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Darin aber zeigt sich der vollkom-

Preface mene Stil in jeglicher Kunst, dafl er
die spezifischen Schranken derselben
zu entfernen weifl, obne doch ihre
spezifischen Vorziige mit aufzube-
ben, und durch eine weise Benut-
zung ibrer Eigentimlichkeit ibr
einen mebr allgemeinen Charakter
erteilt.

Friedrich Schiller — Uber die dsthe-
tische Erziebung des Menschen, In
den Horen, 22. Brief (1795)

We are glad that you have all come to this small village and I hope that you will
feel at home 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 home 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 pathologic 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 cure.”

It is perhaps depressing and certainly a challenge 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 morphologic 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 cells in the patient. But this is already
too late. The reason for this late diagnosis is that leukemic cells cannot be distin-
guished morphologically from normal stem cells.

Two years ago, when we had our first workshop on modern trends in human
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leukemia, we could give no answer how to find a more sensitive leukemia specific
signal, and we learnt that molecular biologic techniques failed and could not offer
a successful way to help the patient directly.

In the meantime various groups have tried to find leukemic cell membrane
specific antibodies and to use them as a diagnostic signal. The molecular biologists
have critically revised their results. And we hope for a successful virologic research.
Apart from this the clinicians developed during the last years more effective and
promising therapeutic methods — without having a leukemia specific cell marker and
without any knowledge about the origin of the disease.

Our workshop’s aim is to think about the practical application of our research
and about its use for the patient. It was one of Frederick Stohlman’s persuasions
to ask for this practical approach, and he also did when we started together plan-
ning this workshop. I think we should all together try to realize this plan, and to
remind us of this aim the second 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 Emhoff” during a personal discussion (first
workshop, June 1973). . Foto: Moldvay (STERN-Magazin)
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Notions About the Hemopoietic Stem Cell*
Eugene P. Cronkite, M. D.

Medical Department
Brookhaven National Laboratory
Upton, New York 11973

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

The measure of stem cell reserve — preferably the pluripotent and the committed
stem 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 stem cell reserve. In addition, a stem
cell assay for man is critical to an understanding of normal hematopoiesis and its
full 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-
potent and committed stem cells but it also is capricious and poorly reproducible
although some technical progress is being made (1, 2).

The concept of stem cells 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 cells by young elements of the same type. They believe that
under physiological conditions the needs of the adult organism are supplied gener-
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 stem cell and this they called heteroplastic hemopoiesis.
Modern parlance divides the stem cells into the pluripotent and the committed stem
cells (4, 5).

Pluripotent hemopoietic stem cell can only be studied directly in the mouse. It is
measured by the capability of hemopoietic cell suspensions to produce splenic col-
onies. The cell 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 stem cell proliferation, in

* Research supported by the U.S. Energy Research and Development Administration.



which they feel that the birth process or replication of the stem 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 fraction of the CFU-S that are in
DNA synthesis by treating suspensions of stem cells with high concentrations of
SHTdR 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 %) 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 %/o depending upon the strain
of the adult mouse.

Only a fraction of the CFU-S produce splenic colonies upon transplantation. The
fraction of these that produce splenic 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
biological and statistical nature that may operate at any given time.

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

Pluripotent stem 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 protection 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 stem 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 — PHSCr x 0.693 _ 20x0.693 x 60 x 24 ~ 3.3 x 10%day
T 1/2 6
Where:
PHSCt = total number of PHSC in blood
= blood volume (ml) x concentration PHSC (ml)
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 1/2, 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 stem 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 stem 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 ~ 105/min. Thus,
pluripotent hemopoietic stem cells are brought to within one to a very few micro-
meters of the gaseous external 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 1/10% blood cells and 0.1 to 1/108
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 well known. From the sum of
these turnover rates, the structure of human bone marrow (amplification from
stem cell to nondividing stem cell), absolute cellularity, DNA synthesis time, and
the fraction 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 follows:

Erythrocyte average life span = 120 days

Erythrocyte turnover rate (RTR) = 12 x 107/kg/hr (288 x 107/day)

Granulocyte life span (random loss) half time of 6.8 hrs. (21)

Granulocyte turnover rate (GTR) = 6.8 x 107/kg/hr

RTR + GTR = 18.8 x 107/kg/hr

Erythroid marrow cellularity (NE) = 536 x 107/kg (22, 23)

Granulocytis marrow (ING) = 1140 x 107/kg (22, 23)

NE + NG = 1,676 x 107/kg

DNA synthesis time in human bone marrow is about 12 hours for erythrocy-

tic and granulocytic proliferating pool. (24)

. Amplification from the committed stem cell to the nondividing erythrocytic
and granulocytic cell averages 16.
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This is shown schematically in Figure 1.



STRUCTURE OF HUMAN BONE MARROW HEMOPOIETIC CELL PROLIFERATION

(NPHSC ;. NOSC 4 NE4+ NG+ ALL OTHER CELLS = 1800% 107/kg)

N=40x% 107/kg

N= 1.8%x107/kg Ns= 14X 107/kg
Ng= 1.8% 105/kg Kin -
Kg= 0.3%105 0.15x 105
per kg/hr per kg/hr Kout = %2 Kp+Kin
'PLURIPOTENT-I
HEMS&?\;ETIC; " GOMMITTED :
! STEM CELL |
CELLS ! !
POOL
(PHSC) (GSC)
NE =536 107/kg
NG = 1140 107/kg
NE+ N6 = 1676 X 107/kg
Kin Kout »
1.17%107 | 18.8% 107
ke/h
per kg/hr ts = 12 HOURS per kg/hr
BLOOD
AMPLIFICATION = 16 POOL
! DIFFERENTIATED ]
| BONE MARROW
CELL POOL !

Fig. 1*: Schematic presentation of human bone marrow structure, proliferation and
possible quantitation of the stem 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 9 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 stem cell
pool, an estimate can then be made of flux of committed stem 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 stem cells into the cytologically
differentiated bone marrow pool is 1.17 x 107/kg/hr.

In a stem cell pool the birth rate (Kp) must be twice the exit from the stem 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 stem 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 be 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 SHTdR suicide of 0.35 as an estimate of the fraction of
the committed stem cells that are in DNA synthesis, then the quotient of the num-
ber 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 stem cells to the differentiated stem cells is therefore 1:21. Thus 4.8 ¢/¢ of
the total marrow is committed stem cells and one can on a priori grounds say that
the in vitro marrow culture system does not measure the committed stem 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 stem cell pool? If the
fraction in DNA synthesis is smaller, the fraction of the total marrow occupied by
committed stem cells becomes larger. If the time for DNA synthesis is overestima-
ted, the number 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 stem cells to
6.6 x 107/kg or still 1 in 300 marrow cells are committed stem cells. The above line
of logic and assumption leads to a ratio of committed stem cells to total marrow
cells that is completely incompatible with the in vitro bone marrow culture of
5/10% 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 forming
techniques do, in fact, accurately measure the number of committed stem 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 stem 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 granulocytic pool alone. In the granulocytic series it is reasona-
bly well established that the time from the myeloblast to the myelocyte is 130 hours
(20). If there is equal time for each successive multiplicative cell cycle there would
be a generation time of 14 hours. The mitotic time is 0.75 hours (25). The mitotic
index would be about 5 %o 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 DINA 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 determines the fraction of committed stem
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 values are misleading and that there is a small fraction
of stem cells that are dividing very rapidly or that the proliferation rate in the
differentiated pool is grossly underestimated by averages and a small 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 marrow methods really estimate the fraction of the bone mar-
row that consists of committed stem cells.
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1, Introduction

At the request of the organizers of this workshop on “Modern Trends in Human
Leukemia II” 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-
duction and differentiation in normal and leukemic myelopoieses. In spite of this,
we have to confess today that there are many more open questions than solved
problems. It probably is correct to state that “we are still quite ignorant about nor-
mal and leukemic cell 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 concept of
- normal and leukemic cell proliferation and differentiation using granulocyte kine-
tics as a model. This will lead to the conclusion that the obvious deficiency of granu-
locyte production in acute leukemia is a consequence of a highly ineffective cell
proliferation and differentiation in the appropriate precursor compartments and
points to the stem-cell pool as the major site of leukemic cell transformation.

