNA of both viruses and 
the RNA of leukemic cells were performed as described previously (7) (or at 
higher temperatures : 68° in 4 x SSC). The rate of annealing was estimated by 
the Sl nuclease assay (7). The percentage of hybridization was expressed by 
normalizing against the values given by the RNA of the respective virus producing 
cells (78 Al or NRK) taken as 100 percent, and after substraction of tbe back
ground obtained by the blanks of c-DNAs processed without RNA. 
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Hybridization reactions with RNA from human leukemic and "normal" cells. 
In previous experiments it was shown that hybrids of M-MSV(MLV)-c-DNA 

and human RNA were found in 22 out of 46 leukemias whereas none of the 10 
controls tested (including material obtained from bone marrow cells, buffy coats 
and continuous human celliines) was positive (8). 

We report here the results obtained in 12 leukemias and 4 controls which were 
available for concomitent study with both the simian and the murine probes. 
Table I summarizes the results of this type of study. It can be seen that there is 

Table I: Hybridization to human cellular RNAs of the c-DNAs of M-MSV 
(ML V) and SSV 

Origin of cellular 
RNA 

Normal human leucocytes I 
Normal human leucocytes II 
Human spleen I 
Human spleen II 
N° 31 
N° 47 
N° 45 
N° 53 
N° 60 
N° 64 
N° 78 
N° 82 
N° 83 
N° 85 
N° 86 
N° 89 

CML 
ALL 
ALL 
ALL 
ALL 
AML 
AML 
ALL 
AML 
CML 
ALL 
ALL 

Hybridization rates 
with 

M-MSV-MLV c-DNA 

1.1 0/0 

1.3 0/0 

1.0 0/0 

1.2 0/0 

2.9 0/0 

1.4 0/0 

3.5 0/0 

o 0/0 

5.5 0/0 

o 0/0 

o 0/0 

2.9 0/0 

o 0/0 

o 0/0 

4.8 0/0 

43 0/0 

with 
SSV c-DNA 

1.75 0/0 

1.25 0/0 

2.0 0/0 

1.6 0/0 

4.75 0/0 

1.8 0/0 

1.7 % 

14.5 0/0 

6 % 

4.5 0/0 

2 % 

4 0/0 

1.75 0/0 

1.8 % 

2 0/0 

11.5 0/0 

a certain but not absolute correlation between the two probes with regard to the 
positivity or the negativity of the hybridization test. For instance, the acute 
myeloblastic leukemia N°64 which revealed a negative cellular RNA hybridiza
tion with the murine M-MSV(MLV) c-DNA probe showed a positive annealing of 
its RNA with the SSV c-DNA probe; and this was the case also with one acute 
lymphoblastic leukemia N°53 which in fact gave the highest rate of hybridization 
with the SSV probe whereas there was no positive hybridization with the 
murine probe. On the contrary leukemia N°86 appeared completely negative 
when SSV c-DNAwas used as a probe and was slightly positive with the M-MSV 
(ML V) probe. 

Unrelatedness 01 the sequences detected in human RN A by each c-DN A probe. 
Since there was not an absolute corroboration in the results obtained by 

hybridizing human leukemic RNAs with the c-DNA of SSV and M-MSV(MLV), 
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it seemed of interest to compare the homology existing between the probes by 
cross hybridization experiments. Each c-DNA probe was therefore annealed with 
its homologous 70S RNA genome as well as with the heterogenous counterpart. 
Fig. 1 represents the results of this experiment and shows that there is at most 
10 % homology between the two viruses. The c-DNA wh ich is common to both 
viral genome was isolated after alkaline digestion of the hybrids; we failed to 
hybridize this c-DNA to the RNA of the acute lymphoblastic leukemia N°89 
which was scored as highly positive when the entire c-DNA probes of both SSV 
and M-MSV(MLV) were used for the annealing tests. 

Host cell information in the murine and simian viruses. 
Table II shows the association rates of the simian and murine c-DNA to sheared 

cellular DNA of various origin. It can be seen that the SSV virus produced in 

Figure 1: Cross hybridization of the nucleic acids (c-DNA and 70S RNA) of 
SSV and M-MSV (MLV) viruses . 

• . 
100 

~ -- • -
"C 
(I.) 

.~ 0 
:E 
L-
.0 
>. ..c: 

« 
50 :z 

0 

cv 
L-.s; 

-0 

~ 

----_ .... -----:1-----=----------. ,;,1.::::::::-"':'----=--;-- -- - - . 

2 10 20 

).Jg of RNA 
0-0-0 SSV c-DNA and • • • SSV c-DNA and 

SSV 70S RNA SSV 70S RNA 
0-0-0 M-MSV (ML V) c-DNA and .-.-. M-MSV (ML V) c-DNA and 

M-MSV MLV 70S RNA SSV 70S RNA 
Constant amount of c-DNA (1 500 cpm) were hybridized with the indicated amounts of 

70S RNA for 70 hours at 68° in 4 x SSC. 
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Table 11: Association rate of c-DNAs to cellular DNAs 

Associated c-DNA (%) 
Original of cellular DNA 

\ MSV M (ML V) SSV 

Salmon sperm 
78 Ai 
SSV/NRK 
Human spleen 
Rat embryo 
Mouse embryo 

2.2 % 

100 % 

15.3 % 

11.0 % 

15.7 % 

44 % 

3.4 % 

93 % 

100 % 

9.2 % 

85.7 % 

41.7% 

The c-DNA synthesized on M-MSV-MLV and SSV-l virus were annealed to cellular 
DNAS during 70 hours at 68° in 4 x SSC. The rate of the H3-1abelled associated c-DNA 
was determined by Si Nuclease Assay. 

NRK cells contained a much higher percentage of rat sequences as compared to 
the percentage of -rat sequences (15,3 0/0) in the M-MSV(MLV) viruses that are 
produced in the 78 A-l rat fibroblast cell line. In contrast, theproportion of 
human (10 0/0) and mouse (42-44 0/0) sequences are quite comparable in both 
viruses. It is likely however that the mouse sequences present in both viruses are 
l10t the same since there exists only 9 to 10 % homology between those virus stocks. 

Discussion 

; Many authors advanced that some viral sequences are present i~ .'leukemic cells 
adld that these sequences are not expressed in normal non leukemic cells (1 - 5). 
Corolarry results were found by Gallo and associates who reported that the c
DNA synthesized endogenously by RNA dependent-DNA polymerase in virus 
like particles from human acute leukemic cells was hybridizable to SSV and Kirs
t~n sarcoma viral RNA to a higher extent than to murine leukerriia viruses (8). 
Bowever it was not established by these authors whether the sequences that were 
qetected by their hybridization procedure were identical when using different viral 
RNA genomes. It -was already observed two years ago by Benveniste and Todaro 
that the endogenous type C viruses of ~everal species exhibited very litde, if any, 
nucleic acid homology and that, among the infectious type-C viruses of different 
species existed a very small degree of relatedness with the noticeable exception of 
Kirsten mouse leukemia virus and simian sarcoma (Wooly-Monkey) or gibbon ape 
viruses (9). Our own experiments show clearly that the sequences detected in human 
ribonucleic acid from leukemic fresh cells are comp1etely different if the simian 
c-DNA probe or the murine c-DNA probe are used for the molecular hybridiza
tion studies. It should be emphasized moreover than the c-DNA portion 
homologous to both virus genomes-was.unable to detect any virus related sequences 
in the RNA of leukemic cells, even though it was able to form stable hybrids with 
rat cellular DNA. 
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Prevention of Herpes-Associated Malignancies 
in Primates: Problems and Prospects1 

Laufs, R. and Steinke, H. 

Hygiene-Institut der Universität Göttingen 

Herpesviruses are known to induce carcinoma, leukemia or malignant lymphoma 
in different animal species. Herpesviruses are also suspected as being causal agents. 
in human malignant neoplasia. In particular the Epstein-Barr virus (EBV) stands 
first among candidate human cancer agents (1). The present knowledge indicates 
an aetiological relationship between EBV and two human malignant tumors: Bur
kitt's lymphoma and nasopharyngeal carcinoma (2, 3). Herpesviruses are trans
mitted horizontally and hence are subject to immunologie intervention, specifically 
by vaccines that stimulate immunity and prevent or limit proliferation of the 
naturally acquired virus on subsequent infection (4). 

The first example of a naturally occurring malignant tumor to be controlled in 
this way was the herpesvirus induced Marek's lymphoma. A live attenuated her
pesvirus almost completely prevents this neoplastic disease of chickens (5). Live 
virus vaccines in general induce higher level and longer lasting immunity than 
killed vaccines and require only a small dose of virus to immunize. However, 
there are no reliable in vitro markers for the oncogenicity of live attenuated her
pesviruses that might apply to man. The applicability of live attenuated vaccines 
derived from potentially oncogenic herpesviruses seems slight. 

Therefore killed vaccines derived from the oncogenic herpesviruses have to be 
developed. At the present level of knowledge only killed cancer virus vaccines 
seem to be administerable to man. For the control of those human cancers suspected 
of having a herpesvirus causea killed vaccine completely free of viral DNA would 
be desirable, since traces of the viral DNA in such apreparation might be able of 
bringing about malignant transformation (6). Chickens can be significantly pro
tected against Marek's lymphoma by killed vaccines free of virus nucleic acid (7). 
A viral nucleic acid-free vaccine for EBV could be prepared by purification of 
plasma membranes from human lymphoid cells which do have EBV -determined 
membrane antigens expressed on the cell surface. Antihodies to these antigens also 
have virus neutralising activity (8). 

The preparation of nucleic acid-free herpesvirus vaccines would probably solve 
the safety problems. But a vaccine has not only to be safe, it also has to be effi
cient against the natural occuring infection. Even if an EBV vaccine free of nucleic 
acid is available the efficacy of the killed herpesvirus vaccine in man remains to be 
determined. Killed whole herpesvirus types 1 and 2 vaccines prepared for pre
venting or treating primary or recurrent acute episodes of herpesvirus infection in 
man, have not been highly encouraging in terms of effectiveness. Because of the 

1 Supported by the Deutsche Forschungsgemeinschaft, D-53 Bad Godesberg, West Germany. 
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anticipated long incubation period for herpesvirus cancer ~n man, it may be a 
long time before the protective efficacy of a killed EBV vaccine can be measured 
in terms of cancer prevention (4). 

Since the oncogenic herpesviruses isolated from nonhuman primates, H.saimiri 
(HVS) and H.ateles (HV A) regularely induce malignant lymphoma in nonhuman 
primates within 1-2 months after infection (9, 10) we used these viruses in animals 
phylogenetically related to man to study the safety and efficacy of killed herpes
virus vaccines. The work with the primate model system offers a -wider range of 
experimental possibilities and the questions in respect to the efficacy of killed 
vaccines against herpesvirus induced cancer can be answered within a short period 
of time. 

The vaccines were prepared by inactivation of HVS (strain S.295C, friendly 
supplied by Dr. L. V. Melendez) and HVA (isolate No. 810, friendly supplied 
by Dr. L. V. Melendez) with heat (56 oe for 4 hours) and formaldehyde (100 
f-lg HCHO/ml for 6 days) as recently described (11). The 100-fold concentrates 
of the virussuspensions which were free of serum and cells, were used as vaccines. 
The virus specific antigenicity of the vaccines was determined by the complement 
fixation (CF) test. The DF titers ranged between 1 :32 and 1 :64. For immunisation 
four to six intramuscular inoculations of the vaccine adsorbed on to Aluminium
hydroxydgel as adjuvant were given to each monkey within 12 weeks (11). 

The killed vaccines proved to be safe in 121 vaccinated monkeys of four different 
species (S.oedipus, C.jacchus, A.trivirgatus and C.aethiops) (12, 13, 14). Several of 
these monkeys have now been under observation for two years without any sign 
of a clinical disease. The vaccines induced high titers of neutralising and comple
ment fixing antibodies in all vaccinated monkeys. Even 9 vaccinations given to, a 
monkey did not induce any kind of incompatibility. The killed herpesvirus vac
cines were not only free of infectivity and immunogenic but proved also to be 
non oncogenic. In spite of the fact that the vaccines are not free of viral nucleic 
acid, none of the 121 vaccinated monkeys developed a tumor. In contrast to the 
tumor bearing monkeys and to the latently infected monkeys HVS and HV A could 
not be isolated from fresh peripheral white blood cells from the vaccinated mon
keys. In all our in vivo experiments infectivity and oncogenicity of HVS and 
HVA are very closely correlated. One single infectious particle was able to in
duce a tumor and we never found a tumor which did not produce complete virus 
particles after cocultivation in vitro. The ·survival curve of HVS in vitro is multi
componential after treatment with heat as well as after treatment with formal
dehyde. The inactivation of the oncogenicity followed that of the infectivity. 

The vaccinated monkeys (S.oedipus and C.jacchus) were resistant against the 
intramuscular challenge with 200-300 LD50 of cell-free oncogenic herpesvirus 
(12, 13). The challenged animals remained clinically weIl without signs of an infec
tion and have now been under observation for 1-2 years while the non-vaccinated 
control monkeys died of malignant lymphoma 34-52 days after inoculation .. The 
res ist an ce against the oropharyngeal route of infection remains to be determined. 
This experiment seems of great importance since the natural route of infection is 
different from that used in the challenge experiments described. Therefore the 
oropharyngeal route of infection has to be used for future challenge experiments. 

In certain virus infections, e.g. measles, infectious hepatitis, German measles, 
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the passive immunisation by administration of specific serum antibodies during 
the incubation period may result in prevention or modification of the clinital 
disease. We investigated if in analogy to these virus infections astate of relative 
temporary insusceptibility to the oncogenic HVS. can be induced in nonhuman 
primates (S.oedipus) by the administration of antibodies against HVS which have 
been formed in another host. The passive immunisation with hyperimmune serum 
against HVS obtained from tumor bearing animals as weIl as hyperimmune serum 
obtained from the vaccinated monkeys protected against malignant lymphoma 
when the monkeys were challer.ged with 30-40 LD50 of cell-free HVS 24 hours 
after the administration of the specific serum antibodies (15). 

The vaccination with the killed oncogenic herpesviruses did not prevent but 
delayed tumor development after tumor cell transplantation (14). Humoral anti
bodies do not protect against the cullular transmission of herpesviruses (16). We 
could demonstrate that the killed HVS vaccine induces a specific cellular immunity 
in marmoset monkeys (S.oedipus) as weIl as in C.aethiops monkeys. However, in 
freshly prepared tumor cells HVS specific antigens could not be demonstrated so 
far. 

The fact that the killed HVS and HVA vaccines were not capable of bringing 
about malignant transformation in 121 monkeys vaccinated within 1-2 years does 
not justify the use of an EBV vaccine prepared in the same way in man. A similar 
prepared EBV vaccine, however, could be used to study the efficacy of a killed 
EBV vaccine in nonhuman primates. Such studies are now possible since it was 
shown that EBV induces malignant lymphoma in S.oedipus and A.trivirgatus 
(17, 18). 

We applied the method developed for the production of the killed HVSand 
HV A vaccines to EBV. For vaccine production the EBV producing human 
lymphoid celliine P3 HR lK (1) and the EBV producing marmoset lymphoid cell 
line B 95-8 (19) were used. The CF titers of the killed vaccines were considerably 
lower than those obtained with HVS and HVA and ranged between 1:1 and 1 :16. 
The killed EBV vaccines were used for the immunisation of 10 C.jacchus monkeys. 
The monkeys received 5 inoculations within 10 weeks. As yet all of the animals 
remained clinically weIl. The killed vaccines induced specific humoral antibodies 
against EB V. 

We are working at a cell membrane vaccine against EBV which is free of viral 
DNA and which could be used in n.an. Preliminary experiments indicate, however, 
that it is difficult to prepare membrane vaccines which contain enough EBV specif
ic antigenicity to induce a potent immune response. It seems doubtful if such a 
membrane preparation will ever be economically practical for vaccines. Further 
the immunologie response can sometimes enhance as weIl as prevent or suppress 
tumor. A membrane vaccine enhanced tumor growth in mice induced by the mouse 
mammary tumor virus (20). 

The killed EBV vaccines prepared by the same procedure as the HVS and HV A 
vaccines as weIl as DNA free membrane vaccines tested in the nonhuman primate 
system might be expected to yield a great amount of data on safety, efficacy, 
and regimen that can be extrapolated to a human vaccine. However, it seems still 
questionable if a killed EBV vaccine will be efficient against the human tumor 
suspected of having a herpesvirus cause. 
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New properties of nammalian cells transformed by herpes simplex and cytome
galoviruses by Fred Rapp, Ph. D. 

The relationship of herpes simplex viruses (HSV) and cytomegaloviruses (CMV) 
to human neoplasia has been difficult to assess. On the basis of seroepidemiological 
evidence, HSV type 2 has been associated with the etiology of squamous cervical 
carcinoma (1-5). Women with cervical carcinoma have increased frequency of 
antibodies to HSV -2 than do controls matched for race, age, and socioeconomic 
level. The percentages vary considerably from study to study, but this may be 
due to the use of different serological techniques (a very serious and confusing 
problem) in determining antibody titers. 

Herpesvirus particles have been reported in one case of prostate carcinoma cells 
as demonstrated by electron microscopy (6). This observation is in need of con
firmation and its value is questionable, since the same group of workers previously 
alleged that 15 percent of men from 15 years of age harbor HSV-2 without 
symptoms in the prostate and vas deferens and pass this virus venereally (7). 
Women do tend to experience acute infections with this virus, with recurrent in
feetion an almost certain manifestation. Virus is not readily isolated, however, 
from the female genital tract during latent stages nor from biopsies of cervical 
carcinoma. Tumor biopsies have repeatedly failed to exhibit virus antigens, but 
HSV -2 antigens have reportedly been observed by immunofluorescence in the 
cytoplasm of exfoliated cervical carcinoma cells (8-10). Furthermore, one culture 
of tumor cells was induced to pro du ce HSV -2 particles under the stress of high 
pH (11). As with many other such reports, this observation has not been extended 
by the investigators submitting the original work. 

One cervical tumor was found by hybridization experiments to contain 39 0/0 

of HSV -2 DNA in up to 3.5 fragments per cell and these were linked to host cell 
DNA (12). The tumor cells also contained sm all amounts of RNA transcripts 
which were complementary to virus DNA. These results may point to the require
ment of a repressed virus genome in the maintenance of malignant transformation, 
and clearly suggest that less than the total genome may be involved. However, at 
this point the evidence is insufficient for further discussion. 
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It therefore became obvious that additional reproducible evidence was needed 
to demonstrate the oncogenic potential of HSV. We thus turned to an examinatioll 
of the ability of th~s virus to transform mammalian cells in vitra. 

Transformation by Herpes Simplex Virus In Vitro 
It was well known that direct inoculation of HSV into newborn animals (specif

ically rodents) leads to death of the animal in most cases. Attempts to transform 
cells in vitro were also hampered by the cytopathology induced by the virus. 
These problems have now been resolved by the use of various methods to in
activate the infectivity of the virus, while boosting its transforming ability by 
introducing defective particles into the virus population. 

Ultraviolet (UV) light was the first method of inactivation employed; it had 
previously been used to destroy virus infectivity while augmenting transforming 
potential of known tumor viruses (12-15). UV-irradiation of HSV-l and HSV-2 
with subsequent inoculation onto mouse L cells deficient in the enzyme thymidine 
kinase (TK), biochemically transformed these cells into thymidine kinase positive 
cells (16, 17). This phenomenon, involving the new synthesis ofa virus-specific 
enzyme, was demonstrated to be a heritable change of the cells. The significance 
of this experiment lies in the fact that this was the first evidence that genetic 
information· of HSV could be maintained and expressed in established mammalian 
cells. 

Duff and Rapp (18-20), in experiments carried out simultaneously, extended 
the usefulness of UV-irradiation to demonstrate transformation by numerous 
strains of HSV -1 and '2. Inactivated virus was able to transform hamster embryo 
cells in vitro into continuous cell lines with morphological and growth character
istics differing from those of the parental cells. 

The continued presence of the virus in the transformed cells has been demon
strated by the presence of herpes-specific antigens in the cytoplasm of approxi
mately 5-30 % of the cells and on the membranes of approximately 60 % of the 
cells (18-20). CP-l antigen (a partially purified virus antigen of HSV) was 
found by immunological techniques on the membran es of the HSV -l-transformed 
cells (21). Furthermore, one of the original HSV-2 hamster cell lines (333-8-9) 
has been found·to contain virus RNA transcripts hybridizing to both HSV-l and 
HSV-2 DNA (22). This result is not surprising since HSV-l and HSV-2 DNA 
share base sequences (23, 24). It is significant to note that only a small percentage 
of the viral genome is transcribed in the transformed cells (22). In more recent 
experiments with a variety of HSV-2-transformed hamster cells, approximately 
8-38 % of the virus genome has been detected by reassociation kinetics (Frenkel, 
Roizman and Rapp, unpublished experiments). 

The oncogenic potential of the transformed hamster cell lines was evaluated by 
inoculation into newborn hamsters (18, 20). Some of these cell lines have been 
shown to induce primary tumors with extensive metastases. Both fibrosarcomas 
and adenocarcinomas have been induced by the cells tested (the former by fibro
blastoid cultures and the latter by epithelioid cultures). The tumor-bearing 
hamsters developed neutralizing antibody to HSV inversely proportional to thc 
latentperiod and, therefore, to the oncogenicity of the cell line (20). Pre-immu
nization of these animals with HSV-lled to increased metastases. 
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Fig. 1: Use of selective HAT medium to measure transformation of 3T3 cells by herpes 
simplex virus. Only those cells acquiring the ability to synthesize thymidine kin ase can 
replicate. 

replieate. The advantage of this system is the elimination of background foei which 
allows standardization of the technique. The foei observed (Fig. 2) ean be eounted 
and differenees in virus isolates or strains quantitated (Fig. 3). 

Photodynamie inaetivation ean also reduee infeetivity of viruses (30, 31). Photo
dynamieally inaetivated HSV-1, HSV-2 and SV40 ean transform hamster embryo 
fibroblasts (32) and the transformed clones exhibit loss of eontaet inhibition and 
morphologieal alterations. The SV 40-transformed eells eonsistently synthesized the 
T antigen, while only 8-10 % of the HSV-1 and HSV-2 eelIlines showed diffuse 
cytoplasmic HSV antigens by immunofluorescence assays. No gs antigens of on-
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Fig. 3: Schematic representation of strain differences observed for HSV -1 and HSV -2 in 
ability to transform 3T3 cells. 

cornaviruses were detected in these cell lines. The three transformed cell lines 
established have since been inoculated subcutaneously into syngeneic hosts, i. e. 
newborn hamsters, and though they differ in relative oncogenic potential, primary 
metastatic tumors have developed (33). Explanted tumor cells synthesized virus
specific cytoplasmic antigens. Tumor-bearing hamster sera also reacted with in
fected and transformed cells but no neutralizing activity could be detected in these 
sera. These data indicate that though photodynamic treatment, like UV, may in
activate viruses such as HSV, it mayaiso potentiate their transforming ability. 

In vitra transformation of cells by non-inactivated virus particles would be 
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useful because virus rescue would then be a theoretical possibility. Darai and Munk 
(34) exposed human embryonie lung .cells to· HSV-l strains at high temperatures 
(42°C) to inhibit the lytic infection. They obs~rved transformed cells with 
epithelioid morphology, differing from the original fibroblastoid lung cells. Syn
cytia formation and cytoplasmic antigens were observed. Some resistance to super
infeetion was also noted. These data have not been confirrned and it is possible 
that the originallines were derived from HeLa cell contamination. 

Macnab (35), using temperature-sensitive mutants of HSV-2 and wild-type 
HSV -1 and 2, transformed rat embryo cells. Transformed cell lines were either 
epithelioid or fibroblastoid initially, but occasionally changed to mixed morpho
logical types upon passäge~ Indirect immunofluorescence t~sts r,evealed virus-specific 
antigens in the transformed cells, th<;"ugh no virus particles were seen by electron 
microscopy. Rescue of infectious herpesvirus by co-cultivation with susceptible 
cells proved futile and there was no ~vidence for the presence of RNA tumor 
viruses. This investigator) also repeated' the w'o.rk,of Duff and Rapp (18, 19) by 
transforming hamster embryo' fibroblasts' with UV-irradiated HSV-2. These cells 
were tumorigenie after inoculation into newborn hamsters, where fibrosarcomas 
were induced. The oncogenicity of the HSV -tr~nsformed rat cells has not yet been 
reported. , 

Takahashi and Yamanishi (36) transformed human embryo and hamster embryo 
cells by temperature-sensitive mutants of HSV type 2 at restrictive temperature 
(38.5 °C). Morphologically transformed foCiappeared 3-4 weeks after virus inoc
ulation. The transformed hamster cells induced the formation of tumors in new
born and adult hamsters. Both species of transfor~ed cells contained HSV -specific 
antigens in the cytoplasm of -5-10 % of the cells, as detected by indirect immuno
fluorescence techniques. Again, no infectious virus has been isolated from either 
the transformed or tumor cells by co-cultivation with or inoculation onto per-
missive human embryo lung cells at 32 oe. ,: 

Use of restrietion enzymes alld fra'gments of HSV DNA in transforming ex
periments (37) hav~ 'also yielded positive results. This "type of experiment may 
soon reveal whether a specific fragment of HSV DNA is resportsible for the 
transforming event .. 

Transformation by Cytomegalovirus In Vitro 
Support for the theory that CMV may induce neoplasia ls seen in the data 

presented by St. Jeor et al. (38, 39). These observations indicate that CMV can 
stimulate host cell DNA synthesis under permissi~e (human embryo lung cells) 
and restrictive (human embryonie kidney cells and monkey Vero cells) conditions. 
Heat-treated virus and UV -irradiated virus were unable to induce this stimulation. 
Therefore, it seems plausible that some virus function(s) is necessary for elevation 
of cell DNAsynthesis. 

Other investigators have subsequeI1-tly reported the stimulation of host cell 
cytoplasmic RNA in human fibroblast. cells (WI-38) after infection with CMV (40). 
This induction was postulated to require an early virus-specific protein. Stimula
tion of host ceU DNA was not ohserved i~ this system. However, these same in
vestigators subsequently reported the induction of both host-cell DNA and 
ribosomal-RNA synthesis in guinea pig cells abortiv"ely.infected with. CMV (41). 
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Again, virus inactivated by he at or 'UV-irradiation did not cause stimulation of 
macromolecular synthesis. 

In general, these results are similar to those already obtained with SV40 (42, 43), 
polyoma (44, 45) and adenoviruses (46-48), all established tumor viruses. In addi
tion, this stimulation of DNA synthesis was seen in human leukocytes infected 
with EBV (49). 

Strengthening the case, Albrecht and Rapp (50) exposed hamster embryo fibro
bl asts to UV -irradiated CMV and obtained' morphologically transformed foci. 
Virus-specific antigens were detected in the cytoplasm of 0.5 % of the cells while 
47 % yielded bright membrane fluorescence. Mixed hemagglutination assays' and 
125I-Iabeled anti-globulin tests revealed that the virus-specific membrane antigen(s) 
present in transformed cells are similar to antigens found in'CMV-infected human 
cells (Sn, 

The CMV -transformed cells were oncogenic on transplantation' to animals, in
ducing fibrosarcomas. Tumor-bearing hamster sera did not contain neutraHzing 
antibody to CMV, but did react with CMV-infected, transformed and tumor cell 
antigens in fluorescent antibody tests. Microcytotoxicity tests performed with 
spleen cells from tumor-bearing hosts revealed that these animals have a cell
media ted immune response to the homologous tumor cells (52). 

Lang et al. (53) have also indicated that human diploid fibrobl~sts can grow 
for generations in agarose after infection with human CMV. Eventually, h6w
ever, cytopathology and celllysis resulted and celliines could 'not be established. 

The most recent finding concerns the possible transformation of human cells 
by'CMV (54). Normal human prostate cells, obtained from a 3-year-old male 
donor; yielded infectious virus upon early passages of in vitro culture, revealing 
the carrier state of these cells. Subsequent passage of these prostate cells led to 
virus latency and persistence of the virus genome. Virus-specific antigens were 
observed both in the cytoplasm and on the membrane, and the frequency of virus 
positive cells increased with IUdR pretreatment. Other evidence for the presence 
of CMV genetic material was ascertained indirectly by the observation that splertic 
lymphocytes from hamsters with CMV-specific tumors were cytotoxic for the 
ti.-ansformed human prostate cells and directly by molecular hybridization which 
demonstrated 10-15 genome equivalents of CMV per transformed cell. All 
attempts to rescue virus were unsuccessful. Long term cultures have now been 
established; these have maintained the diploid human karyotype and preliminary 
results suggest they may be oncogenic when transplanted into athymic '(nude) mice. 
This observation of in vitro transformation of human cells by CMV requires ex
tension but should open new pathways for further study of the interaction of CMV 
with mammalian cells. 

Discussion 

Herpesviruses, now including EBV, HSV and CMV, have clearly demonstrated 
the ability to induce transformation of a variety of cell types. Cells from tumors 
caused by herpesvirus-transformed cells have been grown in culture and yield cell 
types morphologically similar to the original transformed cells. Markers of virus 
presence are evident in both transformed and homologous' tumor cel1s. Virus-
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specific antigens (cytoplasmic, nuclear and membrane), virus-coded enzymes and 
glycoproteins and the virus genome have been detected in most of the transfor
mants. However, infectious virus particles have been isolated only rarely and only 
from EBV -transformed lines. 

It has been established that herpesviruses can induce chromosomal aberrations 
and breaks (55-58). It is possible that one of the early proteins specified by the 
virus aids in the association and, perhaps, integration of the virus genome into the 
cellular genetic material where breaks have occurred. This could occur during the 
repalr process. 

Following transformation, some of the virus-specific glycoproteins are in
corporated into host cell membranes. This should affect cell-cell relationships, 
possibly leading to loss of contact inhibition. In addition, the immunogenicity of 
the new surface glycoproteins will greatly influence the oncogenic potential of 
these virus-transformed cells. 

The data presented thus far clearly demonstrate the in vitro transforming ability 
of three human herpesviruses, EBV, HSV and CMV. The relationship of cell 
culture studies to naturally occurring neoplasias is obviously in need of further . .. 
mveStlgatlOn. 
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Failure to Immortalize Human "Null" Cells by 
Epstein Barr Virus (~BV) "In Vitro" 

V. Diehl, H. H. Peter, F. Knoop, D. Hille, J. R. Kalden 

Section of Hematology and Section of Clinical Immunology, 
Medizinische Hochschule Hannover, West-Germany 

It es now weIl established that Epstein Barr Virus (EBV) specifically immortal
izes B lymphocytes 'in vitro' to continously growing lymphobalstoid cultures (1, 
2, 3). The same virus failed to induce T lymphocytes into longterm lymphoblastoid 
cell cultures suggesting that T cells lack EBV specific receptors (1, 2). We wouJd 
like to report on experiments in which we failed to immortalize a subpopulation of 
human 'Null' cells in the presence of EBV. This subpopulation is detectable in 
lymphocyte preparations isolated by IgG-anti-IgG columns. 

Peripher al blood lymphocytes were isolated from 13 healthy persons and 14 
patients with malignant melanomas by a four step purification procedure (4). 
All donors were EBV sero-reactive with a me an VCA titer of less than 1 :20. From 
100 ml of defibrinated blood, first a crude lymphocyte preparation was prepared 
by Ficoll-Urografin density gradient centrifugation (fraction F). 

In a second and third step fraction F lymphocytes were depleted of ir on 
phagocytosing macrophages and cells adhering to plastic surface. The remaining 
non-phagocytic, non-adherent lymphocyte population was referred to as fraction 
FFF, while the plastic adherent cells were termed jraction AD. The final purifica
tion step consisted of a passage of FFF lymphocytes over IgG-anti-IgG colurnns 
(5). By this procedure all B cells and the majority of Fc-Receptor carrying 
lymphocytes ('K' cells) were removed, leaving in the post-co lu mn fraction FFF
C approximately 70 % T cells and a subpopulation of 'Null' cells with low af
finity for IgG-anti-IgG columns. A sm all proportion of these 'Null' cells formed 
EA-rosettes, whereas EACrosettes ranged below 1.0 0/0. Table 1 summarizes 
the cell composition of the different lymphocyte fractions. Since there was no 
significant difference between melanoma patients and control persons the results 
of both groups were presented together. 

'K' cell activity was measured in whole blood and lymphocyte fractions F, 
FFF and FFF-C by an antibody dependent cellular cytotoxicity reaction (ADCC) 
utilizing as target cells a human melanoma celliine (IGR3), sensitized with rabbit 
anti-melanoma IgG (4). The results obtained with three leukocyte target cell 
ratios are shown in Table 1; details are presented elsewhere (4, 6). It can be seen 
that the B cell free lymphocyte fraction FFF-C retained significant ADCC activity, 
although it was strongly reduced compared to the activities measureable in frac
tions Fand FFF. Furthermore, when lymphocytes of fraction FFF-C were 
separated into E-rosettes forming lymphocytes (T ceIls) and 'Null' cells, ADCC 
activity was only found in the 'Null' cell population. These results, together with 
the immunological and morphological criteria, suggested that the 'Null' cell 
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Table 'I: Morphological and immunological characteristics of purified human 
peripheral lymphocytes, ADCC activity and rate of establishment of 
lymphoblastoid cell cultures in the presence of EBV 

Lymphocyte Fractions 
F FFF AD FFF-C 

Lymphocytes 93,1 ± 1,8a) 96,1 ± 1,2 38,3 ± 3,2 99,2 ± 0,4 
(11) (23) (17) (23) 

Monocytes 2,6 ± 1,0 2,1 ± 0,9 45,4 ± 3,2 0,6 ± 0,3 
(11 ) (23) (17) (23) 

Granulocytes 4,2 ± 1,0 1,7 ± 0,3 15,5 ± 2,5 0.5 
(11) (23) (17) (23) 

E-Rosettes 54,8 ± 3,6 54,1±4,1 n. t. 69,9 ± 3,3 
(20) (20) (17) 

EA -Rosettes 12,2 ± 3,0 12,3 ± 2,2 n. t. 1,5 + 0,7 
(10) (10) (9) 

EA C-Rosettes 10,0 ± 1,6 8,3 ± 1,7 n. t. 1.0 
(10) (10) (10) 

Surface Ig Pos. 10,0 ± 0,8 4,0±0,4 27,3 ± 1,5 ° (18) (27) (10) (27) 
ADCCb) 12:1 46,6 ± 1,6 53,0 ± 8,0 n. t. 11,7±2,1 

(7) (14) (12) 
25:1 51,2 ± 6,5 65,0 ± 7,9 n. t. 15,0 ± 4,8 

(7) (14) (12) 
50:1 63,5 ± 5,8 72,8 ± 7,4 n. t. 26,5 ± 4,3 

(7) (14) (12) 
Cultures 
without EBV 0/11 c) 0/15 0/17 0/18 
with EBV 3/11 (27 0/0) 2/15 (13 0/0) 11/17 (65 0/0) 0/18 

a) Percentage of total ceH population; mean ± standard error (n). 
b) ADCC = antibody-dependent ceIlular cytotoxicity against 51 Cr labeled IGR 3 mela-
noma cells, tested at 3 leukocyte to target ceIl ratios. 
c) Cultures established/cultures started. 

compartment in our post column fraction FFF-C represents a subpopulation of 
'K' cells with low affinity FC-receptors. 

The question, wh ether this cell type would be susceptible to EBV induced blast 
formation, was investigated by setting up 18 cultures of fraction FFF-C, to
gether wirth a total of 56 cultures of the other lymphocyte fractions, in the pres
ence of EBV. The initial cell inoculum was 2 x 106 ceIls per culture vial (25 ml 
Falcon plastic screw cap bottles) in 5 ml RPMI-1640 medium supplemented with 
20 % fetal calf serum, penicillin and streptomycin. 

EBV was derived from supernatants of B-95-8 cultures (marmoset lympho
blasts) (7) and added to the cultures in a final concentration of 1 :10. The results 
are summarized in the lower part of Table 1. Without addition of exogenous 
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EBV no cultures were established from any one of the four fractions. By con
trast, in the presence of EBV 3 out of 11 cultures with fraction F (27 0/0), 2 out 
of 15 cultures with fr action FFF (13 %) and 11 out of 17 cultures with fraction 
AD (65 0/0) gave rise to continously growing celliines. None of 18 trials with cells 
of fraction FFF-C was successful. Irrespective of the presence or absence of 
exogenous EBV, lymphocytes of fraction FFF-C died within 10 days. A feeder
layer of al10geneic human embryonic fibroblasts prolonged the survival of FFF-C 
lymphocytes up to 2 months, but even under these conditions EBV induced 
blastoid transformation was not observed. Although the number of 'Nul1' cells 
present in fraction FFF-C was small (10-30 0/0), the prolonged survival by means 
of a feeder layer should have provided sufficient time to allow a virus - 'Null' 
cell - inter action to take place. However, the preliminary experiments do not 
exclude the possibility that through a decreased EBV receptor affinity 'Null' cell 
immortalization would need a higher EBV multiplicity or increased numbers of 
'Nul1' cells. To exclude a mere threshold sensitivity for EBV, experiments are 
now in progress to increase the number of 'Null' cells in fraction FFF-C before 
exposure to EBV (8). 
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The Role of Viruses in Human Leukemia 
ASummary 
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It is certainly a hard task to summarize discussions dealing with virological 
aspects of human leukemia. The diverging views, the different approaches render 
it almost impossible to review comprehensively the data presented. It is un
avoidable, in addition, that the biased views of the author are applied to the 
issues raised at this meeting. 

Is there any progress visible as compared to the last meeting 2 years ago at this 
very place? Progress in the elucidation of the role of viruses in human leukemia? 
Progress in our, understanding of the mechanisms leading to virus-induced leu
kemia in general? 

It appears to be easier to start with the second question first: many elegant 
studies were reported dealing with virus-induced leukemogenesis in avian as weH 
as in mammalian systems .. BALUDA pointed out the importance of the target 
cell for a specific response in terms of cell transformation and stressed the acquisi-, 
ti on of new DNA sequences in transformed cells (1). Nontransformed cells contain 
DNA which reveals 60 % of homology with avian myeloblastosis virus (AMV) 
sequences only. His data were somewhat contrasted by GRAF's studies who 
presented. evidence for the ceH specificity of various AMV strains, each of them 
transforming different target cells (2)., Based on his experiments GRAF claims 
that the different types of tumors observed in BALUDA's studies are due to a 
mixture of different AMV strains present within the original inoculum. 

Inthis respect it was interesting to learn that the helper RAV-virus, present in 
preparations of defective erythroblastosis virus (2), induces by itself severe anemia 
in chicken,. but no erythroblastosis. This may have some relevance for human 
leukemias, where (as stressed by MOLONEY) refractory anemia or even pan
cytopenia frequently is a preceding disorder. 

The avian systems was also investigated in DUESBERG's studies in order to 
identify the localization of transforming sequences within the avian sarcoma virus 
genome (3). Sarcomavirus-specific sequences were identified in 3 different strains 
of sarcoma viruses by selecting specific fragments of partially degraded vital 
genomes and subjecting them to fingerprinting after further partial digestion. These 
studies come close to experiments reported by BISHOP's group in isolating 
sarcoma-specificsequences by hybridization techniques (4). I hesitate to agree to 

call such sequences "oncogene" since transformation of lymphatic cells 'occurs 
naturally ,by leukosis viruses which appear to lack., the respective sequence. 
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BAUER and HOFSCHNEIDER reported the isolation of a new particle from 
the allantoic fluid of embryonie eggs (5). lt seems to differ from known avian 
leukosis viruses in that it does not share antigens with AMV. lt also reveals distinct 
properties of its RNA-dependent DNA polymerase. 

Turning now to the mammalian systems, the situation becomes increasingly 
complex: many of the newly isolated mammalian oncornaviruses offer the 
fascinating possibility to study their evolution across the species-barrier. As ex
plained by TODARO, endogenous viruses of baboons are also found in a number 
of cat species (6) and permit a rough calculation when an infectious process took 
place from the baboon to the cat or vice versa. This as weIl as similar systems 
may provide us with an entirely new approach to study the evolution of certain 
species. It should not be overlooked, at the same time, that most of these studies 
are performed with material derived from laboratory animals. It is abvious, there
fore, that the possibility of inadvertent contaminantshas to be excluded. 

JAENISCH presented extremely interesting data on genetic control of on
cornavirus information in the mouse system (7). He studied the infection of 
embryos at the 4-8 cell stage and looked into the presence of virus-specific DNA 
within the germ line as weIl as within somatic cells at later stages of development. 
This seems to offer a new approach in the regulation of virus-specific information 
in mammals. lt was interesting to learn at this occasion that cells at very early 
stages of embryonie development are non-permissive for those viruses he tested 
(murine leukemia viruses and SV 40). One wonders whether there exists a specific 
mechanism which protects such cells and possibly also germ line cells against early 
genetic damage. 

Studies on the role of FRIEND leukemia virus in the differentation of mouse 
pluripotential stern cells into erythroblasts were reported by OSTERTAG. 
HARDESTY also alluded to this question (8). The ingenious cell separator used 
by OSTERTAG, based on laser-beam scanning and computer-directed deflection 
of drops, appears to represent an elegant and important tool in the elucidation of 
cell differentation. This was also convincingly demonstrated byGREAVES (9) 
experiments. OSTERTAG's statements on the possible role of DMSO in the in duc
tion of viral and globin messen gers RNA-synthesis by affecting repressor binding 
within the cell may deserve further studies. 

Transfeetion experiments revealing the existence of DNA proviruses were rather 
briefly discussed at this meeting. BENTVELZEN made the interesting observation 
that DNA from spleens of Rauscher virus leukemic mice transfeets and transforms 
efficiently when applied under appropriate conditions. In this respect it seems 
interesting to note that similar studies have not yet been reported with human 
leukemic cell DNA. One could imagine that similar events may take place in tissue 
culture or by transfecting cells of primates in vivo with DNA originating from 
human leukemia cells. 

Interesting new aspects were contributed by BURNY in his studies on the 
viral etiology of bovine lymphosarcoma (11). The epidemiology of this disease 
resembles the spread of feline leukemias which were, unfortunately, not discussed 
at this meeting. It is of interest to note that 100 % of animals developing disease 
revealed antibodies to viral antigens. This in part to such an extent that they can 
be measured by relatively insensitive immunoprecipitation methods. This appears 
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to contrast markedly the situation in human leukemia, where the demonstration of 
even leukemia-specific antigens, as pointed out by GREA VES (9), is presently 
either impossible or requires difficult manipulations. 