2. Efficient granulocyte production: a property of the normal granulocytic cell
renewal system

The normal granulocytic cell renewal system (Fig. 1) maintains in the peripheral
blood of man a granulocyte concentration 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 certain diseases such
as cyclic neutropenia (4, 5). The extravascular portion, the function of which guar-
antees a sufficient blood granulocyte concentration, is normally located ecxlusively
in the bone marrow, distributed in many bones throughout the body, but never-
theless acting 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 topographic diversity, are far from being understood in
detail but should include humoral as well as neural factors and may well be as-
sociated with stem-cell migration via the blood stream. The functional structure of
the granulocytic cell renewal system can be described 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 Salt Lake City Group (6) that the half-life of the mature
cells 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 a part 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 myelocytes and their release into the blood as mature granu-
locytes may vary and can be as short as 2 days (instead of 4 days) in cases of infec-
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 granulocyte precursors, the
myeloblasts, promyelocytes and myelocytes (M 1 — M 4). These cells are considered
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to be capable of division but not of self-replication. On the basis of morphological,
cell-kinetic and cinematographic studies, the number of cell divisions in this pool
has been estimated to be 2—-4 in normal marrow (10-13). The maintenance of a
homeostatic equilibrium between production and utilization in this system is main-
tained by a stem-cell pool which has the dual function of maintaining its own size
and at the same time responding to specific stimuli, such as erythropoetin or a still
hypothetical granulopoietin (14) (which may or may not be identical to CSF
(15), with differentiation into the well-known hematopoietic cell lineages. Dr. Cron-
kite, in this conference, has indicated the present state of knowledge about this cell
pool and its conceptual difficulties (16). Nevertheless, it appears justified to assume
that this pool contains at least 2 sub-populations of cells which may be denoted as
“committed and uncommitted”, or “determined and undetermined” (14, 17, 18),
depending on the author. These expressions are meant to indicate that this pool
contains 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 cytokinetically resting phase called G, (19) — to a stage of being
“committed” to respond to specific stimuli with irreversible differentiation,
resulting in a catenated process of cell multiplication and/or maturation. In the
human, various methods have been developed in recent years to elucidate one or
the other aspect of this pool. In diffusion chambers implanted into irradiated re-
cipients (goats (20), rats and mice (21, 22)), human bone marrow cells and blood
mononuclear cells 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 cell cultures with appropriate media and stimulation factors,
one has been able to trigger stem-cells into granulocytic, erythropoietic and mega-
karyocytic differentiation, thus looking — presumably — at the “committed” cell
population of the stem-cell pool (23, 24). In spite of such efforts, it appears that
it is not yet possible to characterize the stem-cell pool completely in terms of quanti-
tative and qualitative properties, but one is “recognizing” only certain aspects and
is limited by the inherent constraints 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 granulocytic cell-renewal system. Its particular structure led several
investigators to the hypothesis that it can be considered as a cell 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 a release
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 cells into differentia-
tion at the stem-cell level or prevent them from differentiating (27, 28, 29).
In 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 production 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 efficiency would be reached when all cells triggered into the gran-
ulopoietic pathway undergo an equal number of cell divisions and all reach the
blood as mature cells without cell death along the dividing-maturing pathway by
intrinsic deficiencies. It may well be, however, that there is normally a “death func-
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tion” at all levels of granulopoietic proliferation and maturation, the extent of
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 a recent 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 well as an in-
creased stem-cell 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-cell 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 lenkemia, 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-looking and functioning granu-
locytes in the blood. However, the bulk of cells usually is comprised of “blast-cells”
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 (¥H-TdR) labeling index as compared to normal myeloblasts or promye-
locytes, when exposed to 3H-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 (3H-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 well
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 full-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 after administration
of 3H-TdR.

Q person with undisturbed hemopoiesis.

@ patient with acute myelocytic leukemia.

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 /o 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 2430 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. Although 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 9/,
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
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inefficiency of cell 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 clear 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 cells. In order to try to formulate questions for further studies
on the efficiency of cell 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 9/,.

2. The relationship of the relative proportion of the dividing-maturing (M 2-M 4)

cells to the maturing-only cells (M 5-M 7) and hence, the absolute numbers of

these cells, was 18:1.

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 pl.

(93]
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Fig. 3: The model of the granulocytic cell renewal system in a patient with AML.

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 assume
that cells 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 cell “stream” oc-
curs. About 87 9/ of the cells enter an “ineffective” M 4 compartment which they
leave after 6 hours of further maturation. The remaining 13 %o of cells coming
from M 3 synthesize (in M 4) DNA and divide. The DNA synthesis time was
determined to be 24 hours, the cell cycle 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 pl, 98.6 %o 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 pl in the last compartment an efflux-rate of
1580 cells/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
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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 14 (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 ieukemia

Time of cell cycle 40 h
Compartment transit time (M 1 -M 4) 6h
Fraction of maturing cells 1.4 9/
Kinetic (Stem-Cell pool) 1580 h-t
Multiplication factor M1 - M 4 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 conclusions. 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 a normal hemopoiesis. Thus, it may well be that the clini-
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 cell production. In leukemia, the demand is clearly there, but the ap-
propriate proliferative pool is not able to respond with normal production and
maturation.

From all these considerations, it may be concluded that the basic defect in leu-
kemia must be sought in the stem-cell pool. It is here that one must locate a defect
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 cells into leukemic cells without a residual normal population
(even though suppressed) or whether there is a normal population remaining in
conjunction with the leukemic population with a certain “growth advantage”
which is, however, insufficient to produce 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 stem cells.
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Introduction

Human bone marrow contains cells which form — dependent on specific inter-
actions with diffusible factors — leukocyte and erythrocyte colonies in soft agar
(1-6). On the base of published data, most authors assume that each colony arises
from one single cell. Leukemic bone marrow cells exhibit a nearly total failure of
colony formation in vitro (7-14), which is most probably due to the blocked dif-
ferentiation. Recent 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, 1. e. without feeder layer (8). GALLAGHER et al.
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 hematologic 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 cytochemical
classification of bone marrow cells the usual criteria were used.

ALL patients received 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 intrathecal
methotrexate (MTX). For maintenance a combination of cyclophosphamide, MTX,
and 6-mercaptopurine (6-MP) was given. Patients with AML were treated with a
combination of 6-thioguanine and cytosine arabinoside.

b) Cell Separation

For the separation of leukocytes the method of BOYUM (21) was used. The
resulting buffy coat was suspended in culture medium. The nucleated cells were
counted with a hemocytometre. For the preparation of feeder layers, granulocytes
and monocytes were counted. The cell layer was prepared by suspending two or
three drops of aspirated bone marrow into the culture medium, followed by a
hypertonic shock, repeated twice for lysis of erythrocytes, and by counting the
number of mononucleated bone marrow cells, omitting non-deviding cells like
metamyelocytes 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 %/o fetal calf serum and
supplemented with amino acids and vitamins, was mixed in a 9:1 ratio with boiled
59/o agar (Difco). After addition of the appropriate number of leukocytes (1.5 —
1.8 x 108), 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 9/o CO,. The washed bone
marrow cells were mixed with culture medium and boiled 3 9/o agar, in a ratio of
9:1; of this, 1 ml aliquots were then pipetted onto the feeder layer. The final con-
centration of the cell layer 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 50 or 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 9/ for
peripheral blood leukocytes.

d) Source of Colony Stimulating Factor

A feeder 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 /s 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 1x 10%
cells per ml (23). At this concentration of granulocytes the feeder layer contained
nearly 1-2 x 105 monocytes per ml.

¢) 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 9/o 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 9/p formalin alcohol for peroxidase reaction, 60 %o 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-Griinwald-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,

Fig. 1: Peroxidase negative monocyte colony (a) and peroxidase positive eosinophil colony
(d), counterstained with Giemsa stain.

b, ¢: Monocytes in mitosis,

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 cells with positive fluorescence, the positive background reaction is a result of
immunoglobulin phagocytosed by macrophages.
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Table I: Cytological Classifikation of Colonies (?/o)

diagnosis number number mon mac mon eos mon mac mon mon pc pc pc be
of of mac eos €os mac mac mon, mon be mon
patients colonies eos €os mac mac mon 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 3 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 marrow 15 180 76 2,5 6 5,5 5 1 4 - - - - -
n = 110 n = 1,026

CR = complet remission, PR = partial remission, mon = monocyt, mac = macrophag, eos = eosinophil, neu = neutrophil, pc =

plasma cells, bc = 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
in any 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, additional labelling 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 labelled 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 II: Demonstration of Immunoglobulins in Plasma Cells from Soft Agar

Colonies
patient diagnosis anti- anti- anti- anti- anti- anti-
Ig 1gG IgM IgA kappa lambda

D. ALL

untreated nt +(2) =nt nt + 1) +(@2)
B. ALL partial .

remission + (1) + (1) nt -2) +(6) +(6)
Z. AML partial

remission nt +@3 +@1 +@3 +3) +3)
H. AML partial

remission +6) -2 -2 nt nt nt

complete

remission nt nt - +@ +@@ +@
Wa.  AML comple-

te remission +(4) nt nt nt + @) + 1)
We. AMML

untreated +#4) +@ -(@1) nt nt nt
0. AMML

untreated nt nt nt nt nt + (1)

demonstration of immunoglobulins using FITC coupled anti-human-immunoglobulin (goat),
anc}i3 gnti-IgG, anti-IgM, anti-IgA (H-chain specific; rabbit), anti-kappa, anti-lambda
(rabbit)