The presence of bovine oncornaviruses in commercially available batches of 
calf serum, as observed by BURNY (11). should be another word of caution in 
claims of new oncornaviruses from tissue culture cells maintained with such 
reagents. 

Turning now to human leukemia and lymphosarcoma, isolates from human 
disease naturally require special attention. Two claims of successful oncorna
virus isolations were reported at this meeting (12) and others are found in 
the literature (13, 14, 15). GALLO described extensively the successful isolation 
of such viruses from a patient with acute myelogenous leukemia (12). According 
to his studies the agent appears not to be an endogenous virus of man or certain 
primates. It shares many characteristics with the simian sarcoma virus and it is 
not yet entirely clear whether it can be differentiated at all from this agent. 
Although repeatedly isolated from the same patient, there are some disturbing 
observations which are difficult to reconcile with a role of this virus in human 
myelogenous leukemia: 

(i) recent studies reveal the presence of two different oncornaviruses in these 
isolates. One of them appears to be idential with simian sarcoma virus, the 
other shares features with baboon endogenous virus (16). 

(ii) no convincing levels of antibodies directed against these isolates can be 
demonstrated in the patient, nor in other individuals suffering from the same 
disease, or in healthy control persons (17). 

(iii) DNA-sequences related to these agents have not been demonstrated in the 
DNA derived from spleen cells of the patient from whom the viruses were 
recovered. 

Thus, there remains the possibility, as remote as it may be, of a laboratory 
contamination. Further studies appear to be essential to clarify the origin of the 
isolated agents. The second isolate was reported by NOOTER. It has been ob
tained from a child with lymphosarcoma. This virus has not yet been further 
characterized. Although the data seem to be intriguing, the use of rat XC-cells for 
plaquing this agent raises some questions. Endogenous rat oncornaviruses have 
recently been found in XC-cells. 

The third group isolating putative human oncornaviruses was not represented 
at this meeting. KIRSTEN and P ANEM were able to recover a simian sarcoma 
virus-like agent from human embryonie lung fibroblasts (13). 

It is obvious that each of these isolations requires great interest. It appears to be 
a long way to clarify whether they indeed represent human viruses. If so, it will 
be an even longer way before they can be implicated in human leukemic disease. 

SPIEGELMAN reported the presence of specific DNA sequences, as determined 
in his endogenous reaction, in almost every kind of human tumors (18). The signi
ficance of these findings should be further elucidated, since they are also found in 
two human malignancies most probably induced by a DNA containing virus (19). 

The various isolations of oncornaviruses from primates should support attempts 
to recover similar agents from human leukemias and lymphomas. It is of particular 
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interest that oncornaviruses have been isolated from acute myelogenous leukemias 
in gibbons. 

There are, however, certain features of most human leukemias which are 
presently difficult to reconcile with an oncornavirus-induction. Although anologies 
to animal leukemias sponsor intensively the current interest in oncornaviruses, it 
may be worthwhile to consider some of the diverging aspect: 

(i) In contrast to most animal oncornavirus-induced tumors it appears to be 
extremely difficult to demonstrate any kind of oncornavirus-specific mole
cules in human leukemic cells. This is also shown in GREA VE's study on 
antigens specific for acute lymphatic leukemia (9). 

(ii) Sera deriv.ed from leukemic I patients appear to lack antibody-activities 
against known oncornaviruses. This certainly includes the woolly monkey 
isolate. In regard to all known naturally occurring oncornavirus-induced 
leukemias and lymphomas it would be exceptional if man would respond 
without antibody production. 

(iii) Human .leukemias and lymphomas represent, at least in their vast majority, 
monoclonal diseases. Thus, the continuous production of transforming par
ticles appears to be somewhat unlikely. 

(iv) The failure to demonstrate viral particles in human leukemic cells certainly 
contrasts the situation in animal systems. 

In this respect it was somewhat surprising that the only virus known to be 
oncogenic in man and consistently associated with specific lymphatic diseases, 
the Epstein-Barr virus (EBV), played a minor role at this meeting. This DNA
containing herpes group virus was briefly discussed by DIEHL showing that 
NULL cells apparently lack receptors for EBV-infection (20). It has to be 
remembered that EBV is found in virtually 100 % of African Burkitt's lymphoma 
cells, as weIl as in very few cases of similar histology outside of the African tumor 
belt; that it infects and transforms specifically B-Iymphocytes, but is also found 
in every epithelial tumor cell of human nasopharyngeal carcinoma (19). This virus 
induces lymphoproliferative disease in marmosets and transforms and "immortal
izes" human lymphocytes efficiently (19). 

The most potent and effective leukemogenic agent in primates, herpesvirus 
saimiri, was also discussed in one presentation only (21). LAUFS reported on 
prevention of saimiri-induced oncogenesis by prior inoculation of he at- and 
formaline-inactivated vaccines. It should be noted that herpesvirus saimiri in
duces lymphomas or acute lymphatic leukemias after short incubation periods in 
100 % of inoculated marmosets (22). 

Returning to human leukemias, there is presently no good reason to speculate 
that these diseases are herpesvirus-induced. In such case it would be, most probably, 
not too difficult to detect virus-specific antigens within the transformed cell or on 
their surface. The entire lack of these "footprints" in human leukemic cells remains 
a puzzle in regard to their suspected viral etiology. It could be relevant in this 
respect that there exists a group of transforming viruses which are most difficult 
to trace within their transformed host cells, the human papilloma or wart viruses 
(23). In spite of nume~ous attempts it has not yet been possible to detect papilloma 
virus-specific T -or surface antigens within their transformed host cells. Recent 
results reveal that there exist several types of human papilloma viruses which can 
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be differentiated by biochemical methods (zur Hausen and Gissmann, unpublished 
results). There may be other candidate viruses along these lines and it appears to 
me to be a good bet that at least some forms of human leukemias (if they do 
have a viral etiology at all) should be due to non-enveloped viruses. 

I am stating this because it is my feeling that our intensive search for human 
analogies to weIl established laboratory system in animals may misguide uso Most 
probably it will be worthwhile to persue also different avenues in our search for 
a viral etiology of human leukemia. If the intensive search for human oneorna
viruses fails to provide conclusive evidenee we should be prepared to look as weIl 
into the role of other agents in the induction of this malignant disease. 
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The first extrachromosomal genetic elements discovered in bacteria were temper
ate bacteriophages, which can exist either as extracellular virus, as chromosomes 
replieating autonomously within eells or integrated into the baeterial chromosome. 
Integration of viruses into host chromosomes has subsequently attraeted eonsider
able attention by tumor virologists. This may justify the diseussion of other types 
of genetic elements in baeteria in a meeting on human leucaemia. 

In addition to temperate baeteriophages, there are other extrachromosomal genet
ie elements in bacteria. Some of them are called plasmids. They lack the extra
cellular state, but exist either autonomously within the baeterial eytoplasm or inte
grated into the baeterial chromosome. 

A third dass of genetic elements has been described in recent years. It apparently 
lacks the ability to multiply autonomously and exists only integrated into the bac
terial chromosome. Within this chromosome, however, it can be transposed to 
various positions. At present, three sud1 elements, called IS1, (= insertion sequence) 
IS2 and IS3 are known. Their length is 0.8, 1.4 and 1.25 kilobases, respectively 
(1-5). 

The presence of these elements can be deteeted by various effects wh ich they 
show at the point of insertion: 
1) Integration into the continuity of the gene eauses the loss of gene funetion (6,7). 
2) Insertion into a gene within an operon causes severe polar effects on genes distal 

to the mutated gene (6, 7, 8). 
3) At least one representative of dass IS2 earries a promoter. Genes linked to this 

promoter are expressed constitutively (9). 
4) If two circular chromosomes, e. g. the E. coli chromosome and the F-factor, 

share an IS-element, e. g. IS2 or IS3, recombination within the IS-elements 
leads to the fusion of these two chromosomes. This mechanism accounts, at least 
in some instances, for the integration of the F-factor into the E. coli chromosome 
upon formation of Hfr strains or for the joining and disjoining of parts of 
bacterial R-factors (10, 11). 

5) Two copies of the same IS-element, inserted in inverted position relative to each 
other and bordering between them a certain gene may form a transposon (12). 
The gene for tetracyclin resistance, carried on plasmid R6-5 and also on phage 
P22 may serve as an example, in which the IS-element is IS3 (13, 14). 

The physical and biochemical maracterization of IS-elements has been possible in 
bacteria, due to the relative ease with which bacterial and especially bacteriophage 
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DNA can be handled. However, elements with very similar properties have been 
characterized by genetic methods in higher organisms also. Most notable are 
the controlling elements in maize and mutable genes in Drosophila (15, 16). Should 
it turn out that similar elements have a more widespread occurrence, even among 
vertebrates, they may weIl deserve also the attention of those interested in the gen
esis of malignant tumors. 
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A major aspeet of sueeessful cancer chemotherapy is the dose-time schedule of 
application of cytostatic drugs. Clinieal trials have proven the superiority of in
termittent high-dose combination chemotherapy, the intervals between administra
tions being of paramount importance. In spite of a number of studies in animal 
models demonstrating the additional importance of the day-time of application1, 2, 

these aspects have not been taken into aceount for human cancer chemotherapy 
so far. Since RNA synthesis by DNA-dependent RNA polymerases is one of the 
sites of action of cytostatic drugs, e. g. Actinomyein D, we have studied RNA 
synthesis by a-amanitine sensitive RNA polymerase B in isolated nuclei from 
human normal and chronic lymphocytic leukemia (CLL) lymphocytes over a 48 h 
period of observation. 

All patients (8 controls, 2 CLL patients) were hospitalized and obeyed to a con
stant pattern of life (sleep from 22.00 to 6.30 h, meals at 8.00, 12.00, and 18.00 h). 
Plasma cortisol concentrations were determined every 6 hours in 4 patients 
proving the regularity of this important body rhythm. No medical treatment was 
given during and at least two weeks prior to the investigation. 20 ml of citrated 
venous blood were taken every 6 hours (00.00, 6.00, 12.00, 18.00 h) and lympho
cytes isolated using a modified standard procedure3 (cf. Legend to Fig. 1). 
Contamination by non-lymphoid ceIls was less than 3 0/0 in all patients studied as 
determined by cytochemical criteria4• 

Nuclei were prepared according to Wiegers and Hilz5 and assayed for RNA 
polymerase activity after sonication (for incubation conditions see legend to 
Fig. 1)6. Absolute lymphocyte counts in aH 8 normal patients exhibited diurnal 
variations following a rhythm of approximately 24 h, as described by Sharp7. 
Data were fitted to a eosine function using Fast Fourier Transformations. The 
computed mean eosine function was 

f (t) = 3081 + 760 cos (rot 20.7) 
(t = time in hours, ro = angular frequency fixed at 15 o/h) with the acrophase at 
01.23 hand 10west values at 13.23 h (Fig. 1). Differences between lymphocyte 
counts at 00.00 and 12.00 h are highly significant (p <0.01). 

Variance analyses as weH as trend analyses proved the high significance of the 
fitted eosine function. Adefinite rhythm of RNA polymerase B activities, i. e. 
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Fig. 1: Absolute lymphocyte counts in peripheral blood in normals and in 
patients with cllronic lymphocytic leukemia (CLL) 
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Fig. 1: Absolute lymphocyte counts in peripheral blood in normals . and in patients with 
chronic lymphocytic leukemia (CLL). 

Absolute cell counts were determined using a NEUBAUER counting chamber and dif
ferential counts of stained blood smears. 

Lymphocyte counts (.) of 8 normal subjects and their ntted eosine function (-) are rep
resented in the lower graph. 

The upper graph contains the data from 2 patients with CLL. The computative acro· 
phase of the regular turve was 15.00 h. 

<l-amamtme sensItIve incorporation of 3H-UMP into acid precipitable material, 
was observed in a11 normal subjects during the period of investigation. These 
variations fo11owed a regular 24 hour rhythm in 6 of 8 normal subjects with 
maximum acitivty at 00.00 hand minimum incorporation of 3H-UMP at 12.00 h 
(Fig. 2). Differences between enzyme activities at 00.00 and 12.00 h are highly 
significant (p <0.001). The mean level of activity was 42.2 pmoles (SH) UMP in-
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Fig.2: Activities of RNA polymerase B (a-amanitin sensitive) in normal and leu
kemic lymphocytes du ring aperiod of 48 hours 
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Fig. 2: Activities 0/ RNA polymerase B (o.-amanitine sensitive) in normal and leukemic 
lymphocytes du ring aperiod 0/48 hours. 

Lymphocytes were prepared using a modified standard procedure3. Citrated venOU!i 
blood was layered on top of a RonpaconR-Ficofl-mixture (10 % Ronpacon w/v, 6.4 0/0 

Ficoll w/v) and centrifuged for 20 minutes at 1200g at room temperature. Lymphocytes 
were removed from the interphase, resuspended in iso tonic buffer and sedimented at 175g 
for 20 minutes. RNA polymerase activity was determined by' incubation of 50 f-tl or 
enzyme solution (sonicated nuclei6) in a final volume of 100 !-LI under the following 
conditions: 

ATP, CTP, GTP 1 mM each, 1 f-tM (3H) UTP (specific activity 10 or 49 Ci/mmole). 
225 mM Tris HCI pH 8.5, 0.12 M (NH4)2S04, 2.5 mM MgC12, 2.5 mM MnCL2, 50 mM 
K-EDTA, 3 mM ß-mercaptoethanol, 2 f-tg of denatured calf thymus DNA, 15 °/0 glycerol 
(vIv). After incubation for 30 minutes at 37°C the reaction was terminated by pipetting 
duplicate aliquots of 30 ~d on Whatman GF/FA filter discs, followed by TCE precipitationö • 

RNA polymerase activity is expressed in pmoles (3H)-UMP incorporated per 109 cells 
The values from 6 normal subjects are shown in the upper part of the figure. The data 
obtained from 2 patients with chronic lymphocytic leukemia are represented in the lower 
part of the figure. No significant circadian variation of the enzyme activity could he 
demonstrated in CLL. 
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corporated /109 nuclei (range 32.9-50.0) with an amplitude of 14.3 (range 5.5-
27.0). Single eosine functions were computed for each subject, computative acro
phases being betwt:en 22.26 and 02.58 h. The me an eosine function was 

f (t) = 42.2 + 14.3 COS ({llL - 6.1) 
with the acrophase at 00.24 h (Fig. 2). Statistical analysis (variance analyses, trend 
analyses) proved the high significance of fit ted eosine functions. 

Variation of RNA polymer ase B activities of two normal subjects were not 
compatible with a circadian rhythm, in spite of the regular circadian variation 
exhibited by these patients' lymphocyte counts. Mathematical analysis demon
strated an ultradian rhythm (2 periods/24 h) in one and a reversed rhythm 
(lowest values at 00.00 h) in the other. In two patients with CLL, no rhythmicity 
of a-amanitine sensitive RNA synthesis could be detected. Mean values of RNA 
polymerase B acitivty were 16.2 and 13.9 pmoles (3H) UMP incorporated/l09 

nuclei, being significantly lower as compared to normal controls (p <0.05). In 
contrast to the constant RNA polymerase activity, white blood cell counts exhib
ited extreme variations, 79,400-123,800/mm3 in one and 62,00-135,OOO/mm3 in 
the other. The patient with the more stable disease, requiring no specific therapy, 
exhibited a remarkably regular circadian rhythm of peripheral blood lymphocyte 
counts (Fig. 1). 

Comparing our results with the circadian variation of RNA contents of total 
human white blood cells described by Kohler et a1.9, an inverse relationship 
with the amount of total RNA as weIl as of 5S-RNA is observed, while 4S-RNA 
contents follow a pattern similar to that of RNA polymerase B. Provided that 
activity of RNA polymerase B, the enzyme responsible for heterogenous nuclear 
RNA (pre mRNA) synthesis, is representative of overall RNA synthetic activity6 

of the cell, 5S-RNA would be a fraction of slow turnover accumulating at times 
of even low RNA synthesis, while 4S-RNA would be a fraction of high turnover. 
It has to be taken into account, however, that RNA synthesis is only one facet 
of RNA metabolism. No definite conclusions can be drawn from our observations 
for a dose-time schedule for application of cytostatic drugs. The existence of a 
circadian rhythm of RNA polymer ase activity in normal and its absence in CLL 
lymphocytes, however, aIlows a rational approach towards a chronotherapy. Tak
ing into account pharmacokinetic aspects, drugs, which exert their effect via 
inhibition of RNA synthesis, certainly should not have their maximum cytostatic 
activity during the time when the host's lymphocytes are most actively synthe
sizing RNA, a probable prerequisite for immunological defence mechanisms. 

A more detailed report will be published elsewhere. This work was supported 
by grants of the Deutsche Forschungsgemeinschafl:. We thank Mrs. Marianne Helm
rich for exceIlent technical assistance and are indebted to Mr. W. Rehpenning for 
carrying out variance and trend analyses (Abt. Medizin. Dokumentation and 
Statistik, Universität Hamburg). 
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Terminal Deoxynucleotidyl Transferase as a Biological 
Marker for Human Leukemia 

Abstract 
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High levels of terminal deoxynuc1eotidyl transferase have been 'observed in 
leukocytes of 7 out of 20 patients with chronic myelogenous leukemia in acute 
blast phase of the disease. These levels are comparable to the levels observed in 
human and calf thymus gland and celliines with some T ceU characteristics (Molt 
4 and 8402). Negligible levels of this activity were observed in chronic myelogenous 
leukemia not in an acute blast phase of the disease, chronic lymphocytic leukemia, 
human B ceIls, mature T ceIls, and the mixed population of lymphocytes present 
in normal human 'blood. The detectiOn of this enzyme in some patients with cluonic 
myelogenous leukemia in acute blast phase of the disease suggests that the blast 
proliferation may' involve 'primitive stern ceUs which have more lymphoid than 
myelogenous characteristics. This enzyme assay may be of use as a biological marker 
for following,patients du ring treatment and in remission. ' 

Introduction 

Terminal deoxynuc1eotidyl transferase, an' enzyme that catalyzes the polymer
ization of deoxyribonuc1eotides onto the 3' -OH ends of oligo or polydeoxynuc1eo
tide initiators in the absence of a template was initially considered to be specific 
for the thymus gland (1). Recently, this enzyme has been detected in various 
forms of human leukemia (2-7) including acute lymphocytic leukemia (ALL) (2, 
6, 7), acute myelomonocytic leukemia (AMML) (3), and chronic myelogenous 
leukemia' (CML) in acute blast phase of the disease (5, 6, '7). High levels oE this 
enzyme 'have also been observed in cell lines with T-cell characteristics (Molt 4 
and 8402) derived from cells of patient' with acute lymphoblastic leukemia (8, 9). 
The presence of high levels of this enzyme in cells froin patients with chronic 
myelogenous leukemia in acute blast phase of the disease and its absence in the 
chronic 'phase of the disease (6, 7) suggest that this enzyme can be useful as 'a 
biological marker for following patients during treatment and in remission'. 

In this report we present a comparison of the levels of this enzyme in leukocytes 
of patients with chronic myelogenous leukemia in acute blast phase with the levels 
present in leukocytes from patients with CML not in acute blast' phase,' ALL, 
chronic lymphocytic leukemia (CLL), normal blood lymphocytes, human and 
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calf thymus gland and cell lines with Band T cell characteristics. In addition, we 
show that in leukocytes of a CML patient in remission, levels of this enzyme 
returned to the level present in normalleukocytes. 

Materials and Methods 

Materials: Tritium labeled deoxyribonucleoside triphosphates were obtained 
from Schwarz-Mann. Unlabeled deoxyribonucleoside triphosphates were obtained 
from P. L. Biochemicals. Oligo-and poly-ribo and deoxyribo-nucleotides were 
obtained from Miles Laboratories and P. L. Biochemicals. 

Terminal trans/erase assays: Terminal transferase activity was assayed at 37° 
for 1 hr as described earlier (5, 6, 8) in a standard reaction mixture (0.05ml) 
which contained 50 mM Tris HCI (pH7.5), 50 mM KCI, 0.1 mM MnC12, 5 mM 
dithiothreitol (DTT), 100 J-LM of the labeled deoxyribonucleoside triphosphate, 
2.5 ~g of poly( dA) as a primel', and 5 ~l of the enzyme fraction. The specific 
activity of the labeled deoxyribonucleoside triphosphates used was [SH] dGTP 
(1500 cpm/pmole) and [3H]dTTP (2200 cpm/pmole). The reaction was arrested 
by the addition of 50 ~g of yeast tRNA and 2 ml of 10 % trichloraceticacid, 
collected on Millipore filters and counted in a scintillation counter (10). 