+ = positive immunofluorescence / / — = negative immunofluorescence / / nt = not tested
/1 () = number of colonies studied
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Fig. 3: Mixed colonies of macrophages, blast cells, and plasma cells (acid phosphatase
reaction). Strongly positive reaction in macrophages (a, b), granular positive reaction in
plasma cells (b), negative reaction in blast cells (a, b).

normal controls with and without leukocyte feeder 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

number of colonies! / 1x 105 mononuclear bone
marrow cells

with feeder layer without feeder layer
patient diagnosis normal pathologic normal  pathologic

P. ALL 1,3 0,3 b b
D. ALL '

untreated 0,8 9 O 14

untreated 0,8 0,3 o 0)
W AMML

untreated O 1 0] 2
O. AMML

untreated 0) 0,4 0 1
B ALL

PR 78 0,7 o) o)
H AML

PR 9% 1,8 o) 2

CR 95 0,5 ) 0,3
Z. AML

PR 7 1,5 o) 0,3

PR 31 1 b 1,5

CR 55 1,2 2 0,5
D. AML

PR 224 0,2 o) 0,3
K. AMoL

PR 238 1,5 ) 1,3
H. AMoL

PR 1,5 1,3 b 2,5
W. AML

CR 59 1 o 1

1 = mean of five plates
CR = complete remission — PR = partial remission

have been observed. These data are in good agreement with the only other systema-
tic cytologic study of colony formation in soft agar we are aware of. This study
has been carried out by SHOHAM et al. (27), who used spleen cells as source of
conditioned medium.

The reduced number of monocyte/macrophage colonies in untreated AML and
AML in relapse is probably a result of the reduced number of normal myeloid
precursor cells during the active stages of AML. The relatively high percentage of
pure eosinophil colonies would then represent the differentiated stages of a residual
population of normal stem cells. Cytochemical analysis using the N-ASD-chlorace-
tate reaction, which shows a positive reaction in leukemic eosinophils only (28, 29),
as well as comparative cytogenetic studies 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 presence 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 9/ 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 pathologic colonies with and without feeder layer, while normal colonies
were almost completely missing (Table 3). If it were possible to enhance growth of
pathologic colonies from AML remission bone marrow with PHA, this technique
allowed better evaluation of the residual leukemic stem 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 stem cells. Differentiation patterns should only be interpreted after care-
ful cytological and cytochemical identification of the cell.
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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 stem
cells, committed leukemic progenitors, and more mature cells. Evidence is also
beginning to emerge that leukemic populations may be regulated by messages from
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 stem cell. The
development of culture methods for the production of leukovirus-like particles
from human leukemic cells provides a possible first step toward the direct identifi-
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 class is the pluripotent stem 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 control. A
defect in the function of one such managerial cell class has been detected in genet-
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ically anemic SI/SI? 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
coexistent cell class 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 provides 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 the 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 classes interrelated as cell lineages 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 number of laboratories indicated that marrow specimens from
patients with apparently similar clinical 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-
poiesis.

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 blasts may be obtained from the peripheral blood of
patients; repeated experiments can be done on cells from a single source by storage
of the cell populations at —70 °C in 5 9/o dimethyl sulfoxide. When such cells are
placed in fluid cultures in appropriate media, little change in cell number is usually
observed over a period of many days. Nonetheless, active proliferation is oc-
curring; when cultures are pulse-labelled 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 labelled
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 H-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 m] 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 Dg value is the dose required to
reduce the percent survival to 37 %o 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 stem cells proliferates and gives rise to a large population of
progeny, most of which have lost stem cell properties.

Regulation in populations of leukemic cells

Two of the major properties of stem 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 stem 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 %/o phytohemagglutinin (PHA) (12).
Circles: 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 circles, but with 1 %0 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 peripheral 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 stem cell property, sensitivity to control mechanisms,
may be retained by leukemic stem cells. This implies that a basic feature of normal
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granulopoiesis in culture, regulation by cellular interaction, 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
some but not all 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 stem 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 stem cells are present,
evidence for parent-to-progeny lineage relationships also exists and that leukemic
committed granulopoietic progenitors respond in culture to factors similar to those
that regulate differentiation in culture by their normal counterparts.

Erythropoietic differentiation from pluripotent leukemic stem 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 cell 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 peripheral leukocytes of a patient with
chronic myelogenous leukemia (CML). Lower panel: CSA purified from surface membranes
of leukocytes from the same CML patient, after solubilization of the membranes in 2 %o
sodium dodecyl sulfate. The methods used for isolation of membranes and purification of
CSA have been described (34, 36).

detected by the mouse assay need not be the same as CSA detected using human
cells (33). For this reason, much of the work on CSA in leukemia is difficult to
interpret. '
More recent studies using cells of human origin to assay for either CSA or
CSA-producing cells have yielded a more consistent pattern. A convenient source
of CSA active on human granulopoietic progenitors is medium in which normal or
leukemic leukocytes have been cultured for 3-7 days. Purification of CSA from
such leukocyte conditioned media has revealed four apparent molecular species;
of these, three are nondialyzable and have molecular weights of approximately
93,000, 36,500 and 14,700 (34). The fourth species is dialyzable, hydrophobic and
has a molecular weight of less than 1300 (35). The cellular location of the three
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high molecular welght 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 peripheral leuko-
cytes from newly-diagnosed leukemic patients are used to prepare conditioned
media, and the same purification procedure as that used for media conditioned by
normal leukocytes 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 cell 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 cells 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 cells 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 patients with idiopathic sideroblastic anemia. Although the
distribution of cell classes in the 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 molecules 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 that 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 hierarchy of cell classes linked by lineage relation-
ships and responsive to regulatory mechanism in a manner analogous to the
relationships found in normal hemopoiesis. These results, however, do not bear di-
rectly on the relationship between leukemic stem 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 nucleated 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),,_,, 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 cell 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. A start 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, biochemical 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 whether or not they are able to cause a leukemic transformation of normal
hemopoietic cells. 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 cells, 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 cell 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),;-45 and is
associated with densities from 1.17 to 1.22 gm/ml. This criterion was chosen be-
cause poly rc(dG)ys-4g 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/ml 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 cell 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 cells).

As emphasized earlier, 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);g-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 speculatxon 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 permit the con-
struction of a detailed model of cell lineage relationships. It is reasonable only to
postulate the existence of leukemic stem cells capable of extensive proliferation,
including self 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 stem 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 from normal managerial
cells, or both. For leukemic leukocytes in culture, the release of a single species of
high molecular 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 directly 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 leukemic 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-leukemic (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 stem 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 a reflection of a more extensive capacity for gene expression in the
leukemic stem cells compared with other cell types present in leukemic populations.
Such a marker for leukemic stem cells, whatever its functional role, would be of
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great value. However, the basis for the enzyme activity detected in pools of
slowly sedimenting cells derived from non-leukemic marrow needs to be clarified;
it remains to be demonstrated that the particles produced by the normal and
leukemic subpopulations are different enough to be useful as specific markers. Also,
it should be stressed that the culture conditions used to obtain release of particles
are unlikely to be representative of events occurring 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 leukemic cell populations should lead to novel therapeutic modalities;
one can visualize, in addition to the toxic agents used to inactivate leukemic stem
cells, a second generation of non-toxic agents able to modify regulatory mechanisms
and thus control, in a more selective 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 stem cell level. In order to characterize the leukemic cell populations attention
has been focused on first steps of the development of the hemopoietic system.

The stem cell level can be understood as a compartment of cell populations
which are distinguished by their capacity of growth and differentation. Normally,
the system is in a steady state. Little, however, is known about the precise relation-
ship between the cells within this compartment (Lajtha 75). The variety of these
cells 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 cell separation procedures since it has been shown that the
cell surface is involved in various cell functions as maturation (Lichtmann 72),
antigenicity (Sandford 67), malignant transformation or metastasizing (Aber-
combie 62). The negative electric surface charge of mammallian cells is one of the
cell surface specific parameters which can be used to discriminate between function-
ally defined cells (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 stem cell compartment.

For the isolation of human bone marrow cells the electrophoretic cell separator
FF5 (Bender and Hobein, Miinchen) 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 after chamber implantation (Schopow 75, Walther 76). Each chamber
was filled with 750,000 nucleated cells. Harvesting was done on day nine.

DISTRIBUTION PROFILES (normalized) AFTER CELL ELECTROPHORESIS
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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. 1 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
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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 peripheral
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 stem cell level 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 interaction 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 a solid (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 cells
(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-
ally 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 cells, 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 multipotent stem 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
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the factors required for the transition from stem 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 Response to factors in vitro
Factor responsive cells —*
Factor +
Factor producing cells +

* Sometimes a positive response could be obtained either because of artificial conditions
in wvitro (there is less stringent control(s) in vitro) 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). Secondly, 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 cells 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 vitro 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 some
acute myelocytic leukemic cells from some 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/!