Source 0/ cells: White blood cells from leukemic patients were collected by the 
use of an IBM white cell separator (11). Lymphoblast cell1ines (Molt 4 and 8402) 
with T cell characteristics, established in tissue cuIture were originally derived 
from peripheral blood of patients with ALL (12). All these celllines were obtained 
from Hem Research Associates, Bethesda, Maryland. Another B cell li ne (NC37) 
was derived from human normal blood lymphocytes (13) and was obtained from 
J. L. Smith Memorial for Cancer Research, Pfizer, Inc., Maywood, New Jersey. 
Fresh human blood lymphocytes were obtained by phlebotomy from normal sub
jects purified from other blood components, and stimulated with phytophemag
glutinin for 72 hrs. as described earlier (14). Fresh human thymus, obtained from 
children undergoing cardiac surgery, and calf thymus were obtained from Hem 
Research Associates, Bethesda, Maryland. 

Cytogenetic studies on the cells of patients with chronic myelogenous leukemia 
in chronic and acute blast phase showed the presence of philadelphia chromosome 
(Ph1)· 

Cell extractions: All cell extractions were carried our at 0-4 °C. Cells were 
washed with phosphate buffered saline (pH 7.4) twice, and suspended in 5 volumes 
of buffer A (10mM Tris.HCI (pH 7.4), 10 mM KCI and 1.5 mM Mg2+) and 
allowed to swell for 10 min. The cells were manually disrupted in a tight fitting 
stainless steel homogenizer and mixed with equal volume of buffer B (50 m11 
Tris.HCI (pH 7.5), 5 mM DTT, 1 M KCl, 1 01'0 triton XI00, 20 % glycerol) and 
stirred in ice for 2 hrs. The soluble extract was removed, dialyzed against buffer C 
(50 mM Tris. HCI (pH 7.5), 5 mM DTT, 20 % glycerol) containing 0.5M KCl 
and subsequently against buffer C. Human and calf thymus gland was processed 
according to an earlier procedure (6). 

Enzyme purification: Terminal transferase was purified by successive chromat
ography on DEAE cellulose, phosphocellulose and hydroxyapatite as described 
earlier (5, 6, 8). 
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Results 

Terminal transferase levels in various cells. High levels of terminal transferase 
were observed in cells of some patients with chronic myelogenous leukemia in 
acute blast phase of the disease. These levels are comparable to the levels of ter
minal transferase observed in lymphoid cell lines with T cell characteristics such 
as Molt 4 and 8402 (6, 8, 9) and human and calf thymus gland (Table 1). In
significant levels of terminal transferase were observed in BeeIl lines (NC37, SB 
and 8392), PHA stimulated normal human blood lymphocytes, cl1ronic myelogenous 
leukemia not in an acute blast phase, c1:tronic lymphocytic leukemia and acute 
myelogenous leukemia, except one AML patient whose cells contained low but 
definite terminal transferase activity (Table 1). Table 2 summarizes our results 
on the detection of terminal transferase in the cells of a number of leukemic 
patients. As shown in this table, we have observed high levels of terminal 
transferase in 7 out of 20 patients with chronic myelogenous leukemia in acute 

Table I: Terminal transferase activity in normal and malignant cells~' 

Source of Cells Diagnosis Incorporation of 
[3H]dGMP (nmoies per 
hr per 108 cells) 

1. Peripher al blood 
leukocytes from patient: 
#1-7 CML (Blast Crisis) 18-27 
#8-20 CML 0.01-0.03 
#21 AML 0.2 
#22-28 AML 0.03-0.04 
#29-33 ALL 4-10 
#34-37 CLL 0.05-0.09 

2. Normal pheripheral PHA stimulated 0.03-0.05 
human blood (T Cells) 
lymphocytes 

3. B-Cells 
NC37 Normal 0.07 
8392 ALL 0.1 
SB ALL 0.01 

4. Cell Lines with T -Cell 
features 

Molt-4 ALL 26 
8402 ALL 29 

5. Thymus gland 
Human 18 
CaIf 21 

>~ Terminal transferase assays were carried out at 37° for 1 hr in the presence of 0.1 mM 
Mn2+ in a standard reaction mixture as described in Materials and Methods. 
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blast phase and in 5 out of 5 patients with acute lymphocytic leukemia. Cells 
from four patients with chronic lymphocytic leukemia and 7 patients with acute 
myelogenous leukemia were negative for terminal transferase. Cells from one pa
tient with. acute myelogenous leukemia, however, showed definite but low levels 
of terminal transferase acitivity. 

Table 11: Terminal transferase in human leukemic cells 

Diagnosis Number of Cases 
Tested 

1. Chronic Myelogenous Leukemia 
Acute Blast Phase 20 
Chronic Phase 13 

2. Acute Myelogenous Leukemia 8 
3. Acute Lymphocytic Leukemia 5 
4. Chronic Lymphocytic Leukemia 4 

Number Positive ' 
for TdT 

7 
0' 
1 
5 
o 

The distribution of terminal transferase acitivity on a sucrose gradient (5-20 %) 
from extracts of Molt-4 cells and cells from two CML patients in acute blast 
phase of the disease is shown in figure 1. The levels of activity observed in patient 
#1 and a T cellline (Molt 4) are similar. ' 

Terminal transierase levels in remission: We also analyzed the cells of a CML 
patient whose cells had high levels of terminal transfer ase in the acute blast 'phase, 
after chemotherapy and induction of remission. Cells were obtained from this 
patient when he was in complete hematological remission and examined for the 
presence of terminal transferase. As shown in Table 3, the level of terminal 
transferase returned to the negligible levels characteristic of normal blood lympho
cytes and B celllines. 

Table III: Terminal transferase in CML cells* 

Diagnosis 

Chronic Myelogenous Leukemia 
1. Acute Blast Phase 
2. Remission 

Incorporated of [3H]dGMP 
(nmoies per hr per 108 cells) 

27 
0.1 

* Terminal transferase assays were carried out at 37° for 1 hr as described in Materials 
and Methods. 

Properties 01 purified terminal transierase: Terminal transferase was purified 
from CML cells (patient #1) by successive chromatography on DEAE cellulose, 
phosphocellulose and hydroxyapatite columns (5, 6, 8). Terminal transferase and 
DNA polymerase ß were eluted together from DEAE cellulose in 0.05 M KCI 
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Fig. 1: Sucrose gradient analysis 0/ terminal transferase : An aliquot (0.2 ml) of the cell 
extract was layered on top of a 4.5 ml sucrose gradient (5-20 %) made in 50 mM Tris
Hel, pH 7.5, 1 mM dithiothreitoI, 0.5 M KCI and 0.1 mg/mI bovine serum albumin and 
centrifuged for 16 hrs. at 189,000 xg in a spinco SW 50.1 rotor. Fractions were collected 
from the bottom of the tube and an aliquot (10 (LI) was assayed for terminal ttansferase 
as described in Materials and Methods.' (A) Molt-4, 0-0; (B) Patient #1,. .; (C) 
Patient #2, ß-ß. 

wash (5, 6, 8). The DEAE cellulose pool was subsequently chromatographed on a 
phosphocellulose column. Figure 2A shows the elution of terminal transferase 
around 0.2M KCI, whereas DNA polymerase ß is eluted at 0.34 M KCl. 
A second minor peak of terminal transferase observed around 0.25. M KCl is a 
column artifact, and it is produced by the sudden increase in the salt concentration 
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Fig. 2: A. Chromatography 0/ terminal transferase on phosphocellulose: The DEAE cel
lulose (0.05 M KCI wash) pool containing the terminal transferase activity was adsorbed 
on a phosphocellulose column (Whatman P-ll) (4 x 1.4 cm) equilibrated with buffer C. 
After washing the column with buffer C (50 ml), the column was developed with 50 ml 
linear gradient of KCl between 0.05 and 0.7 M. Fractions (0.5 ml) were collected and 
assayed for terminal transferase as described in Materials and Methods. DNA polymerase 
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assays to detect DNA polymer ase ß in the column fractions were carried out in a standard 
reaction mixture which contained (dT)15'poly (dA) as the template-primer and [3H]dTTP 
as the labelIed substrate under conditions described in Materials and Methods. Poly(dA), 
(0-0); dT15'poly(dA), (e e)· 

B. Chromatography 0/ terminal trans/erase on hydroxyapatite: The phosphocellulose 
fractions containing the terminal transferase activity were pooled and dialyzed before 
adsorption on a hydroxyapatite co lu mn (4 x 1.4 cm) equilibrated with buffer D. The 
column was washed with 20 ml buffer D, and then developed with 50 ml linear gradient 
of buffer D and 0.8 M phosphate buffer (pB 7.5) containing 1 mM DTT, 0.05 % triton 
X-IOO and 20 % glycerol. Fractions (0.5 ml) were collected and assayed for terminal 
transferase as described in Materials and Methods with poly(dA) as the initiator (0-0). 

of the gradient. The enzyme from the phosphocellulose column was further purified 
by chromatography on a hydroxapatite column. It was eluted from this column 
with 0.25 M phosphate buffer (figure 2B). The enzyme at this step was approx
imately 1000 fold purified and was used for the experiments described below. 

The effect of the addition of unlabeled deoxyribonucleoside triphosphates on 
the activity of terminal transferase in the presence of Mn2+ is summarized in 
table 4. As shown in this table, the polymerization of one deoxyribonucleoside 
triphosphate is affected by the addition of other deoxyribonucleoside triphos
phates, a property characteristic of terminal transferase. DNA polymerases on the 
other hand require a11 four deoxyribonucleoside triphosphates for optimum DNA 
synthesis. 

Table IV: Effect of the Addition of Deoxyribonucleoside Triphosphates on the 
Polymerization of [3H] dGTP Catalyzed by Terminal Deoxynucleo
tidyl transferase from CML cells 

Substrate 

[H3] dGTP 
[H3] dGTP + dATP 
[H3] dGTP + dATP + dCTP 
[H3] dGTP + dATP + dCTP + dTTP 

[~H] dGMP Incorporated per 
reaction'" 

pmoles 

44 
4.0 
2.8 
2.0 

0/0 

100 
9 
6 
5 

,~ Terminal transferase assays were carried out at 37° for 30 min. in the presence of 
0.1 mM Mn2+ in a standard re action mixture as described in Materials and Methods. 
Activated salmon sperm DNA was used as the initiator at a final concentration of 50 ~tg/ 
ml. 20 ~tM of [3H] dGTP and 80 ~M of the unlabeled deoxyribonuc1eoside triphosphates 
were used where indicated. 

As shown in table 5 terminal transferase purified from CML cells, cell line 
8402, and calf thymus gland efficiently utilizes oligo and polydeoxyribonucleotides 
as initiators. Oligo (dA) and poly (dA) are the most effective initiators for this 
enzyme whereas oligo and polyribonucleotides are very inefficient (1, 5, 6, 8). 

The purified enzyme has a Mn2+ optimum of 0.1 mM, Mg2+ optimum of 7 
mM (figure 3), and a pH optimum of 7.5 (figure 4). Terminal transferase activity 
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TahleV: Comparison of response of terminal transferase from Human Leukemic 
cells, Calf Thymus and of the 8402 cellline to various DNA and, RNA 
initiators 

Initiator 

1. Deoxyribonucleotide 
(dA)15 
(dC)15 
(qT)15 
(dA)n 
(dC)n 
(dT)n 

2. Ribonucleotide 
(A)4 
(A)n 
(U)n 

pmoles [3H] dGMP incorporated per reaction:r 
CML Calf 8402 

730 
250 

80 
200 

15 
130 

5 
7 
3 

Thymus 

2500 
650 
200 

2300 
70 

400 

2 
2' 
2 

850 
380 
180 
730 
70 

290 

9 
7, 
4 

* Terminal transferase assays were carried out at 37° for 30 min., as described in Ma
terials and Methods, in the rresence of 0.1 mM Mn2+. The initiator concentration used 
for the assays was 50 ""g/m. (dN)15 represents an average chain length of 15 derived 
from oligodeoxyribonucleotides of chain length from 12 to 18. 
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Fig. 3: Effect of divalent cation concentration on poly(dA) initiated [IH]dGMP incorpora
tion by terminal transferase. (A) Mn2+ (0-0); (B) Mg2+ (e e). 
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(3, 7). Based on the detection of terminal transferase in acute lymphocytic leukemia 
cells, McCaffrey et al. (2, 7) suggested that these cells were of thymus related 
lineage. 

In this report and elsewhere (5, 6) we have shown that high levels of terminal 
transferase are present in leukocytes of some patients with chronic myelogenous 
leukemia in acute blast phase of the disease. Similar results have recently been 
reported (7). These levels are comparable to the levels of activity observed in 
human and calf thymus tissue and in cell lines with T cell characteristics (Molt 4 
and 8402). Insignificant levels of this activity are detected in normal cells, B cell 
lines, CLL and AML cells. Cells from one patient with AML, however, contained 
definite but low levels of terminal transferase activity. In addition we find that 
high levels of terminal transferase detected in the leukocytes of a CML patient 
in acute "blast" phase of the disease returned to levels present in normal cells after 
hematological remission. These results suggest that in some CML patients in acute 
blast phase of the disease, there is an induction of terminal transferase which 
returns to negligible levels (observed in normal cells) after hematological remission. 
It may, therefore, be possible to use terminal transfer ase as a sensitive biological 
marker to follow these patients during treatment and in remission. 

In our studies so far, we have observed high levels of terminal transferase in 
7 out of 20 patients with chronic myelogenous leukemia in acute blast phase of the 
disease, demonstrating that this enzyme is not present in all CML cells in blast 
phase. All of the patients with acute lymphocytic leukemia, on the other hand, 
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Fig. 4: Effect of pH on poly dA initiated [3H]dGMP incorporation by terminal transferase. 
Mn2+ (0-0) ; MgZ+ (9-0) 

was inhibited by N-ethylmalemide and sodium pyrophosphate as shown in figure 5. 
DNA polymerase P, on the other hand, is only inhibited by N-ethylmalemide a t  
high concentrations (15). The purified enzyme has a sedimentation value of 3.4s 
as estimated by sucrose density gradient centrifugation (16) with ovalbumin as a 
marker (figure 6). This value is similar to the value reported for terminal 
transferase from thymus gland and from cell lines with T cell characteristics (1, 5, 
6, 8). 

Discussion 

Terminal transferase, an  enzyme first isolated from calf thymus was considered 
to be specific for thymus tissue since it was not detected in bone.marrow,? liver, 
lungs, lymph nodes and spleen (17). Recent studies have shown that this enzyme 
is also present in peripheral blood from many patients with acute lymphocytic 
leukemia (2, 6, 7) and in some patients with acute myelomonocytic leukemia (3) 
or chronic myelogenous leukemia in acute ccblast" phase of the disease (5, 6, 7). 
Low levels of terminal transferase have also been reported in normal bone marnow 
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(3, 7). Based on the detection of terminal transferase in acute lymphocytic leukemia 
ceIls, McCaffrey et al. (2, 7) suggested that these cells were of thymus related 
lineage. 

In this report and elsewhere (5, 6) we have shown that high levels of terminal 
transferase are present in leukocytes of some patients with chronic myelogenous 
leukemia in acute blast phase of the disease. Similar results have recently been 
reported (7). These levels are comparable to the levels of activity observed in 
human and calf thymus tissue and in ceIl lines with T cell characteristics (Molt 4 
and 8402). Insignificant levels of this activity are detected in normal cells, B ceH 
lines, CLL and AML cells. Cells from one patient with AML, however, contained 
definite but low levels of terminal transferase activity. In addition we find that 
high levels of terminal transferase detected in the leukocytes of a CML patient 
in acute "blast" phase of the disease returned to levels present in normal cells after 
hematological remission. These results suggest that in some CML patients in acute 
blast phase of the disease, there is an induction of terminal transferase which 
returns to negligible levels (observed in normal ceIls) after hematological remission. 
It may, therefore, be possible to use terminal transferase as a sensitive biological 
marker to follow these patients during treatment and in remission. 

In our studies so far, we have observed high levels of terminal transferase in 
7 out of 20 patients with chronic myelogenous leukemia in acute blast phase of the 
disease, demonstrating that this enzyme is not present in all CML cells in blast 
phase. All of the patients with acute lymphocytic leukemia, on the other hand, 
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Fig. 6: Sedimentation analysis 0/ terminal trans/erase: An aliquot (0.2 ml) of the purified 
enzyme was layered on top of a 4.5 ml sucrose gradient (5-20 %) made in 50 mM Tris
HCI, pH 7.5, 1 mM DTT, 0.5 M KCI, and centrifuged for 16 hrs. at 189,000 xg in spin co 
SW 50.1 rotor. Ovalbumin as a marker protein was centrifuged on a parallel gradient. 
Fractions (0.15 ml) were collected from the bottom of the tube and an aliquot (10 fA.l) 
was assayed for terminal transferase as described in Materials and Methods. [3H] dGMP 
incorporation with (dA)15 as initiator (0-0). [3H]dTMP incorporation with (dT)15'poly 
(dA) as initiator (e--e). 

contained terminal transferase. These res.ults point to the possibility that in some 
CML in acute blast phase, undifferentiated lymphoblasts (which may be precursor 
to T cells) rather than myeloblasts may be the cells which proliferate. The pos
sibility of lymphoblastic conversion in CML has recently been suggested (7, 18, 
19). If lymphoblastic conversion occurs in some cases of CML as it appears, then 
terminal transferase levels mayaiso be useful as a diagnostic marker to predict the 
type of CML patients that may respond to treatment with predisone and Vin
cnstme. 
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Introduction 

In 1973 we first reported our finding' of terminal deoxynucleotidyl transferase 
(TdT) in the circulating leukemic cells 6f a child with acute lymphoblastic leu
kemia (1). Until that time this unique DNA synthetic enzyme had been thought 
to be a special biöchemical property of cells undergoing matur~tion in the thymus 
(2). lts presence in circulating lymphoblastic leukemia cells sugges.ted that the 
thymus might pla'y a role in the pathogenesis ofthis disease in man, ,analogous to 
the central position it plays il} the pathogenesis of lymphoblastic leukemia in the 
AKR mouse (3, 4, 5). In addition, it' appeared to have potential clinical utility as 
a new biochemicalleukemia cell marker (1, 6). 

We have now accumulated extensive data on the expression of this unusual 
enzyme in leukemia cells froin a large number of patieni:s. We.have, in addition, 
been able to identify TdT in both human and murine' bone 'marrow, and have 
partially characterized the TdT-positive 'normal marrow cells. 'Several new facts 
have emerged from this work~which allow for new insight into the cellular origins 
of leukemia cells in various clinical entities. ' 

\ 

Enzyme Extraction an~ ldentification. 
, ~ . 

The preparation of cells and tissues' for TdT assays~ is as; previously described 
(1, 6, 7, 8) with some recent modifications. Immediatley before homogenization 
phenylmethylsulfonylfluoride, a serine protease inhibitor, and ethanol are added 
to a concentration of 20 mM and 5 % respectively, in order to inhibit proteolytic 
degradation of TdT when sampies containingcells rich in proteolytic activity (e. g. 
phagocytic cells in normal bone marrow, or chronic myelogenous leukemia) are 
studied. AA:er detergent treatment, the crude homogenate is extracted with high 
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salt which results in more efficient enzyme solubilization (8). TdT activity is then 
identified following phosphocellulose chromatography of the crude homogenate. 

The assay involves providing the enzyme source with a radio-Iabeled deoxynu
cleotide triphosphate (usually sH-dGTP) and a pre-formed DNA primer mole
eule (usually a short polymer of deoxyadenylic acid, oligo( dA)14) onto whose 
3'-OH terminus deoxynucleotide monophosphates can be polymerized from 
deoxynucleotide triphosphate substrates (7, 8). 

T dT in leukemia cells 
Leukemic cells from almost every patient with acute lymphoblastic leukemia 

(ALL) contain TdT as part of their biochemical phenotype. The phosphocellulose 
elution pattern of TdT from the circulating blast cells of a typical patient with 
ALL is shown in Figure 1. This phosphocellulose elution profile shows two discrete 
peaks of TdT activity which (Fig. IB and lC) maintain their separateness after 
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Fig. 1: TdT activity from peripheral blood of a patient with acute lymphoblastic leukemia. 
Panel A: Activity recovered on initial phosphocellulose duomatography. Panels B 

and C: activities recovered after rechromatography on phosphocellulose of pooled fractions 
from initial column (indicated as "B" and "C" in panel A), after dialysis and passage 
through a DEAE cellulose column. 
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chromatography on DEAE, followed by rechromatography on a second phospho
cellulose column. The relative ratios shown on initial phosphocellulose chroma
tography of the early eluting (peak I) to late eluting (peak II) peak are fairly 
constant. In a few patients virtually all the TdT activity was confined to the 
peak II region, with the peak I region reduced to a "shoulder." 

The phosphocellulose pattern shown in Figure 1 is typical of newly diagnosed 
patients with ALL using leukemic eeIls from either peripheral blood or bone 
marrow. However, in 4 (out of 4 studied) bone marrow sampies taken from ALL 
patients with aeute, unexpeeted bone marrow relapse the pattern shown in Figure 2 
was seen. Here peak I predominates, with peak II reduced to a shoulder. 
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Fig. 2: TdT activity from hone marrow of a patient with acute unexpected hone marrow 
relapse. 

The significance of these patterns has not been established. It is not known 
whether these peaks exist in separate cell types, whose ratio varies in different 
stages of the disease, or whether their relative ratios represent moleeular 
phenomena within a single ceIl population. 