Semi-soft medium

(agar or methylcellulose) CSA Colonies
Suspension culture GSA Cell counts and morphology
[3H]dThd

Number of colony-forming cells

1 The procedures for these 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 capacity of the target cells. By observing the morphology
of the cells, 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 10¢
lymphoid cells per ml, 1 % PHA-M (Difco), and 1 9 homologous plasma in
RPMI-1629 medium. The cells are incubated at 37 °C with 10 %/ CO,. The
medium is harvested the third day after incubation. The conditioned 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
.+ A+t t+ 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 coat 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 lymphocyte fraction is able to produce
CSA without PHA stimulation, the T cell population requires PHA stimulation.
It 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 cell. 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 mainly eosinophilic granulocytes which are
peroxidase positive. Type-2 colonies look compact in the center with cells loosely
distributed 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 distributed. 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 cells. It will be of interest to determine if these cells are mega-
karyocytes. Type-5 colonies are the clusters which contain less than 50 cells. They
could look like type-1 or type-2 except for their smaller 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
cells 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 9o °C for an

Table 4: Some Properties of LyCM

Treatment/? Colonies/105 Cells/2
None (37 °C) 41
56 °C 50
70 °C 49
90 °C 0
Trypsin (100 pg/ml) 0
Neuraminidase (100 ug/ml) 0
0.5 M NaCl 0

! LyCM are treated at 37 °C, 56 °C, 70 °C and 90 °C respectively for one hour. Trypsin
treatment was performed at 37 °C for one hour. Neuraminidase treatment was performed
at 37 °C for one hour.

2 Average of 4 plates.

hour, all type-1, 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), but 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 during 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 %o fetal calf serum in medium
108 nucleated cells and 20 9/ of PHA-LyCM is placed in a T30 plastic flask.
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 blue ex-
clusion technique. [3H] thymidine uptake is performed by labelling cells with 5 pc/
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Fig. 1: Growth of 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 a normal woman (EH), a woman with acute mye-
logenous leukemia (AML), patient (A. S.), and a woman with chronic myelogenous leukemia
(CML), patient (OM), were separately placed on petri dishes (Falcon plastic) and incubated
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at 37 °C with 10 %0 COs; 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 108 nucleated
cells/ml, 60 %o o medium, 20 %o 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 % COs..
Samples 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 pc 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 NaCl, 0.02 M MgCls) at 4 °C. The cell
pellet was then lysed with 1 ml of the same buffer containing 1 /o Triton X-100. Aliquots
(50 and 100 pl) 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 %o fetal calf serum and 105 nucleated NAC, and the lower layer 2.5 ml
of 0.5 % agar in McCoy’s 5A medium containing 20 /o fetal calf serum and 25 % LyCM.
Cultures were incubated at 37 °C with 10 %6 COgz. 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 [8H] 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 9/o 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 cells is stimulated by the PHA-LyCM measured both by viable cell count
and by DNA synthesis. However, CFC from normal non-adherent cells 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 cell 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 replicate 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 contain 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 Between CSA and GSA

activity | E protein species*
CSA : A.B.C.D.E. .
GSA ' C.D.E.F.G.

* The number and name of protein species are h}'rpothetical.

of one type of colony in a semi-soft agar med1um, while factors C, D, E, F,
and G are 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 G are 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-1 CM
(conditioned medium prepared from a particular cell line of whole human embryo),

Table 6: Some Results Whidl Differentiate CSA and GSA

Source of Factor Contitioned  Colony Formation in Proliferation in
Responsive Cells Medium Semi-Soft Agar Medium/3® Suspension Culture/4
AML (AS) none - -
LyCM - + 4+
WHE-1 CM/2 - 44+
AMML (JC) none - +++
NA/ LyCM +++ +
WHE-1 CM A+t +
Normal (EH) none + -
NA LyCM s e ale ++ .
, “WHE-1 CM + -

z 1\)TA non-adherent cells. These are prepared according to the procedure of Messner et al.
28

® WHE-1 CM denotes conditioned medium prepared from whole human embryo cell
strain no. 1 in our laboratory. The conditioned medlum was harvested 48 hours after
WHE-1 cells reached stationary phase.

8 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 10*
nucleated cells.

4 This is based on results obtained from viable cell count. — = no stimulation of cell proli-
feration; + = slight stimulation of cell growth; + 4 = moderate stimulation of cell
growth; + + + = exponential growth of the factor responsive cells.
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but the same cells do not form any agar 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 protein factors that support the growth of
leukemic cells, 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-1 CM
supports the growth of normal cells in agar medium culture but not in suspension
culture. Apparently, WHE-1 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 activities 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/1 (ml) (units/ml) (mg/ml) Activity  cation
- (units/mg)
I. Unpurified 15000 120 0.78 153 1
II. ASP ‘
(45-65 9/0)/3 200 18000 100 280 1.8 100
ITI. Sephadex ' '
G 200
Peak I 460 2000 1.53 1310 8.5 16.4
Peak II 640 6300 0.48 13120 85.8 71.4
IV. DEAE
Cellulose ,
Peak I 380 4900 0.76 6400 42.1 33.9
Peak 1I 225 10400 0.60 17600 113 41.1
Peak III 175 9600 0.36 26700 175 30.4

1 The detalls of purification procedures will be described elsewhere (31).

2 Unit is defined as colony number per 105 cells stimulated by 1 %o 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 well separated. The GSA in each
CSA peak were measured with normal cells and are shown in Table 8. Peak T sti-

Table 8: GSA in Purified CSA Preparation

Suspension Culture/2 Semi-soft/3
Factors? (normal marrow cells) Agar Medium
Viable Count  [3H]dThd CFC in Culture Colony Forma-
(x 106 cell/ml) Uptake (colonies/105 tion (units X
(cpm x 10-3) cells) 10-3/ml)
None 2.3 2.6 105 0
DI 2.1 5.0 105 4.9
D II 2.2 2.8 165 10.4
D III 2.2 4.5 125 9.6

1 DI, DII and DIII represent Peak I, II and III CSA after DEAE cellulose chromato-
graphy shown in Table 7. For all experiments only 2 %o of each fraction was used.

2 The procedures for the suspension culture are described in the Legend to Figure 1.

8 These results were the same as those shown in Table 7.

mulates [H] 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 stem cells in culture.

Conclusions

We believe that a generalized statement regarding leukemia as a stem cell disease
is unwarranted. It is more likely that stem cells are one cell type that can be
transformed. Other cell types may also 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 cell 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-factor interaction we
need: 1) fractionation and purification 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 cells
associated with a particular cell-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 relapse is 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 format1on pre
dommantly clusters are formed containing 20 cells or less (Bull 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 cell population in untreated AML. The small aggregate for-
mation of AML cells has been attributed to the suboptimal 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-
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liferation in general, notably phytohaemagglutinin (PHA), which induces lympho-
cyte colonies in vitro (Rozenszajn et al., 1974), and endotoxin which has been dem-
onstrated to increase the labelling index of leukemic cells in vivo (Golde et al.).

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 normal leukocyte 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 I. 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 cytess  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 + - -
Wt 38.5 2 20 15.5 + - -
Be#*#* 91 2 2 1 + - -
EJ##* 55 2 15 0 + - -
Fr#*=# 73 0] 16 0 + - -

* 500 cells per slide counted.
** Non-specific esterase.
*#* Patients in relapse.
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in relapse had greater than 50 9/o 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, all 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 peripheral leukocytes and an overlay of human bone marrow
cells. Peripheral leukocytes were obtained from peripheral blood from healthy vol-
unteers, collected by venipuncture into heparinized tubes. Methyl cellulose (final
concentration 0.1 %/o) was added to the blood sample and the red cells were allowed
to sediment by gravity for 20 minutes. The buffy coat was then collected, and after
centrifugation, the cells were resuspended in Dulbecco’s modified Eagle’s medium
(MEM) to which 20 9/ serum plus agar was added (the final agar concentration
was 0.5 %/o). The serum was a mixture of 1 volume fetal calf serum (FCS), 1 volume
horse serum, and 1 volume 3 /o trypticase soy broth. From this cell suspension
1 x 108 cells 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. After removing the erythrocytes by the buffy coat method (Dicke et al., 1969),
the cells were incorporated into the same medium used for the feeder cells with
the exception of using 0.25 9/p agar. One hundred thousand cells in a volume of
0.2 ml agar medium were then pipetted gently over the solidified feeder layer and
allowed to gel. The plates were incubated at 37 °C in a humidified atmosphere of
7.5 9o CO, in air. At the end of seven days, a cluster estimate was performed,
and after 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

Basically, the technique consists of two phases: an initial liquid 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 108 cells per ml medium (Dulbecco’s MEM - 20 9/p serum) were cul-
tured in pyrex glass tubes to which 0.05 ml PHA (Difco, PHAM) per ml medium
and endotoxin (Difco, Lipopolysaccharide W. E. coli, 0111:B4) 107 g/m were added.
After 15 hours of incubation, the cells were washed X 2 using HBSS (305 mOsm)
and resuspended in agar medium (final concentration agar 0.25 %o, medium Dul-
becco’s MEM + 209/p serum). After resuspension in agar medium, the cells (1 x 10/5
0.2 ml per dish) were pipetted into Falcon plastic petri dishes containing 1 ml agar
medium (final concentration agar 0.5 ¢/o, medium Dulbecco’s MEM + 20 ¢/ serum)
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to which 1 x 108 peripheral blood leukocytes from normal individuals were ad-
ded using the method as-detailed for the Robinson assay. Simultaneously, the cells
were plated in petri dishes containing agar underlayers without leukocytes. After
seven days of incubation in a 7.5% CO, 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 their petri dishes
for 12 hours at 37 °C with 2.5 %/o 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 9/p osmium tetroxide, pH 7.2, for one hour at
4 °C. Following three distilled H,O rinses the agar 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 foil was removed 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 sections were cut for
light and electron microscopic study of the entire colony. 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 9/p uranyl acetate and Rey-
nold’s Lead Citrate prior to their examinations with a Siemens’ Elmiskop IA at
80 kV.

Cytogenetic procedure

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 9/o fetal calf
serum and incubated overnight at 37 °C. The following day the cells were arrested
in metaphases with 0.01 mg/ml Colchicine, submitted to hypotonic treatment with
0.075 M KC1 and fixed in methanol : acetic acid (3:1) mixture. Air-dry slide prepa-
rations were made, stained with Giemsa and scanned for well spread metaphases
using a Zeiss microscope. :

To obtain dividing cells from the colonies which were formed after seven days in
culture, 0.1 pug colcemid was added to the petri dishes and incubated for an addi-
tional 3 hours. The colonies were collected with a fine Pasteur pipette and pooled
in 0.2 m! Hank’s Balanced Salt Solution (FIBSS). The harvesting and slide prepa-
rations were compléted 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-
rials and methods, the culture system consisted of two stages. 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 agar con-
taining medium. In the second phase, the actual 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 were only added in the liquid phase and
were not present in the semi-solid phase.

Figure 1 shows a logarithmic plot of the relationship between the number of col-
onies and the number of cells, plated in dishes which contained agar without leu-
kocytes, The 12 data points as depicted in Figure 1 were obtained from one individ-
ual in two experiments on two successive days. The data were consistent between
experiments and so the data were combined. The calculated slope of the least

100

50

Colonies / Plate
o

5 10 50 100 200
103 Cells /Plate

Fig.'1: Relationship between number of colonies per plate scored at seven days and number
of cells cultured per plate. The data of two experiments were combined and have 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 . The
stimulated slope of the least squares regression line 1s 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 number of colonies produced is proportional to the number of cells
plated (Iscove et al., 1975). In these experiments, colony incidence was approxi-
mately 1 per 1,640 bone marrow cells.

Table II: Comparison between Number of CFU-c in the Robinson Assay and the
PHA+E Assay of Marrow from Untreated Acute Myeloid Leukemics
and Normals*

Patient Leukocyte ~ Leukocyte
Name Feeder Agart* Feeder Agar**
Knt o n. g 75 n. d.
San 0 n. d. 68 n. d.
Sal 0 n. d. 290 n.d.
Se 0 0 280 440
AML He 0 0 29 30
Ka 0 0 59 . 43
Ne 0 0 50 54
Pa 0 0 14 22
Po 0 0 22 16
1 30 n. d. 25 n. d.
2 25 n. d. 30 n. d.
Normal 3 40 1 35 0
4 44 2 34 0
5 32 1 22 0

* See materials and methods.
** Agar underlayer without leukocytes.
*#* Figure represents number of colonies per 10° cells plated.
#+%%+ n, d. = not done.

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 which 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 PHA + E Assay*
Patient Leukocyte Leukocyte
Name Feeder Agar** Feeder Agar**
Wo 2%k n. d. e 52 0
AML Be 0 0 150 130
Relapse El 0 0 160 103
Bo 17 n. d. 8 1
We 36 n. d. 20 0
AML Ja 24 0 20 0
Remission Ba 44 0 46 0
Br 6 o; 0 0
Mo 5 0 0 0

* See materials and methods.
** Agar underlayer without leukocytes.
*#% Figure represents number of colonies per 10° cells plated.
##%% n. d. = not done.

In Table III, 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 clumping
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 col-
ony formation is unlikely to be caused by clumping 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
number 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, close 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 clumping 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 which the mean values
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Table IV: 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 O#**/330%***  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.
*##+ Fieure represents number of colonies per 10° 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* Ratio**

Bone Leukocyte Leukocyte Agar PHA+E Robin-
Marrow*** Feeder Feeder Feeder Leuko-  son

' cyte Assay

Feeder

Haemato- 34+%8%(25-44)#4% 29 (22-35) 0 (0) 0.85
logically

Normal
Remission 22 (5-44) 16 (8-46) 0.16 (0-1) 0.72

AML
Untreated 0.0 (0-1) 99 (14-290) 113 (22-440) 1187

AML
Relapse 0.5 (0-2) 125 (52-160) 95 (0-130) 250

AML

* See materials and methods.
#% 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 I and II.
##%% Mean number of CFU-c per 10° 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

Specific 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 coloniesin 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 - toxin PHA®* E*#¥) — % toxin PHA  E®)
Phase 0 0 0 0 0 0 0 0
Liquid
Phase '
— R 0 C 0 0 0 0 0 .0
Endotoxin 0 o 0 0 0 0 0 0
PHA 13g8%#0F 145 178 248 124 180 145 205

PHA-+E*** 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.
##ak 1 iquid phase in which 2x108 cells have been cultured for 15 hours in medium with-
out PHA, endotoxin.
#*%#% Mean number of colonies from triplicate cultures. Colony number per 105 plated
c}c:lls. The colony incidence in the individual plates do not differ more than 15 %o of
the mean.

PHA + E were added to the semi-solid phase. When cells were incubated in a lig-
uvid 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 + E in 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 colony formation by the leukemic cell population in the marrow
from several leukemics in the PHA + E system was obtained by morphology and
chromosome analysis. In several cases (3), May-Griinwald staining of several col-
onies clearly demonstrated the blastic cell population, predominantly present,
whereas the more differentiated cells of the myeloid series were scarce. Since we
are aware of the limited value of the May-Griinwald staining procedure as a proof
for the leukemic origin of a colony, morphological studies of the colonies were

Fig. 2: a. Cross-section of a colony from a seven day marrow culture from patient (El) 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
blebs and aneuploidy in acute leukemia has been demonstrated (Ahearn et al, 1974).
This particular case (E1) 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 (El)

suffering from AML relapse. Magnification 300x. The nuclear bleb, indicated by arrow, is
clearly visible. :
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Discussion

It 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 CSF* 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 data 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 4+ E
assay is the essential stimulus for growth of leukemic cells. Addition of endotoxin
to the PHA in the liguid-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 column 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 (El 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 from leukocytes.

74



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 sources: lymphoid cells, normal immature
marrow cells (stem 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. It 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 al., 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. Their 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, labelling index and the rate
of 3H-TdR incorporation were used as parameters for response of the leukemic
cells to the stimulus, which 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. The 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 residual leukemic cells in the remission phase of AML.
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Clinical Utility of Bone Marrow Culture

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

New York, USA

Abstract

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-
tection 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-
tion of the patient and in detecting re-emergence of the original leukemic stem 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 methylcellulose 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 and negative feedback con-
trol mechanisms (8, 9) and the existence of cytogenetic abnormalities in vitro (10,

'This research was supported in part by NCI grants CA-08748, CA-17353, CA-17085 and the
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 prognosis 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, stem cell and erythroleukemia). One
hundred seventy-four cases represented a random selection of patients presenting
at 8 hospitals in Melbourne, Australia, over a period of 3 years and 76 cases
presenting at the Memorial Sloan-Kettering Cancer Center over a period of 12

GROWTH PATTERN OF AML CELLS IN AGAR CULTURE

% OF (250 UNTREATED CASES)
CASES
2% NON-GROWING
' REMISSION
~4a%
22% MACROCLUSTERS — > :
13% MICROCOLONY /
° EXCESS CLUSTERS
54% MICROCLUSTERS
REMISSION
~74%

4% COLONY FORMING ________
- LOW PLATING EFFICIENCY

)\ COLONY FORMING /

HIGH PLATING EFFICIENCY

5%

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 %o.
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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 1x 108 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
(mlcrocolomes) 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 9/p 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 “stem 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 fractions determined by subsequent agar
culture (4, 5). 56 = 4 9y of cluster forming cells in untreated patients were of
density < 1.062 g/cm?® in contrast to the normal distribution of CFU-c (1-10 %/
< 1.062 g/cm3). This light density distribution of CFU-c was also observed in the
microcolony and high cloning efficiency colony forming acute leukemias (96 * 59/
< 1.062 g/cm3). In contrast, the CFU-c in patients with low cloning efficiency
colony forming acute leukemia had a normal density. distribution (1.5 * 1 %
< 1.062 g/cm3), as did the CFU-c in untreated acute Jymphoblastic leukemia..