We have identified TdT activity in leukemic cells from 32 of 36 patients 
clinically considered to have ALL. A wide spectrum of patients was sampled, both 
children and adults, representing both T-cell and null-cell disease. However, as 
shown in Table 1 it is now evident that TdT is not confined to leukemic cells from 
patients who are considered to have ALL by the usuall clinical and morphological 
criteria. As shown in this table, 8 of 22 patients with blast crisis chronic 
myelogenous leukemia had TdT positive ceIls. Only 3 of these 8 enzyme-positive 
sampIes were feIt to have lymphoblastic morphology by their physicians. Some 
patients with undifferentiated leukemic cell morphology and monomyelocytic leu
kemia also had TdT positive cells. The TdT activities observed in these non-ALL 
sampies were similar, in terms of chromatographie pattern, to the ALL sampIes. 

In a later section we will propose that this commonality of TdT activity in cells 
from diverse clinical syndromes implies a biologie relatedness in terms of the 
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eellular origin of these diseases (the papers by Greaves et a1. and Sarin et a1. in 
this volume should also be eonsulted in this regard). 

Terminal transferase in human leukemia cells 

Cells Positive 
Acute lymphoblastic leukemia 
Blast erisis dlfonic myelogenous leukemia 
Aeute undiffe~entiated leukemia. 
Aeute monomyeloblastie leukemia 

Cells Negative 
Acute myeloblastie leukemia 
Stable phase chronie myelogenous leukemia 
Chronie lymphatic leukemia 
Sezary syndrome 
Lymphosarcoma cellleukemia 

T dT in normal cells 

THYMOCYTES 

32 of 36 
8 of 22 
30f 4 
10f 2 

9 of 9 
6 of 6 
6 of 6 
2 of 2 
3 of 3 

patients 

" 
" 
" 

patients 

" 
" 
" 
" 

The phosphocellulose elution pattern of TdT from human thymoeytes is quite 
similar to leukerriia cell TdT. (Compare. Figure 1 and Figure 3 below). When 
thymoeytes are further separated on a diseontinuous bovine serum albumin (BSA) 
gradientand assayed for TdT (7), the enzyme aetivity is maximally expressed in 
eells from gradient layers 3, 4 and 5 (Fig. 4). When thymocytes from such a BSA 
gradient are studied for other charaeteristics, only cells from layers 2 and 3 are 
found to respond to phytohemagglutinin and allogeneic lymphocytes (9). TdT is 
therefore maximally expressed in thymoeytes which are distinet from those thymo
eytes which are eapable of mature T-lymphoeyte immunologie reactivity. In the 
mouse thymus, TdT is also maximally expressed .in ceIls of medium density as 
determined by BSA gradient analysis (8). 

The ratio of peak I to peak II TdT acitivity varies from layer to layer in BSA 
gradients of both human and murine thymocytes. Medium density thymocytes 
eontain predominantly peak II' whereas peak I predominates in low density 
thymoeytes. In the murine thymus, during the repopulation period wh ich foIlows 
eortisone-indueed involution, the ratio of peak I to peak II changes dramatically 
(Fig. 5). In the first few days. following eortisone shock, peak I eontaining cells 
predominate. The pre-eortisone ratios are gradually reachieved around day 6. 

This fluetuation in peak IIpeak II ratios is reminiseent of the variant patterns 
described above for relapse versus weIl established disease in ALL. One possible 
interpretation of the~e results is that peak I may exist in a more primitive (pre
cursor type) cell, which aceumulates' during aeute "explosive" events, such as 
thymie repopulation following eortisone shock, or aeute leukemia relapse. 
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Fig. 3: TdT acitivity from normal human thymocytes. . 
Panel A: Activity recovered on initial phosphocellulose chromatography. Panels Band 

C: activities recovered after rechromatography on phosphocellulose of pooled fractions from 
initial column (indicated as "B" and "e" in pael A), after dia lysis and passage through a 
DEAE cellulose column. . 

BONEMARROW 
It is now clear that there exists in normal bone marrow a population of eells 

which expresses TdT aetivity (7, 8, 10). In man, the phosphoeellulose chromato
graphie pattern is a broad peak, eluting between peak land II positions (Fig. 6). 
It is similar to the pattern observed when bone marrow cells from ALL patients 
with acute bone marrow relapse are analyzed (Fig. 6). In the mouse, the normal 
bone marrow enzyme chromatographs in the thymocyte peak I position, with a 
small peak in the peak II position, similar to that seen in low density thymoeytes. 
Biochemieally the marrow aetivity from either speeies is indistinguishable from 
the thymoeyte or leukemic eell activity of the same species. 

Some information is available on the nature of the normal marrow eell popula
tion(s) which eontains TdT. TdT-positive cells ean be eliminated from normal 
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Terminal Transferase in Mause Thymus 
Following Cortisone Treatment 

Peak 1 
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Fig. 5: Effect of cortisone treatment on number of cells and TdT activity in murine thymus. 
A single 150 mg/kg dose of cortisone acetate was given to C57Bl/6] mice on day O. 

The number of cells per thymus and TdT activity per thymus were determined sequentially 
thereafter. 
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Fig. 7: Effect of cortisone treatment on numher of cells and TdT activity 1fl munne 
hone marrow. 

TdT and ceIl numher in the femur and tihia hone marrow were determined as a 
function of time after a single 150 mg/kg dose of cortisone acetate was given to C57Bl/6J 
mice on day O. 
mouse marrow by cortisone administration (Fig. 7). Celllosses from the marrow 
compartment following such perturbation are due to a combination of in situ 
destruction, and redistribution to other sites (thymus, spleen, no des, peripheral 
blood) and involve predominately marrow lymphocytes (11, 12). The almost total 
loss of marrow TdT following cortisone administration suggests a lymphoid nature 
of the TdT-positive cells. 

509 



This impression is supported by independent studies with the thymic hormone 
thymopoietin (13). When normal murine marrow cell suspensions are incubated 
with thymopoietin, a certain fr action of marrow lymphocytes can be induced to 
express thymocyte surface markers. These marrow thymopoietin-responsive cens 
are believed to be prothymocytes (14). In preliminary studies (Silverstone, Can
tor, Boyse, Goldstein and Scheid). the induction of Thy 1 antigen in murine marrow 
ceIls, followed by the specific elimination of such cells by cytotoxic ~reatment with 
anti-Thy 1 antibody, has resulted in the 10ss of 50-70 % of marrow TdT activity. 
This suggests that most of the marrow TdT-activity in the mouse resides in marrow 
prothymocytes. ' 

The precise identification of the enzyme-positive marrow population(s) will be 
of major interest. ' 

Significance of T dT in leukemia: ceIls 

The finding of a normal marker on neoplastic' cells is generally taken to mean 
that the tumor cells are related, in a derivative sense, to the cell line which nor
maHy expresses the marker in question. Thus, lymphoid 'maIignancies are frequent
Iy classified on this basis, using T-Iymphocyte and B-lymphocyte surface properties 
as markers (15). Although there are limitations to the use of such cell phenotypes to 
construct the ontogeny of neoplastic differentiation (16), it can provide a 
substrate for usefu! working hypotheses. 

We have analyzed and interpreted the observation of TdT in leukemic cells in 
the light of its restricted distribution' in normal animals (2, 7, 8, 10, 17). We have 
taken its presence in leukemic cells to me an that sum cells are of the same lineage 
as those normal marrow or thymus 'ceHs which also express TdT. In the thymus it 
is maximally expressed in thymocytes whim can be considered "primitive" in that 
they lack the functional properties associated with mature T-lymphocytes (7, 8, 9). 
In the marrow, the majority of the TdT-positive cells are cortisone-sensitive and 
thymopoietin-responsive and may be thyrnic precursor cells (prothymocytes). In 
our view, leukemic cells with this enzyme wOl,tld derive from either TdT-positive 
thymic lymphocytes or TdT-positive marrow ceIls and therefore b~ lymphoid in , , 
nature. 

We are aware that this sort of biomemical re-classification of leukemic cells 
does violence to traditional clinical and morphological 'concepts. The established 
categories into which leukemic patients . are now classified implies a homogeneity 
among members of specific categories which does not, in fact, exist. The papers in 
this volume by Moloney, DeSimone, Henderson,' and Wiernik should be consulted 
in this regard. There is obvious diversity in clinical behavior, and response to 
therapy, among patients who are classified within a single category. There can be 
little argument about the need for a re-classification which results in more 
homogeneous grouping. Such attempts at reclassification are being made by Moore 
et a1. (18) and by Dicke et a1. (19) using in vitro growth patterns of leukemic 
ceIls, and by Greaves et a1. (summarized in this volume) using cell surface markers, 
to categorize patients into meaningful groups. 

The significance and utility in terms of clinical management, of a leukemia cell 
classification based on TdT positivity or negativity remains'to be established. How-
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ever, our postulation that TdT-positive leukemic cells are lymphoblastic in nature, 
irrespective of their conventional morphological classification, is testable clini
cally. The combination of the drugs vincristine and prednisone results in high 
remission rates in ALL, but low rates in non-Iymphoblastic leukemia (20). 
Prospective studies are underway to determine whether the presence of TdT in 
leukemic cells from diverse clinical syndromes augurs for responsiveness to classic 
anti-ALL therapy. 

Our inability at this time to distinguish, either biochemically' or chromato
graphically, between the enzyme activity observed in normal bone marrow and 
that present in sampIes from patients with early bone marrow relapse prevents 
TdT from being a useful tool in monitoring remission or predicting relapse. How
ever, further enzyme purification and/or the development of a fluorescent antibody 
assay may discriminate between normal marrow and leukemia-associated TdT, and 
permit such a use. 

On a biological level, the isolation and characterization of -the normal bone 
marrow and thymus cell populations which express TdT shouldprovide important 
defined cell populations for a variety of fundamental studies. Comparisons be
tween these normal TdT-positive cells, and TdT-positive leukemia cells should be 
helpful in determining the specificity of particular leukemia cell characteristics. 
TdT-positive normal cells should also be fruitful populations for srudies involving 
leukemogenic agents or events, particularly if they can be propagated in in vitra 
culture systems. 
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the Chicken System 
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particles. The work was supported by the Deutsche Forschungsgemeinschaft and by Dr. E. 
Vielitz, Lohmann Tierzucht Cuxhaven, who supplied leukosis virus-free eggs. 

Materials and Methods 

Labelled deoxyribonucleoside triphosphates were products of AmershamlBuch
ler and Schwarz Mann. Unlabelled deoxyribonucleoside triphosphates and Poly A 
(dT)12 were obtained from Boehringer, Mannheim. All other templates used were 
products of P. L. Biochemicals, Milwaukee. Bovine Serum Albumin (A grade) was 
from Calbiochem. 

AMV was generousIy supplied by Dr. J. Beard. 
Purified REV, strain T, was kindly provided by Dr.K. Moelling and Dr. R. 

Friis, University of Giessen. 
Anti-IgG was a generous gift of the laboratories of Dr. Gallo and Dr. Spiegel

man. 
Most of the experiments were performed with allantoic fluid of eggs from SPF

VALO chickens. The eggs were generously supplied, to the greater part, by Dr. E. 
Vielitz, Lohmann Tierzucht, Cuxhaven. 

Standardpolymerase assay: The concentrations were 10 mM MgAcetat, 20 mM 
KCI, 50 mM Tris - HCI, pH 8.3, 10 mM DTE, 1 mM ATP. The usual assays 
of 100 ~l volume contained 5 ~Ci labelIed deoxynucleoside triphosphate (8 Cil 
mMol) and 1 !1g of template-primer complex. For the test of particles the assay 
contained NP 40 in final concentration of 0.1 0/0. Tests of purified enzyme 
contained 50 ~g bovine serum albumin in 100 !LI reaction mix. 

When heteropolymeric nucleic acid was used as template, the unlabelled 
deoxynucleoside triphosphates wereeach at a concentration of 0.3 mM. 

To get optimal activity with pC(dG), one has to use extremely clean reagents 
and has to heat the template-primer to 80°C for 5-10 minutes before using it. 

The reaction mix was incubated at 37°C and the re action was stopped by 
adding 10 % TCA, containing 1 % pyrophosphate. The acid-insoluble radioactiv-
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ity was collected by filtering the sampIes through Millipore nitrocellulose filters 
(pore size of 0.6 ~). 

Purification of the polymerases from particles, AMV and REV was as described 
by Markus et al. (11). 

Sedimentation gradients of the enzymes in gIycerol was as described by Markus 
et al. (11). 

The IgG-inhibition test of purified polymerases was as described by Watson et al. 
(15), except that the preincubation of enzyme together with IgG was at 0-4 oe 
for 12 hours instead of 15 min at 37°C. 

Introduction 

In the past years reverse transcnptlOn was not only discussed as an unique 
step in RNA virus-related transformation but also as a possible mechanism in
volved in transfer of genetic information in normal ceIls, uninfected with virus. 
For this reason studies have been performed to detect, in addition to viral reverse 
transcriptase, corresponding cellular enzymes. However, all enzymes studied could 
be either related to viruses (1) or do not have the typical template specificity of 
"true" reverse transcriptase (2, 3, 4): i. e. more efficient utilization of pA( dT)12 
than of pdA(dT)12' high activity with pC(dG)12 and the ability to synthesize 
DNA complementary to natural heteropolymeric RNA (5, 6, 7). As ist was not 
possible till now, to isolate a cell-specific enzyme with these characteristics from 
normal ceIls, the demonstration of reverse transcriptase is often taken as an un
mistakable viral footprint. Thus in looking for early diagnostic signals, indicating 
tumor formation in human tissue, reverse transcriptase has been regarded as a 
serious candidate. Here we describe the isolation of areverse transcriptase from 
particles in the allantoic fluid of embryonated chicken eggs. This enzyme could not 
be related to Avian Leukosis Viruses/Avian Sarcoma Viruses (ALVIASV) or 
Reticuloendotheliosis Viruses (REV), the only chicken viruses known to contain 
reverse transcriptase, and so is very likely of cellular origin. 

Results 

Detection and purification of enzyme-containing particles. The allantoic fluid 
of ten day-old embryonated chicken eggs was collected, cleaned from cells and 
cell debris and subjected to ultracentrifugation, as for the collection of enveloped 
RNA viruses. The first pellet was resuspended in buffer and centrifuged through 
the 20 0/0 sucrose step of a discontinuous gradient onto a cushion, consisting of 
50 0/0 sucrose. The material above the 50 0/0 cushion was tested for its ability to 
use ribohomopolymers and deoxyribohomopolymers as templates for DNA 
synthesis. The result is shown in Table 1. As can be seen from the table, the 
ribohomopolymers pC and pA, as weIl as the deoxyribohomopolymer pdA are 
quite efficient templates for the isolated activity. As the activity exhibited some 
of the template characteristics of reverse transcriptase (use of pC(dG)12) as weIl 
as of cellular DNA polymer ase (preference of pA( dT)12 over pdA( dT)12) we ex
pected to have a mixture of different enzyme activities. 

In the next step the material was fractionated on a linear sucrose gradient, and 
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Table I: Homopolymer-direeted DNA synthesis by the erude particle fraction 
obtained after eentrifugation of the allantoie fluid and subsequent dis
eontinous suerose gradient eentrifugation 

Template- labelled dNTP cpm 3H-dNMP 
primer complex incorporated 

pC (dG )12-18 3H-dGTP 16629 
pA (dT)12 3H-dTTP 8648 
pdA (dT)12 3H-dTTP 55 159 

Legend to Table 1: The allantoic fluid of leukosis virus-free eggs, embryonated for ten 
days, was cleaned of cells and cell debris. It was then subjected to ultracentrifugation in a 
fixed-angle rotor (Rotor 30 Beckman) at 27,000 RPM for 45 minutes at 4 oe. The pellets 
were resuspended in STE buffer (0.1 M NaCI, 0.01 M Tris - HCI pH 8, 0.001 M EDTA) 
and layered on a discontinuous sucrose gradient in a Beckman SW 27.1 Rotor. The material 
was centrifuged through 20 % sucrose onto a 50 % cushion (26,000 RPM, 2.5 hours). The 
material above the 50 % sucrose was collected and diluted to a pro tein concentration of 
0.9 mg/mI. 9 (lg of material were incubated under standard polymerase assay conditions, 
as described in materials and methods, using different template-primer complexes at a 
concentration of 1 (lg/100 (l1. The mixture contained NP 40 to a final concentration of 
0.1 % and 5 (lCi of the respective 3H-deoxynucleoside triphosphate (8 Ci/mMol) in a 
total volume of 100 (l1. Incubation was at 37°C for 60 minutes. The reaction was stopped 
by the addition of TCA and the acidinsoluble radioactivity of the total volumes was 
determined. 

Table 11: Homopolymer-direeted DNA synthesis by purified particles, obtained 
after velo city sedimentation and suerose density gradient eentrifugation 

Template-primer labelIed dNTP reaetlon epm 3H-dNMP 
conditions incorporated 

pe dGTP compiete 159 
(dG)12-18 dGTP compiete 0 
pC (dG)12-18 dGTP -NP40 104 
pC (dG)12-18 dGTP - particles 0 
pe (dG)12-18 dGTP -Mg++ 0 
pe (dG)12-18 dGTP compiete 17179 
pe (dG)12-18 dTTP compiete 0 
pdC (dG)12-18 dGTP complete 4100 
pA (dT)12 dTTP compiete 5 168 
pdA (dT)12 dTTP compiete 720 

Legend to Table 2: 004 (lg of particles, which had been purified as described in Figure 1 
and 2 were incubated under standard polymerase assay conditions as described in Materials 
and Methods, in the presence of different Template/Primer complexes as indicated. Con
ditions were as described in the legend to Table 1. 
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Legend to Fig. 1 : Velocity gradient of the sediment from allantoic fluid. The material, 
after being handled as described in the legend of Table 1, was layered on a continuous 
sucrose gradient, ranging from 20 to 35 °/0 sucrose w/w (in STE buffer) and centrifuged 
in a Rotor SW 27.1 in a Spin co ultracentrifuge at 26,000 RPM for 50 minutes. The 
material was collected from the bottom and the fractions were tested with the templatel 
primers pe (dG) (0-), pA(dT) (e-e) , and pdA(dT) <e- - -e) under standard 
conditions for 1 hour. The acid insofuble radioactivity from the 100 ~l reaction mixture 
was estimated. 

the response to the set of templates, as used in the experiment of Tahle 1, was 
tested witb. each fraction. The result is seen in figure 1. Two different enzyme 
activities can he separated: a pdA-dependent activity, sedimenting to the hottom 
of the tuhe, and a slower sedimenting activity, utilizing pA, pC and pdA in the 
ratio expected for reverse transcriptase. Comparison with AMV, sedimented in 
a parallel gradient under identical conditions, showed that the material carrying 
the pC- and pA-directed DNA polymerase sediments slightly slower than AMV. 
From this and from the fact that the presence of nonionic detergent (NP 40) was 
requisite for the detection of the pC- and pA-directed DNA polymerase activity, 
we conclude that the polymer ase is particle-hound. 
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Legend to Fig. 2: Sucrose density gradient of the particles containing polymerase. Fraction 
12 and 13 from the gradient described in figure 1 were diluted with STE buffer and 
layered on a continuous sucrose gradient, ranging from 20 to 50 % sucrose w/w. It was 
centrifuged in a Rotor SW 41 at 30,000 for 16 hours. The material was collected from 
the bottom and tested as described in Figure 1. The density of the fractions was calculated 
by measuring the refractive index. The activity is expressed as cpm of 3H-dNMP in
corporated into acid insoluble material within 60 minutes in a volume of 100 ",,1. (0-0 
pC-dG,. • pA'dT, e- --e pdA'dT dependent activities). 

The fractions with the best response to pe and pA (fraction 12 and 13) were 
further analyzed by sucrose density gradient centrifuga~ion. The fractionated 
density gradient was again tested with the same set of templates as before. As 
seen in figure 2, only one activity peak can be observed in response to the 
ribohomopolymer templates. The weak pdA-directed activity is distributed all 
over the gradient. 

For the further characterization of the activity, the particles from the peak 
fraction of the density gradient were tested with an extended set of template
primer complexes (Table 2). The enzyme reaction is dependent on the presence 
of nonionic detergent, Mg++, primer, template and corresponding deoxynucleoside 
triphosphate. Template or primer alone do not allow the reaction, and therefore 
terminal deoxynucleotidyltransferase (8) can be excluded. Furthermore, the ef
ficient utilization of pC(dG)12 excludes that R-DNA polymerase (polymerase y) 
(9, 10) activity is being tested. The high preference of this template-primer complex 
and of pA( dT)12 over pdA( dT)12 clearly differentiates the particle7bound enzyme 
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from the normal cellular DNA polymerases (5, 7) and is typical for reverse tran
scriptase. 