Monitoring of relapse-remission status by marrow culture

Unequlvocal complete remission was associated with return of a normal growth
pattern.in marrow culture (Fig. 1), a2 normal colony incidence and granulocytic
maturation and a normal 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
characteristics 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-leukemic progenitor cells.
Of the 30 patients who showed return of colony formation at .some point during
induction, 29 achieved complete remission, on average 21 days after first detection
of colonies. No examples were observed of a leukemic growth pattern persisting
in clinical remission. There was no correlation between. the actual number of
colonies observed and the time to remission, however, preliminary analysis indicates
some correlation between initial colony incidence and duration of remission.

The value of marrow culture in predicting the 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 Durlng Remission Inductlon in 57 Pa-
tients with Cluster Forming AML

Number of Patients Showing

Colony Formation 30/57
~ Number of Patients Attaining a
Remission 29/57

Marrow Colony Incidence at Time
of First Detection of Colonies

(Mean + Range) 27 (1-172)/108
Density Distribution of Colony ‘

Forming Cells (°/0 < 1.062 g/cm3) ‘85 £ 0.5
Time to Appearance of Normal

Colonies (Days Mean + Range) 41 (5-85)
Time to Complete Clinical Remission

(Days Mean -+ Range) 62 (20-105)
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(a) Most frequently observed was a concordance of a clinical diagnosis of relapse
with a complete return to a cluster forming leukemic growth pattern.
(b) Loss of colony formation and return to a cluster-forming growth pattern

1—4 weeks prior to clinical and hematological evidence of relapse.

(c) Coexistence of normal and leukemic colony and cluster forming cells for
varying periods preceding overt relapse. Discrimination between normal and
leukemic cells was possible on the basis of colony size, cell morphology and
the dispersion or degeneration of the leukemic clusters. Density gradient
separation and cytogenetic analysis of individual colonies and clusters have
further confirmed the coexistence of normal and leukemic CFU-c in marrow
cultures prior to clinical evidence of relapse.

(d) The fourth category comprised patients who showed evidence of early relapse
based on hematological criteria including elevated marrow blast cell incidence
(without detectable Auer rods), presence of immature cells in the circulation
and, in the case of patients presenting with acute monocytic or myelomono-
cytic leukemia, abnormal monocytoid cells in marrow and blood with quali-
tatively normal colony and cluster formation. In this category there exists
a clear discrepancy between the interpretation of marrow morphology and
the in vitro culture parameters which showed no evidence of leukemic cell
proliferation. This paradox was largely resolved by sequential analysis of
CFU-c in the marrow of patients in prolonged remission. A striking variation
in the incidence of marrow CFU-c was observed in a number of patients
which could neither be attributed to technical variation nor in any direct
sense, to the maintainance protocol.

Correlated with the periodicity of marrow CFU-c ini many patients was a fluc-
tuation in marrow blast cell incidence. A marked increase in CFU-c was frequently
associated with or closely followed by an increase in marrow blast count to levels
compatible with early relapse. The majority of such cases were treated with inten-
sive reinduction; however, a number were continued on maintainance therapy
and, in these cases, both blast cell and CFU-c incidence returned to normal levels
in subsequent marrow aspirates and the patients remained in complete remission.

The detection of incipient relapse in patients who presented with leukemia
characterized by the formation of microcolonies with an excess of clusters was
aided by monitoring the cluster to colony ratio together with morphological analy-
sis of colonies and buoyant density characterization of CFU-c. In the case of
colony forming leukemias with a normal cluster to colony ratio, colony morphol-
ogy and, specifically, CFU-c buoyant density were the main diagnostic parameters
capable of distinguishing between relapse and remission status.

Marrow culture parameters in preleukemic disorders

The situation in preleukemic disorders is not unlike that observed in AML
remission patients during the time immediately preceding the onset of relapse.
We have observed that in such preleukemic states as refractory sideroblastic anemia
associated with a variable spectrum of cytopenias or with chronic monocytosis,
that a spectrum of qualitative defects can be detected in a proportion of 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 cases show coexistence
of normal and leukemic cell proliferation preceding overt relapse. Clinically
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 cell 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 Phl 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 all 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 %/o 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

84



Table II: Characteristics of Untreated CML and Blastic Transformation

No. of Age %/ Blasts Marrow/105 Duration  Blast Phase = Remission
Cases (Years) in BM Colonies  Clusters of CML Survival Rate
(Months)  (Weeks)
Untreated chronic 58 47 <5 404 1506 - - -
Untreated blastic trans.

Macrocluster 9 54 50 0 2417 20 7 0/9
Microcolony 12 51 36 22 1043 41 6 0/12
Microcluster 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 °/) 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 longer survival
in blasts 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 9/o achieved complete remission which in two cases was
prolonged. The relatively short mean 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 /o 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 9/p
remission rate using protocols including vincristine and prednisone.

Of 103 patients who were Ph! 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 inblastic 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.

(2) 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 a changing ratio of
clusters to colonies or physical separation and quantitation of CFU-c subpopula-
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tions (6, 14). This progression is frequently, but not invariably, associated with
cytogenetic evidence of aneuploidy involving additional Ph! chromosomes and/
or additions or deletions of C, F and G group chromosomes (14).
(b) Progressive increase in the incidence of colony and cluster forming cells
in the circulation with a normal cluster to colony ratio and in vitro maturation
arrest at the blast-promyelocyte level preceeds a terminal colony forming blast
crisis.
(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 evidence of
a terminal blast crisis associated with the development of a non-myeloid or
undifferentiated acute leukemia. A subnormal incidence of marrow CFU-c
‘with a normal cluster to colony ratio and normal maturation may also be seen
in CML patients with myelofibrosis, however, in such cases, circulating CFU-c
are increased in number. '

Marrow culture studies in allogeneic bone marrow transplantation

The ability of the CFU-c assay to monitor a population of stem cells closely
related to the multipotential stem cell compartment, together with its capacity to
discriminate between normal and leukemic cell populations, has proved of value in
allogeneic marrow transplantation of patients with acute leukemia. The selection
of potential transplant recipients is assisted by detection, at first diagnosis, of
patients exhibiting a poor prognosis pattern 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 marrow 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 from a
theoretical standpoint, monitoring reconstitution at the level of a stem cell com-
partment should provide a more significant parameter than either peripheral 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 ¢/o 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 leukemic 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 female 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
peripheral blood. Engraftment was confirmed by cytogenetic analysis of the marrow
on day 18, when 100 9/o 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 doses of horse anti-human thymocyte globulin (HAHT?g).
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 later 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 9/
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 %/o 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 stem 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 stem 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. D(')'fmer

Institute of Hematology of the Gesellschaft fiir Strahlen- und -
Umweltforschung, Miinchen

Summary -

Hemopoietic cell proliferation was studied in"a patient suffering from preleukem1a
characterized by peripheral pancytopenia and hypercellular bone marrow with in-
effective erythropoiesis. Two years later when overt acute myelogenous Jeukemia
had developed the study was repeated. The kinetics of proliferation were in-
vestigated by a new method which allows evaluation of ‘the rate and time of
DNA synthesis in individual morphologically defined 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
hlgh production rate of myeloblasts in overt leukemia was 1nterpreted as indi-
cation of a far-reaching self-maintenance of the myeloblast pool in this stage of
disease. The proliferative activity of the individual myeloblasts was réeduced 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 peripheral pancytopenia with an
anemia of 7.9 gm %o of hemoglobin, leukopenia of 1,240/mm3 and thrombocyto-
penia of 24,000/mm3. The anemia was classified as refractory anemia. The bone
marrow was hypercellular with a G:E ratio of 1:2. 69 9y of the erythroblasts
were ringed sideroblasts according to the Prussian blue reaction. By ferrokinetic
examination a highly ineffective erythropoiesis was found with a P.I'T of 3.55
mg Fe/100ml/day whilst the red blood cell lifespan-turned out to be normal.

After unsuccessful therapy with vitamins Bg, B,, and folic 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
months. Then a gradual rise in the white blood cell count with an increasing num-
ber of myeloblasts in 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.