Characterization of the purified enzyme 

For final characterization of the enzyme, particles were disrupted by NP 40 in 
the presence of high salt and the enzyme was further purified by affinity chromat
ography on polycytidylate-sepharose (11). The adsorbed and then eluted material, 
which contained too little protein to measure, was tested with homopolymeric 
(Table 3) and heteropolymeric templates (Table 4). The enzyme exhibits no activity 

Table 111: Homopolymer-directed DNA synthesis by purified reverse transcript
ases from particles and AMV 

Template-primer 

(dG)12-18 
pe (dG)12-18 
pdC (dG )12-18 
pA (dT)12 
pdA (dT)12 

labelIed dNMP 

dGTP 
dGTP 
dGTP 
dTTP 
dTTP 

cpm aB -dNMP in corpora ted by 
enzyme isolated from 

Particles AMV 

o 
28417 
14525 
6679 

813 

o 
149651 
80658 
32940 

639 

Legend to Table 3: Reverse transcriptase was purified from concentrated, disrupted particles 
or AMV by affinity chromatography on polycytidylate-sepharose, as described by Markus 
et a1. (11). After washing the column, the enzymes were eluted by 0.4 M KCl. One of the 
active fractions was tested under standard polymerase assay conditions, using different 
template-primer complexes. The activity is expressed as incorporation of radioactivity 
into acid insoluble material in 100 ~l per 90 minutes. In each ca se the values were obtained 
from linear kinetics. 

with (dG)12 alone, which proves that no polycytidylic acid is eIuted from the 
column, i. e. the enzyme is template-free. 

The template maracteristics of the purified enzyme are identical with those 
shown for the particle-bound enzyme in Table 2. When the purified enzyme is 
compared with AMV reverse transcriptase, the template characteristics and the 
relative utilization of the templates are almost identical. This result clearly 
distinguishes the particle enzyme from an enzyme, which was purified by Kang 
and Temin (3) from a fraction from uninfected chicken cells, exhibiting endogenous 
RNA-directed DNA polymerase activity. When they tested the isolated activity 
with synthetic templates, they found a preference for pdA over pA, which is 
typical for normal cellular DNA polymerases. In contrast, the enzyme purified 
by us shows just the opposite template preference, which is typical for (viral) 
reverse transcnptase. 

To demonstrate that the enzyme could use heteropolymeric RNA, we used 
globin mRNA as a template for reverse transcription, having added (dT)12 as 
primer (12). To be sure of measuring reverse transcription of the heteropolymeric 
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Table IV: Response of reverse transcriptases from particles or AMV to natural, 
heteropolymeric RNB 

Template Primer Reaction cpm SH-dGMP incorporated 
conditions by 

particle AMV 
enzyme enzyme 

globin mRNA (dT)„ complete 3 299 3 800 
globin mRNA (dT)„ complete 2 866 + Act. D 
globin mRNA (dT)„ complete O + RNAse 
globin mRNA - complete 866 
globin mRNA (dT)„ - dCTP 880 
- 

12 complete 0 
PC (dG)12-18 complete 100 883 96 200 

Legend to Table 4: Aliquots of the purified enzymes were incubated in the presence of 
2.5 pg rabbit globin mRNA and 1 pg (dT)iz per 100 p1 in the complete System. The 
conditions were as described for the standard polymerase assay in materials and methods, 
with the addition of (unlabelled) dATP, dCTP, dTTP to a final concentration of 0.6 mM 
respectively. The only labelled deoxynucleoside triphosphate was 3H-dGTP (8 Ci/mMol) 
and was contained in a final concentration of 0.012 mM. Incubation at 37 'C was for 
160 minutes in the case of particle enzyme and 40 minutes in the case of AMV enzyme. 
The acid insoluble radioactivity was determined from the total volume. For comparison an 
identical assay were run with pC(dG)ie-is instead of globin mRNA as a template. 

region of the mRNA, and not of the polyA-strand, JH-dGTP was used as labelled 
precursor. Table 4 shows the utilization of oligo dT globin mRNA by the 
polymerase purified from particles. The full activity is dependent on the presence 
of template, primer, all four deoxynucleoside triphosphates, and can be completely 
inhibited by the presence of ribonuclease. Actinomycin D has no clear effect on 
the reaction, indicating that it does not proceed significantly further than hybrid 
synthesis. As can be seen from Table 4 as well, the utilization of globin mRNA in 
comparison to P C ( ~ G ) , ~  is as efficient by the particle enzyme as by the AMV 
enzyme. 

To prove that a faithful transcript had been synthesized by the particle enzyme, 
the reaction product was analyzed on CS2S0, density gradients after different 
types of treatment. First the reaction product was purified and subjected to the 
centrifugation without further treatment. The radioacivity is then found in an 
intermediate position between RNA and DNA, demonstrating that the product is 
a RNA-DNA hybrid (figure 3A). ARer alkaline treatment the radioactivity is 
shifted to the region of DNA density, indicating that DNA had been synthesized 
by the enzyme (figure 3B). After incubation of the alkaline treated material under 
conditions suitable for hybridization and in the presence of excess newly-added 
globin mRNA the radioactivity is found near the RNA position of the density 
gradient (figure 3C). This demonstrates that the DNA product is in fact com- 
plementary to the messenger RNA originally used as template. 
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Legend to Figure 3A-C: CS2S04 density gradient analysis of 3H-DNA, complementary 
to globin mRNA, synthesized by purified polymerase from particles. Reaction mixtures as 
described in the legend to Table 4 were incubated in the presence of oligo dT·globin 
mRNA, enzyme from particles and Actinomycin D (50 ltg/ml) for 2 hours at 37 oe. 
The product was purified by two-fold phenolisation and subsequent alcohol precipitation. 
It was resuspended in 2X SSC buffer. The density of the product at this stage of treat
ment is shown in figure 3A. The product was further treated with 0.25 N KOH for 
18 hours at room temperature and then aga in neutralized. The density of the product at 
this stage is seen in figure 3B. The alkaline treated product was incubated in a buffer 
containing 0.4 M NaCl. 2 mM EDTA, 10 mM Tris pH 7,4 and 50 0/0 formamide together 
with 5 ltg of globin messen ger RNA at 37°C for 20 hours. The density of this product 
is shown in figure 3e. 
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Fig.: 3 B 
The density gradients were performed by mixing the products with CS2S04 at a density 

of 1.55 g/cm3 and centrifuging this mixture in a Rotor Ti 50 at 43,000 RPM, 15 oe for 
60 hours. The gradients were fractionated from the bot tom and the density measured via 
the refractive index. The fraction then were TCA-precipitated and the radioactivity 
measured. 
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Legend to Fig. 4: Velocity sedimentation of reverse transcriptase from particles, REV and 
AMV. 

Purified polymerases were sedimented in glycerol gradients, in the presence of 0.4 M 
KCI, as described by Markus et al. (8). The nve gradients run under identical conditions 
contained particle polymerase, REV polymerase, AMV polymerase, aldolase and bovine 
serum albumin. After the run (17 hours) the gradients were fractionated from the bottom. 
The positions of the polymerases were found by standard polymerase tests with pC( dG) as 
template, the position, of the two marker proteins by measuring the protein concentration. 
The figure show the activity of the fractions, expressed as cpm 3H-dGMP incorporated 
into acid insoluble material per hour in areaction volume of 100 111. 0-0 partic1e poly
merase,. • REV polymerase, A = aldolase, B = AMV polymerase and C = bovine 
serum albumin. 
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Distinction of the »particle reverse transcriptase« from the reverse transcriptase 
of REV and the AL V / ASV group 

As the enzyme had been shown to be a true reverse transcriptase by its template 
characteristics and its ability to synthes~ze a faithful transcript of heteropolymeric 
RNA, it was interesting and necessary to investigate whether the enzyme was re
lated to or identical with the reverse transcriptase from chicken viruses. We first 
compared the reverse transcriptases from particles, REV and AMV in respect of 
their sedimentation constant. The enzymes and two marker proteins were sedi
mented in parallel gradients under identical conditions. The position of the enzymes 
was tested by activity tests of each fraction. As can be seen from figure 4, the 
particle enzyme sediments at the same rate as the AMV enzyme, but can be clearly 
distinguished from the REV enzyme with respect to sedimentation constant. As can 
be seen in Table 5, the particle e?zyme and the REV enzyme can also be easily 

Table V: Comparison of pC-directed DNA synthesis by reverse transcriptase 
from particles or REV with different divalent cations 

Source of reverse 
transcnptase 

Particles 
REV 

cpm incorporated in the presence of Relation of activities 

10 mM Mg++ 

13026 
468000 

0.4 mM Mn++ 

1 821 
1 082820 

Mg++ : Mn++ 

7.15 
0.43 

Legend to Table 5: Purified reverse transcriptase· was tested under standard conditions in 
the presence of pC(dG)12-18 and 3H.::dGTP. Tests were performed either in the presence of 
10 mM Mg++ or 0.4 mM Mn++. Incubation was for 60 minutes at 37°C. The acid insoluble 
radioactivity was determined in the total volume. 

distinguished by their different preferences for divalent cations. Whereas the 
particle enzyme prefers Mg++ over Mn++, the opposite is true for the REV 
enzyme. 

As the antibody against AMV reverse transcriptase has' been shown to inhibit 
the activity of a11 viruses of the AL V / ASV group" inc1uding the inducible AL V 
(13, 14), w~ used the antibody inhibition test to elucidate the ~elationship of the 
different enzymes. In particular the inhibition of particle and AMV enzyme by IgG 
against AMV reverse transcriptase was studied in parallel IgG dilution assays. The 
result is to be seen in figure 5 A and 5 B, where 5 B is just an enlargement of the re
gion near the ordinate of figure 5 A. \Vhereas the AMV enzyme is inhibited very ef
ficiently by small amounts of IgG, there is only a weak effect on the enzyme puri
fied from the particles. An IgG concentration sufficient to neutralize AMV enzyme 
to 50 % does not show a significant effect on particle enzyme. The concentration 
has to be increased to about 70 fold, to obtain a 50 % inhibition. This c1early dem
onstrates that the particle reverse transcriptase is immunological different from 
the AMV enzyme. 

Still more pronounced data have been obtained recently. Using another batch 
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Legend to Fig. 5A and 5B: Comparative inhibition of particle and AMV reverse tran
scriptase by anti-AM V-enzyme IgG. 

The inhibitory effect of various amounts of IgG directed against AMV reverse tran
scrip ta se and normal IgG on particle reverse transcriptase was compared to the effect on 
AMV reverse transcriptase. Constant amounts of enzyme were mixed with variable amounts, 
of IgG, in areaction mixture of 50 f.tl, in the presence of 150 mM KC1, 50 f.tg BSA and 
10 mM Tris-HC1, pB 8.2. Incubation was at 0-4 °C for 12 hours. Then each tube was 
brought to conditions for pC-dependent DNA synthesis and the remaining activity was 
measured in 1 hout incubation. 100 % activity was obtained from tests without added IgG, 
100 % activity was about 15,000 cpm incorporated per hour in 100 ",,1 re action mix, for 
particle enzyme as weIl as for AMV enzyme. Parallel experiments ensured that under 
the conditions of the test the activity was proportional to the amount of enzyme and 
was linear wlthin the time of the test. ' 

of IgG, a comparatively much weaker effect on particle enzyme was found. This 
suggests that the observed inhibition by the antibody against AMV enzyme is due 
to antibodies against particle enzymes present in the used IgG preparations in small 
but different amounts. In any case, the particle enzyme is certainly not identical 
to the reverse transcriptase of the AL VI ASV group, and only weakIy, if at all, 
reiated to them. 
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We were able to purify from particles from the allantoic fluid of ten day-old 
embryonated eggs an enzyme, which shows the biochemical maracteristics of (viral) 
reverse transcriptase: preference for certain synthetic templates and the ability 
to synthesize DNA complementary to natural RNA. However the enzyme could 
be clearly differentiated from the reverse transcriptases of the known chicken RNA 
Tumor Viruses by several criteria: 
1) the enzyme is different from the reverse transcriptase of REV in respect to 

sedimentation properties and ion-requirements. 
2) the enzyme is onIy weakly, if at all, related to the reverse transcriptase of the 

viruses from the AL V / ASV group, which is known to be a single immunological 
species throughout the group. 

3) enzymological comparison of particle enzyme to AMV enzyme, in re cent ex
periments (data will be published eIsew here), has shown striking differences in 
the KI\1-values for dGTP and dTTP. 

528 



As the enzyme has been proven not to be identical with the reverse transcriptase 
from the chicken viruses, and is completely different as weIl from the enzyme puri
fied by Kang and Temin (3), we believe to have isolated a so far unknown chicken 
enzyme, which seems to be a good eandidate for a eellular reverse transeriptase. 
As the enzyme eould be deteeted in the eggs of all flocks of chicken tested (chicken 
from the bavarian eountryside, from leukosis virus-free SP AFAS Ine., Norwich, 
Conneetieut and from leukosis virus-free SPF-V ALO chicken from Lohmann Tier
zucht, Cuxhaven, West Germany), and could be isolated by separate purification 
from each one of 24 single eggs, we eonclude that the enzyme might be ubiquitous 
and therefore has no obvious relation to the induction of malignancy. If this 
phenomenon is a more generalized one, demonstration of reverse transcriptase 
alone can not longer be taken as asolid proof for the presence of RNA tumor 
VIruses. 

Till now we only isolated the enzyme from particles from theallantoie fluid, and 
do not know the level of enzyme activity in the embryonie tissue. So it is very 
interesting and necessary to obtain more information about the nature of these 
particles. We are presently investigating this problem and know already that in 
spite of the similar density, particles can be clearly differentiated from Avian RNA 
tumor viruses in several respects: 
1) the particles do not possess the biological properties of AL V / ASV, i.e. helper 
activity and interfering properties (these tests were kindly performed by Dr. R. 
Friis, University of Giessen). 
2) the protein pattern of purified particles is completely different from the pat
tern of REV or AL V / ASV. This result could be very much strengthened by tests, 
kindly performed by Dr. A. Vaheri, University of Helsinki: he could not detect 
the major group specific antigen of ALV/ASV, the protein P 27 in preparations of 
particles when he applied a radioimmune assay for this protein. 

Since the endogenous reaction is weak and very labile we were not yet able to 
study the nature of a nucleic acid possibly present as endogenous template. This 
question has to be answered, to be able to see whether the particles are a new 
group of endogenous viruses or eellular exclusions. 

This problem and the search for intracellular enzyme are presently under in
vestigation. 
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A useful model forconsideration of the biochemical aspects of cancer holds the 
primary lesion to be a block in the normal processes of differentiation. Erythro
leukemia induced in susceptible mice by Friend leukemia virus appears to fit this 
model which is illustrated in Figure 1. This virus blocks the differentiation of 

cell 
stern 

pro
erythroblast 

Friend 
Virus 

~ I~ ~ 
Fig. 1: Leukemia as a block in differentiation. 

red 
, cell 

erythroid cells at the proerythroblast stage (1, 2) before any appreciable synthesis 
of hemoglobin takes place (3). Friend virus transformed proerythroblasts from 
leukemic mice can be carried as permanent lines and are easily propagated in 
suspension culture. Differentiation as reflected by hemoglobin synthesis may be 
induced in vitro by the simple expedient of adding certain aprotonic solvents, such 
as dimethylsulfoxide (DMSO); to the tissue culture nutrient in which the Friend 
leukemia cells (FLC) are grown (3-5). Thus, these cell lines provide an excellent 
system for the study of both transcriptional and translational control mechanisms 
involved in differentiation leading to the synthesis of hemoglobin. A better under
standing of these controls eventually could lead to the manipulation of the regula
tory elements involved in leukemia. 

The ability of DMSO to overcome the viral induced block in hemoglobin syn
thesis is a salient feature of the Friend leukemia cell (FLC) system. Approximately 
30 hr after the addition of DMSO, globin mRNA becomes detectable in FLC by 
hybridization with complementary globin DNA, and it reaches a maximal concen
traticin 50-70 hrs after induction (6, 7). Ostertag and coworkers (8) have demon
strated that the rate of cytoplasmic globin mRNA synthesis reaches a maximum 
24 hr after induction and decreases rapidly thereafter. Globin synthesis, on the other 
hand, as measured by the appearance of benzidine positive cells, is not apparent 
until the third day after induction and reaches a maximum around the fifth day 
(3, 6, 8). These results, in addition to those obtained by Paul and coworkers (9, 10), 
suggest the presence of posttranscriptional control elements in these cells. Harrison 
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et al. (10) have reported that one of their FLC lines, clone 707, contains the same 
amount of precursor nuclear globin mRNA before and after DMSO induction. 

The reticulocyte hemin-controlled repressor 

The rabbit reticulocyte system is one of the better characterized protein 
synthesizing systems and one in which translationallevel control is wen estabished. 
Globin synthesis in both rabbit reticulocytes (11, 12) and their cell-free lysates 
(13, 14) is controlled by the availability of hemin. As shown in Figure 2, protein 
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Fig. 2: Effect of hemin on protein synthesis in a rabbit reticulocyte lysate. 

Protein synthesis in a reticulocyte lysate was measured in incubation mixtures contain
ing the following in a final volume of 100 t-tI: 10 mM Tris-HCI (pH 7.5), 90 mM KCI, 
1.5 mM MgC12, 5 mM dithioerythritoI, 0.5 mM ATP, 0.2 mM GTP, 15 mM creatine 
phosphate, 26 units/ml creatine phosphokinase, 0.1 mM [14C]leucine (40 Ci/mol), 0.1 mM 
all other [12C] amino acids, 20 t-t1 of rabbit reticulocyte lysate and, where indicated, 
20 t-tg/ml of hemin (bovine, Type I). Incubation was carried out at 34° for the indicated 
periods of time. Reactions were stopped by diluting the incubation mixture with 0.40 ml 
of a cold solution containing 1 mM [12C]leucine and 0.50 N NaOH. After incubation for 
10 min at 37°, the sampies were made 5 % in trichloroacetic acid an allowed to stand 
for 5 min at room temperature. The precipitate formed was collected on nitrocellulose 
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synthesis in a reticulocyte lysate ceases abruptly after incubation for 5 min at 34° 
unless hemin is added to the incubation mixture. In the latter case protein synthesis 
proceeds at a linear rate for at least 40 min. The cessation of protein synthesis ob
served in the absence of added hemin appears to be due to a block in initiation 
of new globin chains (13-17). Hemin enhances the synthesis of all proteins·in retic
ulocyte lysates, inc1uding those programmed by exogenous mRNAs (18, 19), thus 
negating any specificity in its mode of action. It has been proposed that hemin either 
prevents the formation of an inhibitor of initiation (17, 20-22) or that it interacts 
with an initiation factor thus preventing its inactivation (23). Gross and Rabinovitz 
(21) have isolated an inhibitory protein from reticulocyte postribosomal superna
tants incubated in the absence of hemin. This pro tein, which has been ca lIed a 
translational repressor or the hemin controlled repressor, HCR (21, 22), appears to 
inhibit protein synthesis by preventing the formation of a stable 40S ribosom al 
subunit·Met-tRNAfMet initiation complex (22, 24, 25). 

The FLC repressor 

We have observed that hemin has a relatively low but detectable stimulatory ef
fect on protein synthesis in lysates from uninduced FLC (26). The stimulation of 
protein synthesis by hemin is comparable to that observed in intact Krebs II ascites 
tumor cells or their lysates (27), but it is an order of magnitude lower than that 
observed in reticulocyte lysates (26). Moreover, mixing of equal volumes of retic
ulocyte and FLC lysates results in the less than additive synthesis of proteins. These 
results led us to examine the products formed in reticulocyte, FLC and mixed 
lysates by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (28). As seen 
in Figure 3A, hemoglobin comprises approximately 90 % of the protein synthe
sized in the reticulocyte lysate as indicated by summating the counts in the portion 
of the gel within the limit bars. Authentic rabbit globin migrates into this portion 
of the gel under the conditions used. On the other hand, there is no detectable glo
bin synthesis in lysates from uninduced FLC. Higher molecular weight proteins 
characteristic of FLC were synthesized (Figure 3B). As shown in Figure 3C, syn
thesis of rabbit globin is reduced by 60 % in the mixed lysate system while there 
appears to be no decrease in the synthesis of FLC proteins. 

Subsequently we have purified partially by chromatography on DEAE-cellulose 
and Sephadex G-200 an inhibitory protein present in lysates from uninduced FLC 
which may be responsible for the differential inhibition of globin synthesis observed 
in the mixed lysate system. This repressor protein does not affect poly(U) directed 
synthesis of polyphenylalanine at a concentration twice as high as that necessary 
for maximal inhibition of reticulocyte mRNA translation (29), nor does it interfere 
with the completion and release of nascent globin chains initiated in intact reti
culocytes (see Table I). 

The FLC repressor, however, promotes the protein synthesis dependent break
down of polysomes in a reticulocyte lysate. This is shown in Figure 4C. In the 

filters (0,45 flm pore size, type HA WG, Millipore Corp., Bedford, MA), washed with 
three 5 ml portions of 5 % trichloroacetic acid and counted by liquid scintillation. (0) no 
hemin added; (e) hemin (20 flg/ml) added. [This figure is from (26)]. 
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Fig. 3: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of the products syn
thesized in rabbit reticulocyte, FLC and mixed lysate systems. Incubation conditions were 
as described in Figure 2 except that [14C]leucine (320 Ci/mol) was used and no hemin was 
added. Aliquots of 10 ",,1 were analyzed under the conditions described by Weber and 
Osborn (28). After staining with Coomossie brilliant blue, the gels were destained electro
phoretically, cut into 2 mm slices and counted by liquid scintillation in 10 ml of 10 0/0 

Biosolve (Beckman Instruments, Inc., Palo Alto, CA) in toluene counting fluid containing 
5.0 g of 2,5 diphenyloxazole per liter of toluene. Counting efficiency was 14 0/0. The limit 
bars indicate the position of authentie rabbit globin. A, reticulocyte lysate; B, FLC lysate; 
C, mixed lysate system. [This figure is from (26).] 
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Table I: Effect of FLC Repressor on Release of Nascent Peptide Chains 

Control,OO 

-FLC repressor 
+ FLC repressor 

[14C]Leucine, cpm 
Total Ribosome-Free 

10,566 
11,153 
9,856 

Fraction 

1,938 
8,166 
7,520 

Release 
0/0 

18 
73 
76 

Table 1: Release of nascent chains labeled with [14C]leucine in intact reticulocytes was 
measured in incubation mixtures containing the following in a final volume of 500 I-tl: 
20 mM Tris-RCI (pR 7.5), 80 mM KCI, 2.5 mM MgC12, 5 mM reduced glutathione, 
1 mM ATP, 004 mM GTP, 5 mM creatine phosphate, 9 units/ml creatine phosphokinase, 
25 I-tg rabbit liver tRNA, 500 I-tg of the 40-70 % ammonium sulfate enzyme fraction 
from the postribosomal supernatant of rabbit reticulocytes, 0.1 mM a11 [12C]amino acids 
and 1.0 mg of ribosomes containing [14C]leucine labeled nascent peptides. Where indicated, 
FLC repressor (147 I-tg of protein) was added. Incub'ation was for 8 min at 37°. Sampies 
of 200 I-tl were made 1 mM in cycloheximide and layered on top of 10-44 % (w/v) 
linear sucrose density gradients containing 50 mM Tris-RCI (pR 7.5), 100 mM KCI, 8 mM 
MgC12 and 0.1 mM cycloheximide. Centrifugation was for 90 min at 35,000 rpm in a 
SW 41 rotor (Spinco Division, Beckman Instruments, Inc., Palo Alto, CA). The gradients 
were fractionated from the top using an ISCO Model D density gradient fractionator 
and absorbance at 260 nm was· recorded using an ISCO Model UA-2 ultraviolet analyzer. 
Fractions of 0.5 ml were collected and hot trichloroacetic acid precipitable. radioactivity 
was determined. [This table is from (29).] 

absence of the inhibitor (Figure 4B) the polysomeprofile obtained resembles that of 
the unincubated control (Figure 4A). These data suggest an effect of the FLC repres
sor on reattachment of ribosomes to mRNA during the initiation process. 

The FLC repressor appears to block initiation of, protein synthesis at a point 
before the NaF sensitive reaction of peptide initiation. This is shown in Figure 5. 
Ribosomes obtained from reticulocytes incubated with NaF. are almost entirely 
monomeric and appear to be synchronized at a late stage of peptide initiation after 
attachment to mRNA (30). Edeine has been shown to inhibit protein synthesis on 
these ribosomes only after one round of translation has taken place, thus suggesting 
that the edeine sensitive step precedes the reaction inhibited by NaF (30). As can 
be seen in Figure 5, the kinetics of polypeptide synthesis in the presence of FLC 
translational repressor resemble those observed in the presence of edeine. Moreover, 
simultaneous addition of edeine and FLC repressqr to the incubation mixture does 
not result in greater inhibition than that observed with edeine alone. 

Comparison 0/ HCR and FLC repressor 

. An obvious similarity betwe.en the HCR and the FLC repressor is that both 
inhibit, natural mRNA translation at a step of peptide chain initiation. An obvious 
difference between these two repressors is that while formation of HCR in re
ticulocytes is controlled by the availability of hemin (17,20-22), the FLC repressor 
does not appear to be controlled by this effector (26). Furthermore, functional dif
ferences clearly differentiate the HCR from the FLC repressor. The rabbit re-
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Fig. 4: Effect of FLC repressor on the polysome profile of rabbit reticulocyte lysates. 
Reticulocyte lysates were incubated for 15 min at 34° in the presence of 20 ~g/ml 

hemin under the conditions described in Figure 2. Reaction mixtures, 200 ~l, were made 
1 mM in cycloheximide and analyzed in 10-44 % (w/v) linear sucrose density gradients as 
described in Table 1. 

ticulocyte HCR has been shown to inhibit initiation factor dependent formation of 
methionylpuromycin with reticulocyte ribosom al subunits (25). As shown in Table 
II, the FLC repressor, unlike HCR or edeine, fails to inhibit methionylpuromycin 
synthesis even though it efficiently blocks globin mRNA-dependent synthesis of 
methionylvaline (29). 

Also, it has been demonstrated that the inhibition of protein synthesis exerted 
by HeR in reticulocyte lysates may be overcome by an initiation factor which 
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Fig. 5: Effect of FLC repressor and edeine on protein synthesis with NaF ribosomes. 
Peptide synthesis with unwashed ribosomes from rabbit reticulocytes previously in

cubated in the presence of NaF was measured in incubation mixtures containing the follow
ing in a final vo1ume of 100 fA.1: 20 mM Tris-HCl (pH 7.5), 80 mM KCI, 2.5 mM 
MgC12, 5 mM reduced glutathione, 1 mM A TP, 004 mM GTP, 5 mM creatine phosphate, 
9 units/ml creatine phosphokinase, 20 fA.M [14C]leucine (40 Ci/mol), 50 mM all other 
[12C]amino acids, 5 fA.g rabbit liver tRNA, 100 fA.g of protein oE the 40-70 % post
ribosomal enzyme fraction from rabbit reticulocytes, and 100 fA.g oE ribosomes. FLC re
pressor (147 fA.g of pro tein) and/or edeine (1 fA.M) were added as the first components of 
the mixture. Incubation was at 37° for the indicated periods of time. Reactions were 
terminated by the addition of 100 fA.l of 1.0 N NaOH and treated as described in Figure 2. 
(e) no inhibitor; <.) FLC repressor; <.) edeine; (6) FLC repressor and edeine. [This 
figure is from (29).] 

Table 11: Effects of HCR and FLC Repressor on Methionylpuromycin Formation 

Additions 

Control 
+HCR 
+ FLC repressor 
+ edeine 

Methionylpuromycin (pmol) 

2.72 
1.36 
2.66 
0.06 

Table 2: Initiation factor dependent formation of methionyl-puromycin with reticulocyte 
ribosomal subunits was determined by a modification (29) of the stepwise incubation 
procedure described by Levin ct al. (31). 
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Fig. 6: Reversal of inhibition of pro tein synthesis by a rabbit reticulocyte initiation factor 
fraction. 

Rabbit reticulocyte lysates were incubated under the conditions described in Figure 2. 
Where indicated, FLC repressor (147 ~lg of pro tein) or HCR (0.28 ~g of protein) were 
added. The, indicated amounts of protein of an initiation factor fraction obtained by 
chromatography of a reticulocyte ribosomal salt wash preparation on DEAE-cellulose, 
Fraction I (29), was added as indicated. (e) no inhibitor; (A) HCR; (.) FLC repressor. 

forms a ternary complex with GTP and Met-tRNAfMet (25). Similar results are 
shown in Figure 6. Addition of increasing amounts of a pro tein fraction, obtained 
upon fractionation of the rabbit reticulocyte ribosom al salt wash fr action on 
DEAE-cellulose (29), that contains the ternary complex formation activity (Frac
tion I) results in the revers al of inhibition exerted by HCR. However, as seen also 
in this figure, the inhibition produced by the FLC repressor is impervious to in
creasing amounts of Fraction r. 

Discussion 

We have presented evidence for the presence of a translation al repressor in 
lysates from uninduced FLC. Formation of this repressor, unlike formation of HCR 
in reticulocytes, is not controlled by the availability of hemin. Moreover, the FLC 
repressor appears to inhibit peptide chain initiation at a different step than HCR. 

Paul and coworkers (in this volume) have described a lymphoma-FLC hybrid 
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cellline which may be induced by DMSO to synthesize globin mRNA without any 
deteetable synthesis of hemoglobin. The data presented by these workers rnay 
reflect phenomena comparable to those involved in the inhibition of hemoglobin 
synthesis obtained in mixtur es of lysates from FLC and retieuloeytes. The existenee 
of translational repressors in FLC suggests the possibility that virus-indueed inodi
fication of translational control mechanisms might be involved in other leukemias. 
However, the relation of the FLC repressor to the primary biochemical les'ion of 
this leukemia remains to be established. 
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Abbreviations 

MEM 
HIB 
VSV 
TPCK 
DMSO 
L 
H 
DEAE 
HEPES 

Summary 

Minimal Essential Medium 
Hypertonie Initiation Block 
Vesicular Stomatitis Virus 
L-l-Tosylamido-2-Phenylethyl Chloromethyl Ketone 
Dimethy lsulfoxide 
Immunoglobulin Light Chain 
Immunoglobulin Heavy Chain 
Diethy laminoethy l-dextran 
N -2 -hydroxyethy lpiperazine-N' -2-ethanesulfonic acid 

Initiation of protein synthesis in tissue culture cells is rapidly inhibited or 
blocked by addition of either DMSO, ethanol, TPCK, cytochalasin B, or sucrose 
to the growth medium. In contrast, these agents do not interfere with the initiation 
of protein synthesis in cell-free extracts to a comparable extent. These results 
support the hypothesis that protein synthesis in tissue culture cells can be in
fluenced by membrane mediated events. 

Translation of viral mRNA in RNA virus infected cells is resistant to a number 
of these inhibitors of peptide chain initiation and proceeds under conditions where 
translation of host mRNA is almost completely suppressed. It appears that viral 
mRNA possesses a greater ability than host mRNA to form mRNA-ribosome 
initiation complexes when the overall rate of peptide chain initiation is reduced. 
This observation has led to a number of predictions concerning the strategy of 
virus directed suppression of host mRNA translation. 

Under optimal growth conditions pro tein synthesis appears to be regulated 
mainly, but not exclusively, by the amount of the mRNA available for trans
lation. However, when cellular growth and/or the overall rate of peptide chain 
initiation is restricted, control of protein synthesis at the translation al level be
comes decisive with the translation of each mRNA species proceeding with its own 
characteristic efficiency, most probably as a result of inherent differential affinities 
of individual mRNA species for ribosomes. 
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Introduetion 

In spite of extensIve studies, much remains to be determinded concerning 
mechanisms of translational control in tissue culture cells. We have previously 
suggested that this control can be exerted by membrane mediated events (Pong, 
Nuss and Koch, 1975). 

An increase in the tonicity of the growth medium exerted by addition of either 
salt or sucrose (Oppermann, Saborio, Zarucki, and Koch, 1973) results in an 
immediate block in the initiation of protein synthesis (Saborio, Pong, and Koch, 
1974), while elongation and termination of protein synthesis as well as processing, 
transport and secretion of proteins continue unabated. It is weIl known that 
infection of various tissue culture cell lines with a number of RNA or DNA 
viruses also results in an inhibition of cellular protein synthesis. This inhibition 
may result from competition between virus and host mRNAs for ribosome binding 
sites (Lawrence and Thach, 1974; Nuss, Oppermann and Koch, 1975) and/or a 
selective interference with host peptide chain initiation, perhaps due to the action 
of viral protein(s) (Matthews et la., 1973; Wright and.Cooper, 1974; Raeevskis, 
Kerwar and Koch, 1976). However, the identifieation of a faetor which ean 
selectively suppress the translation of host mRNA has not been fortheoming. 
Interestingly, abrief exposure of virus infected cells to hypertonie medium does 
result in a striking preferential inhibition of host mRNA translation (Nuss, Op
permann and Koch, 1975). This, result suggests that the efficiency with which 
translation can be initiated must be greater for viral mRNAthan for host mRNA. 
That is, viral mRNA might possess a stronger affinity for ribosomes than host 
mRNA, resulting in only a slight reduction in its translation when the overall rate 
of peptide chain initiation is reduced, and thus gaining a translation advantage. This 
interpretation could readily explain why infeetion of eells by isolated viral mRNA 
is promoted under experimental eonditions that interfere with eellular protein 
synthesis (Koch, 1973). The observations that abrief exposure of virus infected 
cells to hypertonie conditions early in the infeetious eyde results in a potentiation 
of virus direeted suppression of host translation leads to the proposal that the 
latter process can be partially explained by an early indiseriminate reduetion in 
the overall rate of peptide chain initiation. Indeed, this event, eoupled with 
eompetition between host and viral mRNA for ribosome binding sites later in the 
infectious cyde when viral mRNA becomes more abundant, may adequately ex
plain suppression of host translation direeted by a number of RNA eontaining 
viruses (Nuss, Oppermann and Koch, 1975). 

Initiation of protein synthesis in HeLa cells in vivo is inhibited by a number of 
agents in addition to medium hypertonicity (Saborio, Pong and Koch, 1974), in
duding DMSO (Saborio and Koch, 1973); ethanol (Koch and Koch, 1974); 
TPCK (Pong, Nuss and Koch, 1975); and cytochalasin B (Koch and Oppermann, 
1975). We have studied the effect of several oE- these experimental eonditions on 
protein synthesis in uninfeeted and virus infeeted eells and on in vitro protein 
synthesis in cell-free extraets prepared from mammalian eells. The results support 
the proposal that under a number of natural and experimental eonditions the 
rate of peptide chain initiation ean be regulated by membrane mediated events. 
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Materials and Methods 

Cells and Viruses 
Cells were grown in suspension as descrihed previously (Saborio, Pong and Koch, 

1974; Nuss and Koch, 1976a) or in monolayers (Oppermann and Koch, 1976a). 
Infection of cells by poliovirus, Type 1, strain Mahoney or by VSV, serotype 
Indiana (Mudd and Summers, 1970) was performed as described (Nuss, Opper
mann and Koch, 1975). 

Experimental Conditions Jor Isotope Labeling 
Cells were transferred to serum {ree MEM (Joklik-modified, Gibco F13) + 2'5 

mM Hepes, pH 7.4, containing no, or 1/20 the normal concentration of methionine. 
The tonicity of the medium was adjusted by addition of appropriate aliquots of a 
4 M NaCI solution. Cells were incubated" for 15 min at 37°C (to allow run-off 
of ribosomes from those mRNA molecules on which initiation of translation has 
been blocked) (Saborio, Pong and Koch, 1974), followed by an additional 15 min 
in the presence of [l!5SJmethionine (New England Nuclear, above 250 Ci/mM). 
Aftter labeling, 50 111 aliquots were withdrawn and anlyzed according to Mans 
and Novelli (1961). The remainder of the cell suspensions was diluted 10 fold 
with ice cold chase-medium, containing 10 mM unlabeled methionine. The cells 
were centrifuged, resuspended in warm chase medium and incubated for another 
15 min at 37°C. 

Lysis oJ Cells and SDS Polyacrylamide Gel Electrophoresis 
Cytoplasmic extracts were prepared as previously described (Saborio, Pong and 

Koch, 1974; Nuss ap.d Koch, 1976a), analyzed by polyacrylamide sI ab gel electro
phoresis (Laemmli and Favre, 1973) and autoradiographed on medical X-ray 
film. Quantitation of [35SJmethionine incorporation into individual polypeptides 
was achieved in two ways; by measuring the area under the peaks on autoradio
graph tracings or directly by excision and elution of individual peptide bands and 
determination of radioactivity by liquid scintillation spectrometry (Oppermann 
and Koch 1976 a). 

Preparation oJ Cell-free extracts 
Cell-free extracts were prepared from HeLa S3 and mouse L cells according 

to the method of McDowell, et. al. (1972). The extracts were frozen in small 
aliquots in liquid Ns. An appropriate amount of extract was thawed imme
diately prior to use. 

In vitro amino acid incorporation 
The reaction mixtur es (100 !l1) contained 25 111 of cell-free extract, 1 mM ATP, 

0.2 mM GTP, 220 IlM creatine phosphate, 110 !lg creatine phosphokinase, 25 
mM HEPES-KOH, pH 7.6, 2.5 mM Mg acetate, 1 mM dithiotreitol, 2-10 III 
[35SJmethionine (NEN), and 2-6 Ilg poly-A containing mRNA isolated from 
rabbit-peritoneal exudate cells (Koch, et. al., 1976). Incubation was at 25°C. 
The reaction was terminated by spotting aliquots on Whatman No. 3 paper discs 
(2.3 cm) prewetted with 50 111 of an amino acid mixture containing 5 mM L
methionine. The discs were processed as described by Mans and Novelli (1961). 
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Results 

Inhibitors 0/ protein synthesis: Effect on Pro tein Synthesis In Vivo and In vitro 
Protein synthesis in tissue eulture eells is rapidly inhibited or blocked by an 

inerease in the tonieity of the growth medium (Saborio, Pong and Koch, 1974), 
DMSO (Saborio and Koch, 1973), ethanol (Koch and Koch, 1974), eytochalasin B 
(Koch and Oppermann, 1975), and by TPCK (Pong, Nuss and Koch, 1975). An 
inerease in the osmolarity of the medium results in a seleetive inhibition of peptide 
chain initiation (Saborio, Pong and Koch, 1974). This inhibition is independent of 
the solute used to raise the osmolarity in the medium (Oppermann, et a1. 1973) and 
is eompletely reversible upon return to isotonie eondition. Addition of DMSO, 
cytochalasin B, or TPCK also preferentially effeets peptide Chain initiation. How
ever, DM SO also triggers apremature release of naseent peptides (Saborio and 
Koch, 1973) and eytochalasin B inhibits overall protein synthesis by only 50 0/0 

(Koch and Oppermann, 1975). TPCK, although as selective als hypertonie eon
dition in its inhibition of peptide chain initiation, is not reversible in vivo (Pong, 
Nuss and Koch, 1975). 

We have analyzed the effect of various in vivo inhibitors of peptide chain 
initiation on the translation of mRNA in cell-free extracts (Table 1). The data 

Table I: Inhibition of Pro tein Synthesis in vivo and in eell-free Extracts 

amino acid incorpo-
Exposure ration % of control Reversible Refer-

Addition Conc. (min) In VIVO In vitro In VIVO ences 

Sucrose 0.2M 5-10 5 100 + 1 
DMSO 12 0/0 3 2 50 + 2 
Polycations 160 ~g 30 10 0 ( +) 3 
(DEAE-dextran) 
Ethanol 2 0/0 1 60 100 + 4 
Ethanol 3 0/0 1 10 70 + 4 
Cytochalasin B 20 ~g 30 50 100 (+) 5 
TPCK 30 ~g 5-10 2 80 6 
Trypsin 500 ~g 20 5 0 + 7 
Pronase 100 ~g 30 5 0 + 7 
Glycopeptides 5-100 ~g 5-10 0-80 0-80 + 8 

Table 1: Protein synthesis in vivo in suspended HeLa S3 or L cells was studied by follow
ing the incorporation of [35S]methionine or [3H]alanine into acid soluble proteins. The 
reversibility of the inhibition of protein synthesis in vivo was determined by sedimenting 
the cells and re suspension in fresh growth medium. Recovery of protein synthesis of better 
than 50 % (+) or 80 % + is listed in the second to last column in the table. 

Protein synthesis in vitro was determined as described under Materials and Methods. 
The data on the inhibition of in vivo protein synthesis have been published in part 
previously (1. Oppermann, et. al., 1973; 2. Saborio and Koch, 1973; 3. Saborio, Wiegers 
and Koch, 1975; 4. Koch and Koch, 1974; 5. Koch and Oppermann, 1974; 6. Pong, Nuss 
and Koch, 1975; 7. Koch, 1974; 8. Foch, Kubinski and Koch, 1974). 
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show that most of these agents inhibit protein synthesis to a much greater extent 
in vivo than in vitro. The different effeets of these inhibitors on protein synthesis 
in vivo and in vitro have led to an inquiry as to whether the in vivo indueed 
inhibition is a result of an indireet effeet. That is, the primary action of these 
inhibitors might be exerted on the eell membrane, resulting in the aetivation and/or 
release of faetor(s) which interfere with peptide chain initiation in vivo. This 
hypothesis is supported by the following observations: eell-free extraets, prepared 
from eells wh ich had been exposed to either hypertonie eonditions or TPCK in 
vivo for 15 min at 37°C (the time required for eomplete run-off of ribosomes 
from polysomes) show no endogenous protein synthesis. Endogenous protein 
synthesis ean be restored, however, by gel filtration over Sephadex G25 (Boff
man et al., 1976) or by dialysis for 60 min at + 4°C, indieating that neither 
ribosomes nor mRNA are irreversibly inaetivated by exposure of eells to TPCK 
or hypertonie eonditions (MeFarland and Koch, unpublished data). 

Effect of inhibitors of peptide chain initiation and elongation on protein synthesis 
in various tissue culture celilines and in virus infected cells 

It was previously reported that one in vivo inhibitor of peptide chain initiation 
(exeess NaCI) was less effeetive in inhibiting protein synthesis in poliovirus in
fected BeLa eells than in uninfeeted HeLa eells (Saborio, Pong and Koch, 1974; 
Nuss, Oppermann and Koch, 1975). This observstion has been extended and 
analyzed in detail in a number of uninfeeted and virus infeeted tissue eulture eells 
(Nuss, Oppermann and Koch, 1975; Nuss and Koch, 1976a & b; Oppermann 
and Koch, 1976a & b). Although resistanee of protein synthesis to hpertonic 
initiation block (HIB) varies from cell li ne to cell line and is higher when cells 
are grown in monolayer versus suspension (Oppermann and Koch, 1976a), a strik
ing inerease in resistance to HIB is observed following virus infeetion of cells 
(Fig. 1). Similar observations were obtained with other inhibitors of peptide chain 
initiation but not with inhibitors of peptide chain elongation such as puromycin and 
eycIoheximide (Table 2). These results eould be interpreted in several ways. Virus 
infeetion could result in changes in eell membrane structure, eonferring a higher 
resistance of the synthesis of all pro teins to HIB and other inhibitors of peptide 
chain initiation. Alternatively, viral mRNA translation seleetively proeeeds under 
eonditions where host mRNA translation is severely inhibited resulting in the 
observed increased resistance. 