* Study performed under the association contract for hematology between EURATOM

and GSF no. 089 721 BIAD. Supported by the Deutsche Forschungsgemeinschaft: SFB 51/
E-3.
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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 4C-thymidine (1#C-TdR) and
5-fluorodeoxyuridine (FUdR). By means of quantitative 4C-autoradiography the
duration of DNA synthesis (t;) was evaluated in individual cells. The method as
well 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|Pol.E.
Nc(Crel.) | 163 | 334 | 503 Ng(rel) |110 | 283 | 607
Ns/N¢ | 0.78 | 0.70 | 0.32 | Ng/Ng 0.69 | 0.56 | 0.24
tg (h) 9.1 |13.1 | 16.2 tg (h) 10.3 | 155 | 23.0
Ng/tgCrel)) 1.0 | 1.3 | 0.7 Ng /tg(rel)] 1.0 1.4 | 0.9

| L |

40 - . -

80

120

A A

Fig. 1: Parameters of cell kinetics and schemes of divisions of erythroid cells in preleukemia
(left side) and AML (right side). Between the schemes of divisions a time scale in hours
is inserted. Abbreviations: Pr. E. = proerythroblasts; Bas. E. = basophilic erythroblasts;
Pol. E. = polychromatic erythroblasts; N, = relative number of cells in a compartment;
N /N, = 3H-TdR labeling index; t;, = DNA synthesis time; Ng/t, = 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/N,) as well
as normal values of t; 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 (Ng/ts) show considerable
deviation from the normal ratio of 1:2:5 for proerythroblasts:basophilic:polychro-
matic erythroblasts. The 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 conclusions can be drawn using
Ng/N; and ts only. Similar findings have been reported in other bone marrow
infiltrating diseases (2).

Preleukemia AML
MB PM MC MB PM MC
No(rel) | 723 | 77 | 200 | Ngtrel) | 889 | 39 72
Ng/N¢ 0.06 | 047 0.25 Ns/N¢ 007 0.20 | 015
tg(h) 15.6 12.8 17.2 ts (h) 18.1 15.8 | 17.9
Ng/ts(rel.)| 1.8 2.0 2.0 Ng/tg(rel.)

I
| L

Fig. 2: Parameters of cell kinetics and schemes of divisions of myeloid cells in preleukemia

(left side) and AML (right side). Abbreviations: MB = myeloblasts; PM = promyelocytes;
MC = myelocytes. For the other abbreviations, see legend to Fig. 1.

In the myeloid series (Fig. 2) a prolonged tg is found already in preleukemic
myeloblasts and myelocytes. Normal values for these cells obtained with the same
method have been reported by Brinkmann and Dérmer (1). The labeling index of
myeloblast in preleukemia is as low as in AML. In this latter stage t5 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 myeloblast 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 9/y 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.

93



Table I: Relative Production Rates (Cells Produced per Unit of Time per 100
Proerythroblasts) in Bone Marrow of Preleukemia and AML

Preleukemia AML

Myeloblasts 11 640
Promyelocytes 12 89
Myelocytes . 12 . 106
Proerythroblasts 100 100
Basophilic erythroblasts .130 141
Polychromatic erythroblasts 70 88

The findings in this investigation raise one cardinal question: How can myelo-
blasts in preleukemia characterized by a reduced proliferative activity as well as
a very low production rate overgrow the other cell types and attain such a Ligh
rate of new cell 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 cell looses
some of its proliferative activity. In overt AML, finally, 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 all or to
what extent such a compartment is dependent on the influx of stem 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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Leukemic Anaplasias Reflecting Physiologic
Cytogenesis of Myeloid System

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

Department of clinical and general phatologie
- University of Kiel

Cytologcal abnormalities in granulocytes occuring in myeloproliferative diseases
prove sometime t0 be highly revealing in connection with cytogeneucal considera-
tions. A good body of techniques have been applied in tracing the developmental
line of blood cells. In table 1, a survey of the widely applied methods for the
demonstration of the der1vat1on of the granulocytes from the1r MAarrow precursors
is presented. : :

Table 1: Survey of methods devised for cytogerietic studies on hemopoetic cells

1. GENERAL MORPHOLOGY
Size, Form, Granules
2. MORPHOLOGY OF NUCLEI
Size, Form, Density, Segmentation
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
MARKER-CHROMOSOMES
9. OBSERVATIONS IN LEUKEMIAS

el

*®

Revealing informations have been gained on the bases of cytochemical studies.
Of special significance proved hydrolytic enzymes as well as dyes with a special
affinity to certain cellular structures. These reactions could appropriately be used
for the identification of different granulocytic strains. In this context they rep-
resent “chemical markers®. ,

Being aware of the differences in the significance of each of these techniques we
are going to depict their applicability to the problems of the granulocyte deriva-
tion. For the selective visualization of the different granulocytic cell-line the

95



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
granules and the neutrophilic cell-line (Fig. 1).

OO0 @

e
Monocytes I
Basophitls '}_‘ 100%, —
Eosinophils '

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

100°% —

2. a-naphthylacetatesterase as given by WACHSTEIN and WOLFF (1958) for
the staining of blood monocytes (LOFFLER 1961).

3. Toluidin blue 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 — dimethylaminobenzaldehydnitrite (ADAMS 1957) reaction for the
selective visualization of eosinophil cell-line (LEDER et al. 1970; LEDER and
PAPE 1971). In this reaction 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 reaction 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 (PARWARESCH 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 o-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.ties of promyelocytes and those of individual granulocytes,
can easily be detected (fig. 2).

MARROW | BLoOD
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Monocytes
y Unspecific esteru!e

Basophils — Toluidinblue metcl:hrornusia
Eosinophils ADAMS reactionr
Light green I

Fig. 2: Demonstration of the granulocyte maturation as observed by the combined appli-
cation of LEDER’s esterase with a-naphthylacetate esterase reaction (monocytic cell-
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 reaction
neutrophils reveal an invariable strong activity. A minor number of monocytes
present a fine granular weak reaction. Basophils and eosinophils are invariably

Reactivity to Neutrophils | Monocytes Basophils | Eosinophils

Naphthol AS-D (
Chloroacetate ER

a - Naphthyl
Acetate ER

Toluidinblue
Metachromasia

ADAMS R

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 (LOFFLER 1969; LEDER 1970) in cases
of myeloproliferative diseases. Irrespective of the presence of this property in the
marrow precursors of basophils and eoslnopluls, theirselves lacking this property
as normal mature granulocytes, it were 1mposs1ble to understand the mechanism
and the significance of such an occurance in neoplastic variants. Apparently normal
populations of basophils or eosinophils positive to chloroacetatesterase reaction in
myeloproliferative diseases reflect the farreaching disturbance of the control
mechanisms of the maturation process. This abnormahty seen with eosinophils
and basophlls is StI'lCtlY 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
reaction as well as to toluidin blue metachromasia. Coincideing 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 well established, that monocellular
cultures of single promyelocytes give rise to neutrophil granulocytes and mono-
cytes. A fact which has been long expected on the basis of the frequency of
myelomonocytic leukemias (LEDER 1970).

Summary

Naphthol AS-D chloroacetatesterase activity in peripheral blood granulocytes
is confined to neutrophils which are all positive and to a minor part of monocytes.
Its occurance in eosinophils and 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 developmental
line of this specific myeloid cellular attribut has been presented to elucidate its
diagnostic significance and its validity as proof for existence of a common
promyelocyte from which neutrophils, monocytes, basophils and eosinophils
originate.
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Membrane Remodeling During Phagocytosis in
Chronic Myelogenous Leukemia Cells

Stephen B. Shohet, M. D.
Cancer Research Institute
University of California, San Francisco

Introduction

First, I would like to thank Dr. Neth and the organizers for making this meeting
possible, For those of us who have come 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 chronic 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 cells 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 constituents
following phagocytosis of considerable biologic interest. These changes may offer
some possibilities for therapeutic manipulation of abnormal phagocytic cells.

Since the lipid composition of biological membranes is a major determinant of
their barrier qualities and their permeability characteristics, and since during
phagocytosis there is a major architectual rearrangement of membrane constituents
in the phagocytic cell, we sought to determine the lipid composition of various
permeability barriers within the phagocytic cell both before and after phagocytosis.
Although at the time, we were not aware of any therapeutic implications of such
potential differences, recent observations of Dr. Tulkens in Brussels suggest that
such changes may modulate the effects of some so-called “lysosomotropic” drugs
currently utilized in leukemia chemotherapy.

Methods

The basic procedures followed are outlined in Figure 1. In brief, we collected
heparin anti-coagulated blood from untreated human patients with chronic
myelogenous leukemia. We then separated the CML granulocytes from the red cells
and platelets by gravity sedimentation and gentle saline washing. Throughout the
isolation procedure, 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 Granulocytes
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in approximately 15 minutes. The reaction 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 similarly 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 extracted 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-layer plates by elution and analyzed for fatty acids by gas chromatography
utilizing methods published elsewhere (7). An “unsaturation index” (U.L) was
calculated for each sample 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 estimate of the “fluidity” of the membranes
analyzed and also probably reflects their flexibility and permeability.