Differential inhibition of mRN A translation by RIß 
To further investigate the virus induced increase in resistanee of protein syn

thesis to HIB, the synthesis of individual cellular proteins in uninfeeted eells and 
of host and viral proteins early in the replication eyde in several RNA and DNA 
virus infeeted eells was studied. Cells were pulse labeled under iso tonic and hyper
tonie conditions and eytoplasmic extraets were subsequently analyzed by poly
acrylamide gel eleetrophoresis (Nuss, Oppermann and Koch, 1975; Nuss and Koch, 
1976a, b; Oppermann and Koch, 1976a, b). The results revealed that exposure 
of virus infeeted eells to appropriate hypertonie eondition amplified the inhibition 
of host mRNA translation while viral mRNA translation was affected only 
slightly. We eonduded therefore that viral mRNAs are more efficient messen gers 
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Fig. 1: Inhibition of protein synthesis in uninfected and virus infected HeLa cells by HIB. 
HeLa cells, uninfected (0-0), VSV infected' (0-0) 300 min post infection or polio

virus infected (,6,-6,.) 180 min post infection were pulse labeled under isotonic or hyper
tonie conditions as deseribed in the seetion on Materials and Methods. 

than most host mRNAs and suggested that under conditions which result in a 
reduction in the overall rate of peptide chain initiation, each mRNA is translated 
with its own characteristic efficiency. To further investigate this hypothesis, the 
relative sensitivities of individual cellular mRNA translation to HIB were deter
mined. 

The mouse plasmacytoma cell line MPC-l1 synthesizes an immunoglobulin 
gamma heavy (H) chain of approximately 55,000 daltons and a 23,000 molecular 
weight kappa light (L) main (Laskov and Scharff, 1970). The Land H chains 
are reported to account for as much as 20 °/0 of the newly synthesized polypeptides 
(Laskov and Scharff,. 1970). Since the synthesis of the two IgG polypeptides make 
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Table 11: Inhibition of Protein Synthesis in uninfected and Poliovirus infected 
HeLa ceIls 

Condition 

Control 
0.1 M NaCI excess 
0.15 M NaCl excess 
TPCK 30 ftg/ml 

50 ftg/ml 
ethanol 3 0/0 

5 0/0 

cytochalasin B 20 ftg/ml 
puromyein 10-3 M 
eycloheximide 100 ftg/ml 

amino acid incorporation 0/0 of control 
uninfected infected. 

100' 
5 
1 
2 
1 

10 
o 

50 
10 
5 

100 
80 
25 
30 
20 
60 
20 
80 
10 

5 

Table 2: HELa cells in suspension were infected with poliovirus or mockinfected and pulse 
labeled with [35S]methionine 2.5 hrs post infection as described (Nuss, Oppermann and 
Koch, 1975) in the presence and absence of inhibitors of protein synthesis. 

up, a large proportion of the total pro tein synthesis and they can b~ easily 
identified and quantitated, MPC-l1 cells provide a useful system to investigate 
the effeet of HIB on the synthesis of several individual cellular polypeptides (Nuss 
and Koch, 1976a). 

A comparison of the distribution of [35S]methionine incorporation into MPC-
11 polypeptides labeled under isotonic (panel A) and hypertonie (panel B) condi
tions is' shown in Fig. ~. There is approximately a 3.5-4.0 fold inerease in the 
relative ineorporation into 'the L chain under hypertonie c~mditions '(panel B) 
when compared to that observed under isotonic conditions (panel A). Likewise, 
there is an increase in the relative incorporation into the H chain polypeptide of 
approximately 1.5 fold. An estimation of the area under the curves for the L, H 
and total non-IgG proteins for this particular experiment reveals that the percent 
of total [35S]methionine incorporation which is associated with the L chain, in
ereases from a value of 6.9 % at isotonic conditions to a value of 27.2 0/0 when 
eells are pulse labeled under hypertonie eonditions. This value increases from ,8.8 °/0 
to 12.8 010 for the H protein. These results suggest that the mRNAs coding for the 
specialized IgG polypeptides are, as viral mRNA, effieient messengers relative to 
mRNA coding for other cellular proteins. 

The experiment described in Fig. 2 was repeated witha number of other cell 
liues to compare the translational effieiencies of major mRNA specie~'in different 
cells (Fig. 3). Inspection of the autoradiographs reveals several HIB resistant mRNA 
translation products: in MPC-ll cells (channels A & B), these include in addition 
to the L (23,000) and R (55,000) polypeptides, a peptide of 42,000 molecular 
weight and the histones (11,000 to 14,000). The translation of these non IgG 
mRNAs in other cell lines is also resistant to RIB, ReLa (channels D-F), L-929 
(channels G-I) and BHK-21 (channels J-L). In eontrast, the synthesis of two major 
cellular proteins, actin (41,000) and myosin (200,000) is highly sensitive to RIB. 
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Fig. 2: Distribution of [35S] methionine ineorporation at isotonie and hypertonie eonditions 
as revealed by absorbanee seanning of gel autoradiographs. 

An equal number of eounts from the eytoplasmie extraets prepared from eells pulse 
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A further refinement of this technique will allow one to estimate the relative 
translation al efficiencies of individual cellular mRNAs. 

Comparison 0/ the relative synthesis 0/ I gG and non-I gG polypeptides under 
conditions 0/ reduced rates 0/ polypeptide chain initiation and 0/ polypeptide 
chain elongation 

As previously shown in Figs. 2 and 3, the distribution of amino acid incorpora
tion into IgG and non-IgG polypeptides is significantly influenced by the rate 
of polypeptide chain initiation. Table 3 shows a more detailed analysis of the change 
in the relative synthesis of IgG L, Hand non-IgG polypeptides with increasing 
concentration of excess N aCI or emetine (Lodish, 1971), an hinhibitor of peptide 
chain elongation. Notice that as the concentration of NaCI is increased, the overall 
ineorporation of [35SJmethionine decreases while the percent of [35SJmethionine 
incorporation which is associated with the IgG polypeptides increases dramatically; 
similarly the ratio of L/H (after correetion for the relative amounts of methionine 
residue in the two polypeptides) inereases from 1.6 to 3.6 when pro tein synthesis 
is redueed by rv95 0/0. 

In contrast, the per cent of [35SJmethionine incorporation which is IgG-specific, 
decreases when polypeptide chain elongation is reduced by exposure of cells to 
emetine. There is also a slight increase in the L/H ration (1.55-1.92) with in
creasing concentration of emetine. Under conditions where the elongation step in 
translation is rate limiting, the relative synthesis of individual polypeptides is 
thought to be proportional to the relative amounts of the mRNA coding for these 
peptides (Lodish, 1974; MacDonald and Gibbs, 1969). Aeeordingly, these results 
would indicate that this cell line contains twice the amount of message for L 
chain than for H chain. Thus, the value of 1.6-1.7 for the ratio of L/H at iso tonic 
conditions indicates that L chain is synthesized under this condition at a lower 
rate than expected from the relative amounts of Land H mRNAs. This obser
vation is in accord with several models proposed for the regulation of mRNA 
translation (MacDonald, Gibbs and Pipkin, 1968; MacDonald and Gibbs, 1969; 
Lodish, 1974), which predict that the translation of such mRNAs as the L chain 
mRNA which possesses a high rate constant for initiation is hindered in the elonga
tion step by an increased density of ribosomes on the mRNA mole eule under 
conditions where the overall rate of peptide chain initiation is high. 

Comparison of the e/fects of RIß and virus infection on the relative synthesis 0/ 
I gG and non-I gG proteins in myeloma cells 

Virus induced suppression of host mRNA translation might be exerted by 
alterations of the protein synthesizing mechanism which a.llows ribosomes to speeif
ically interact only with viral mRNA (Matthews et al., 1973; Wright and Cooper, 
1974). Alternatively, it was suggested that virus induced suppression of host 
mRNA translation, like HIB, aets at the level of peptide chain initiation (Liebo
witz and Penman, 1971) and that an indiscriminate reduction in the rate of peptide 
chain initiation would provide a translational advantage for viral mRNA (Nuss, 

labeled in isotonie (lower panel A) and hypertonie (140 mM exeess NaCI) (upper panel B) 
medium wcre applied to the two gel channels. The aetual autoradiographs are shown in the 
upper right hand corner of panel B. 
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Fig. 3: HIB indueed changes in the relative synthesis of individual eellular proteins. 
Protein synthesis in various tissue culture eells was analyzed by isotope labeling and 

acryl amide gel eleetrophoresis und er control and hypertonie eonditions as deseribed in 
Materials and Methods. 

Myeloma cells, mannel A and B, HeLa cells (C-F), L929 cells (G-I) and BHK21 cells 
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Table III: Effect of BIß and Emetine on the synthesis-of IgG and non-IgG pro
teins in myeloma cells 

[S5S]methionine HIB Emetine . . 
%of [35S] Protein as Ratio 0/0 of [35S] Protein as Ratio mcorporatlon 

0/0 of Contro! L+H L H L/H L+H L H L/H 
HIB Emetine 

100 100 17.4 6.9 9.5 1.60 16.2 6.7 9.5 1.55 
92 17.6 7.7 9.9 1.71 

77 16.3 7.1 9.8 1.60 
64 57 19.4 8.6 10.8 1.76 15.7 6.9 8.8 1.73 
45 35 22.9 10.4 12.5 1.82 15.7 7.0 8.0 1.78 
20 26 26.9 14.0 12.9 2.38 14.7 7.0 7.7 2.00 
11 30.5 17.8 12.7 3.08 
6 6 34.8 21.6 13.2 3.60 11.3 5.6 6.3 1.92 

Table 3: MPC-l1 plasmacytoma cells at a cell density of 3 x 106 cells/ml in 3.8 ml of 
serum-free Joklik's MEM containing 1/20 the normal concentration of methionine plus 
25 mM HEPES, pH 7.4 were incubated in the presence or absence of extra NaCI or 
emetine for 15 min at which time each sampie received 100 !lCi of [35S]methionine (NEN) 
and incubation was continued for an additional 15 min. After proper chase, cytoplasmic 
extracts were prepared and analyzed by polyacrylamide-SDS-gel electrophoresis as de
scribed previously (Nuss, Oppermann and Koch, 1975). The range of NaCI used to inhibit 
protein synthesis was from 0 to 140 mM excess while emetine was used at concentrations 
up to 400 ng/ml. As an indication of the levels of radioactivity measured in these experi
ments, approximate1y 170,000 cpm were recovered from the total control gel channel. The 
data are presented as the percent of total [35SJmethionine incorporation which was found 
in the L and/or H bands and the ratio of radioactivity found in the Land H bands 
after correcting for the relative nu mb er of methionine residues in these respective poly
peptides. 

Oppermann and Koch, 1975). If this suggestion is correct, the synthesis of 
these cellular proteins which are resistant to HIB should also be resistant to virus
directed suppression. Since IgG synthesis in myeloma cells is relatively resistant to 

HIB, this cell system offers a special advantage for the analysis of the mode of 
inhibition of protein synthesis by virus infection. We, therefore, compared the 
effects ob HIB and virus infection on the relative synthesis of IgG and rlon-IgG 
proteins in mye10ma cells. 

(J-L). The first channe1s (A, C, G, and J) represent peptides labe1ed under isotonic con
ditions. 

Extra NaCI was added to all other ceU cultures in the following amounts 100 mM (D), 
120 mM (E, H, K) and 140 mM (B, F, land L). All cultures with extra NaCI received 2 X 
the amount of 35S-methionine added to the isotonic control. . 

The electrophoretic mobilities of pro teins was compared to the migration of proteins 
with known molecular weights: Muscle myosin,E. coli DNA dependent RNA polymer ase 
subunits ß, ß', (1 and (1, bovine serum albumin, ovalbumin, myeloma IgG heavy (H) and light 
(L) main, purified poliovirus co at proteins VPl, 2 and 3 and RNase. The migration of 
polypeptides iI) the discontinuous buffer systems does not accurately reflect their mole
cular weights. The assigned molecular weights serve mere1y for orientation on the autoradio-
graphs. -
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Table IV: Effect of HIB and VSV infection on the synthesis of total protein and 
of IgG peptide chains in myeloma cells 

[35S]methionine HIB VSV . . 
0/0 of [35S] Ratio 0/0 of [35S] Ratio mcorporatlon 

% of Control Pro tein L/H Protein as L L/H 
HIB VSV as L 

100 100 6.9 1.60 6.4 ± 0.8 1.8±0.1 
64 50±3 8.6 1.76 9.7 ± 0.0 2.3 ± 0.0 
45 38 ± 1 10.4 1.82 10.9 ± 1.4 2.7± 0.3 
20 17±2 14.0 2.30 10.7 ± 1.6 3.0 ± 0.5 
11 8 17.8 3.08 12.5 3.7 

Table 4: This table shows the change in the percent of total 35S-methionine incorporation 
associated with the L chain and the change in the L to H ratio in uninfected cells with 
increasing concentrations of excess NaCl (as in Table 3), and in VSV infected cells with 
time after infection at isotonic conditions. Adsorption of VSV, serotype Indiana (Mudd 
and Summers, 1970) was performed at room temperature for 20 min with MPC-l1 cells 
suspended at a density of 1 x 107 cells/ml in serum-free Dulbeco's MEM. Following 
adsorption, the cell suspension was diluted to a density of 1 x 106 cells/ml in Dulbecco's 
MEM supplemented with 10 0/0 horse serum and incubated at 37°C in 250 ml tissue culture 
flasks (Falcone). The data presented in the column entitled VSV give the percent in
corporation into host specific polypeptides at different time after infection (0 to 5 hrs). 
The data with infected cells represent the average of two experiments. 

Infection of myeloma ce11s with VSV results in a rapid inhibition of total 
pro tein synthesis (Nuss and Koch, 1976a) and in alterations in the distribution of 
labeled amino acids into L, Hand non-IgG polypeptides similar to that observed 
fo11owing exposure of uninfected ce11s to HIB (Table 4). These results support our 
proposal that a major event in the strategy of virus induced suppression of host 
mRNA translation is an indiscriminate reduction in the overall rate of peptide 
chain initiation (Nuss, Oppermann and Koch, 1975; Nuss and Koch, 1976a). 

Discussion 

Peptide chain initiation is inhibited selectively by an increase in the tomcIty 
of the growth medium (Saborio, Pong and Koch, 1974). The application of this 
method to a study on pro tein synthesis in several RNA virus infected and un
infected ce11s has revealed that a11 viral mRNA species possess a greater ability 
to intitaiate translation than cellular mRNAs. Accordingly, viral protein synthesis 
can be unmasked from cellular protein synthesis by abrief exposure to the hyper
tonic initiation block (HIB) (Nuss, Oppermann and Koch, 1975). The translation al 
efficiency for individual ce11ular mRNAs varies greatly. Inhibition of peptide 
chain initiation by HIB in myeloma ce11s increases the percent of [35S] in corpora
tion intoL + H chains from, 17.5 % to 34.8 %, inhibition of peptide chain elonga
tion by emetine reduces this percentage to 11.3 % (Table 3). These results indicate 
that translational control is operative in tissue culture ce11s also under standard 
growth conditions, however only to a limited extent. 
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Competition between viral and host mRNA for ribosomes in virus-infeeted 
eells is likely to have an impact on host protein synthesis. Competition alone may 
be suffieient to aeeount for the shift from host to viral protein synthesis in virus 
infeeted eells where total protein synthesis remains eonstant during the virus 
replieation eyde. In poliovirus infeeted HeLa eells (Nuss, Oppermann and Koch, 
1975) and in VSV infeeted myeloma cells (Nuss and Koch, 1976c), however, total 
protein synthesis is inhibited at times prior to the deteetable synthesis oE viral 
RNA and viral proteins. The observation that the seleetive inhibition oE peptide 
chain initiation by HIB results in the potentiation oE the virus indueed suppression 
of host protein synthesis at early times in the infeetious eyde suggests that virus 
direeted suppression mayaIso be exerted at the level of peptide chain initiation. 

Based on these observations, we would prediet that the synthesis of those eellular 
prot~ins whieh show resistance to HIB should also be relatively resistant to virus 
direeted suppression and those cellular pro teins which are very sensitive to HIB 
should also be preEerentially affected by virus infection. We tested this prediction 
in two virus-host cell systems a) in VSV infected myeloma cells, b) in poliovirus 
infeeted HeLa cells. The synthesis of IgG peptides, which make up 15 to 20 % of 
total protein synthesis in myeloma cells are relatively resistant to HIB, and also 
resistant to inhibition by VSV infeetion (Nuss and Koch, 1976e). The synthesis of 
actin in HeLa eells is considerably more sensitive to HIB and inhibition of protein 
synthesis exerted by inEeetion with poliovirus than is the synthesis oE other cellular 
proteins (Oppermann and Koch, unpublished results). These results support our 
previous proposal (Nuss, Opermann and Koch, 1975), that virus directed sup
pression oE host protein synthesis need not involve virus specifie or virus indueed
faetor(s) which possesses the capaeity to aetively discriminate between viral and 
host mRNA, but eould perform its function by indiscriminateIy lowering the 
overall rate of peptide chain initiation for the translation of aIl mRNA. 

Although the exaet mechanism whereby virus infeetion or exposure of cells to 
excess NaCI inhibits peptide chain initiation is not dear, one straight forward 
explanation is that they both lower the rate of peptide chain initiation by inter
fering with the assoeiation oE ribosomes and mRNA. In both instances this in
hibition of peptide chain initiation might proceed by triggering existing eellular 
eontrol mechanisms. It was previously suggested that protein synthesis in animal 
cells can be regulated by membrane mediated events (Pong, Nuss and Koch, 1975). 
This view is supported by the observation that several inhibitors of in vivo 
peptide chain initation such as inereased medium osmolarity, TPCK, and eyto
chalasin B, show little effect on this process in cell-free extracts prepared from 
HeLa cells or L cells. The membrane-mediated regulation of protein synthesis may 
involve changes in cyclic nudeotides (Pong, Nuss and Koch, unpublished data) 01' 

changes in the membrane structure. Alterations in the structure of the cell membrane 
by exposure to proteolytic enzymes have been correlated with changes in surface 
adhesion of cells and in the growth rate of cells (Burger, 1970; Sefton and Rubin, 
1970; Srere, 1974). Indeed, we observed that addition oE protease-released mem
brane glycopeptides (10 to 100 f!g/ml) to suspended HeLa cells results in a rapid 
inhibition of cellular protein synthesis (Koch, Kubinski and Koch, 1974). The pro
tease-released membrane eomponents also inhibit protein synthesis in cell-Eree 
extracts (Fisher and Koch, unpublished results). 
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Under optimal growth conditions, the relative synthesis of proteins in tissue 
culture cells appears to be regulated mainly, but not exclusively, by differential 
transcription of mRNA. However, under several natural (Fan and Penman, 1970) 
and experimental conditions which restrict growth and/or reduce the overall rate 
of peptide chain initiation, additional regulatory mechanisms on the translational 
level become' decisive. We propose that control of protein synthesis on· the 
translational level is amplified when the overall rate of complex formation be
tween ribosomes and mRNA is indiscriminately lowered. When peptide chain 
initiation becomes rate limiting, then all mRNAs with high bin ding affinities to 
ribosomes are preferentially translated and every mRNA species exhibits a 
characteristic ability to initiate translation. Consistent with this interpretation .is 
the recent observation that the binding affinities of synthetic oligonucleotides to 
ribosomalsubunits depend on their nudeotide sequence composition, and theil' 
structure at, the 5' end (G. Both, Y. Furuichi, S. Muthukrishnan, and A. Shatkin, 
manuscript in preparation). The differential affinities of individual mRNAs species 
for ribosomes might be a decisive factor in the regulation of the growth cyde. 
The techniques described here provide a suitable tool xo investigate this possibility. 

Infection by RNA-viruses is favored when the rate of peptide chain initiation 
is reduced (Koch, 1973). Since unfavor.able growth conditions - especially amino 
acid starvation - result also in inhibition of peptide chain initiation, they are ex
pected to sensitize cells for virus infection. This view is supported by the recent 
observation that infection of tissue culture cells by certain picornaviruses is 
severely inhibited by addition of nonessential amino acids to the growth medium 
(Verhagen, pers. comm\ln.). Susceptibility to virus infection in animals and men 
might be influenced by similar mechanisms. 
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Evolution: type C virogenes 111 370, 
476 

Feline leukemia virus (FelV): 364 
Fetal: hemoglobin synthesis 11 0 
Fingerprint analysis of the 60-70S RSV 
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Herpes virus: 457, 478 
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oncogenic 458 
passive immunization with hyperim
mune serum against 459 
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HL-23: celllines 445 
type C virus 368,415 
virus, hybridization analysis of 417, 
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virus isolates 445 
virus reverse transcriptase 415 
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in 406 
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simultaneous detection in 405 
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antigen 237 
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viral genome 177 
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Leukapheresis: treatment of leukemia 

with 285 
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