Results

A summary of the overall results is presented in Table 1. 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 membranes isolated from those
cells prior to phagocytosis, as well 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: Unsaturation Indices and Representative Fatty Acids of Total Phospho-
lipids in Various Fractions of Chronic Myelogenous Leukemia Granu-

locytes*
Whole Granules “Plasma Phagocytic
Cells \ Membrane” Vesicles
U. L** 110£38 124+ 4 1008 65t9
20:4 14+2 171 11£2 51
16:0 203 16+1 28t6 31t6

% Tables I and II 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 felt 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 metabolic rearrangements following phagocytosis, were partlcularly analyzed
Again, the phagocytlc 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 II: Unsaturation Indices and Representative Fatty Acids of Separated
Phospholipids in Various Fractions of Chronic Myelogenous Leukemia

Granulocytes
Phosphatidylcholine Phosphatidylethanolamine
Whole Phagocytic Whole Phagocytic
Cells Vesicles Cells Vesicles
U. L 70 49 140 122
20:4 35 26 24 98
16:0 33 52 12 43
Discussion

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 I and 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 related 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

MEMBRANE 4U";5L':,TAS'E‘-A- N, LYSOSOME
DERVED ___\\ f - \, DERIVED
MEMBRANE 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 well
known to attack double bonds of unsaturated fatty acids; and if liberated in clost
proximity to the newly formed phagocytic membrane, might well be responsibl
for much of its changed unsaturation index. Alternatively, or perhaps additionally,
a phospholipase-reacylase enzyme cycle has been described in white cells (10}
which, also perhaps under the influence of hydrogen peroxide, may preferentially
attack unsaturated fatty acids on phospholipids replacing them with saturated
fatty acids derived from triglycerides (11, 12).

Whether one or both of these mechanisms is operative, it seems clear that the
permeability of the phagocytic vesicle 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 particle. This would facilitate
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the rapid destruction of the ingested bacteria on the one hand while protecting 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
concerning the influence of the unsaturation index. Moreover, it is much more like-
ly that small co-factor permeability would be influenced than gross enzymatic
permeability by these changes. 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 certain antibiotics permeate lysosomes quite readily and
then apparently become trapped there, perhaps in part due to changes in their
ionic state induced by the acidic environment (13). Daunomycin and Adriamycin
are included within this classification of drugs. Dr. Tulkens also feels that the
Daunomycin probably enters the cell by “piggyback endocytosis” a process some-
what analogous to the phagocytosis process we have studied with larger latex gran-
ules. It may be that the therapeutic effectiveness of these drugs, which is probably
dependent upon nuclear penetration, is limited by this preferential sequestration in
the lysosomes. It is not inconceivable that interference with the remodeling process
which has been described here, by the addition of an anti-oxidant group to the
chemotherapeutic molecules, would reduce lysosomal sequestration and increase
the biologic effectiveness of those agents.
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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 stem 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 importance 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 9/o 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 biochemical
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 chain 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 morphologic 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 RINA 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.

8 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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II. Abnormalities of erythroid cells in the human leukemias

1. Abnormal proliferation of erythroid cells.

A number 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 stem cell gives rise to all three types of blood
cells: granulocytes, erythroid cells and platelets. In the myeloproliferative dis-
order, polycythemia vera, which can be considered as a “pre-leukemic” condition,
there must be autonomous proliferation of the common progenitor stem cell, be-
cause all three cell lines proliferate and accumulate in excess with resulting ery-
throcytosis, granulocytosis, and thrombocytosis. After many years this condition
can revert to myelofibrosis 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 cells, the Philadelphia or Ph, chromosome is present not only in
the granulocytes but also in the erythroid (and megakaryocytic) precursor cells.
This finding again points to a lesion in the common progenitor cells as a basis for
at least some forms of leukemia.

Since the common stem cell 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; almost 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
disorders, an abnormality of hemoglobin synthesis has been detected, termed
acquired hemoglobin H (Hb H) disease. Normal hemoglobin consists of two «
and two B chains (2,8,), and normally there is equal synthesis and accumulation
of o and B chains in erythroid cells. If there is decreased synthesis of o chains
relative to B chains, then B chains will accumulate in excess and form tetramers
of Hb H (B,). Hb H 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 cell. 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 o chain synthesis relative to B 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 all of the patient’s red cells (?the neoplastic
clone) (2). '

Hb H disease more commonly occurs as an inherited disorder, a form of a-
thalassemia in which there is a genetic defect causing reduction of & chain syn-

110



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: a,v,) to adult hemoglobin synthesis (Hb A: a,f,)
[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. Biol. (1964) 19, 327).

usually complete by 6 months of age. The process involves the inactivation of the
genes for the v globin chains and the activation of the genes for the B globin chains.
The precise mechanism involved and the factors controlling it are unknown.
There are two different types of v chains of Hb F, which are the products of two
different genes. The two ¥ 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 during development: in the fetus and newborn there is more Gy than Ay
. synthesis, but in the adult the small amount of residual ¥ 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 A, (o, 8,) 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 rbe
Hemoglobin type Hb F Hb A
Hemoglobin F subtypes
gly:ala ratio 3:1 2:3
Membrane antigen i I
Carbonic anhydrase B 0 +
Hemoglobin A, 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 %/o). In erythroleukemia elevations of Hb F are more common and the levels
can be quite high (up to 60 %) (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 %o of the total Hb. This condition is
associated with absence of the Ph, 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 A, 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 observed (4).

In most other cases of leukemia however, the synthesis of Hb F is less striking
(2-15 /o 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 number 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 which may have relevance to stem 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 which preceded a remission. Peak levels of 13 9/
were observed. The Hb F was distributed in a distinct cell line and the levels
decreased to normal during 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
stem cells after suppression of growth and during regeneration go through a cycle
of producing committed stem 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 stem cell growth and proliferation.

III. Hemoglobin synthesis during 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 morphologic 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 biochemical 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 virgin female CD,; 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 9/p fetal calf serum, forced through
stainless stee]l 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
morphologic 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 /o fetal calf serum, penicillin (0.1 units/ml), streptomycin (0.1 pg/
ml) and human urinary erythropoietin (0.2 units/ml) at cell concentrations of about
5 x 108 cells/ml. Cells were cultured for 16 hours at 37 °C in a humidified at-
mosphere with 5 9o CO,. In one experiment cells from fraction I were cultured
in the presence of 100 uCi/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 MgCl, containing 1 %o Triton X 100
and 50 pg/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 HCl, pH 7.5, was ethanol precipi-
tated in the presence of 50 pug of E. coli tRNA. It represented 8 %o 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 then 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
uCi/ml (116 Ci/mmole); TTP, 0.1 mM; dCTP, dATP, dGTP, 0.5 mM; Tris pH
8.3, 50 mM; Mg acetate, 6 mM; NaCl, 60 mM; dithiothreitol, 8 mM; actinomy-
cin D, 50 pg/ml; globin mRNA, 10 pg/ml; RNA-dependent DNA polymerase,
100 pl/ml; and oligo (dT,,—g), 2ug/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 %o SDS (14, 15). Percent hybridization was then
determined after digestion of the residual nonhybridized cDNA with the S; nucle-
ase of Aspergillus oryzae (14, 15). DNA excess hybridization was performed in 5 pl
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of 0.2 M sodium phosphate, pH 6.8 and 0.5 %/o SDS containing 200-400 cpm of
either 3H- or 125]-labeled RNA. Various amounts of 32P-labeled mouse globin
cDNA were added to the reaction mixtures which were incubated for 40 hours at
70 °C, in sealed, siliconized, disposable 5 ul 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 pg/ml of boiled pan-
creatic RNase. Yeast RNA was added to a final concentration of 0.4 mg/ml and
TCA added to a final concentration of 10 9/o. 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 velocity 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 Velocity Sedimentation Frac-
' tions Before and After Culture with Erythropoietin

Velocity Hours in Erythro- Pro- Baso- Poly- Ortho- Enucleat-

Sediment- Culture poietin  normo- philic chromat- chromat- ed RBCs
ation blasts Normo- ophilic ~  ophilic
Fraction ' blasts Normo- Normo-
blasts blasts ;
0/o* 0/o* 0/o* b/o* 0/o*
I 0 0 73.3 17.8 - 7.7 1.0
16 + 18.5 35.8 24.3 17.6 5.5
16 - 1.6 7.0 24.6 48.9 17.9
III 0 0 34.1 30.4 31.3 4.3 '
16 + 1.9 14.6 28.6 34.0 20.3 .
v 0 0 4.4 25.0 48.7 21.0
16 + 0.0 0.9 21.3 56.8 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 9/o), the earliest recognizable erythroid
precursor, and basophilic normoblasts (17.8 /o). Only 8.7 /o 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, cells from these fractions underwent progressive maturation
when cultured for 16 hours in the presence of erythropoietin. Concomitantly, there
was a 39-60 % rise in cell number leading to a substantial increase in the absolute
numbers of the more mature erythroid cells in each cell population cultured. Cells
cultured without erythropoietin differentiated but did not proliferate. Cells from
the velocity sedimentation fractions actively synthesized heme and hemoglobin and
these functions were also erythropoietin-responsive. The results of heme and globin
synthesis by these cells have been reported in detail elsewhere (16). In summary,
the results show that, in these cells, heme synthesis is maximal at an earlier stage
of differentiation than hemoglobin synthesis indicating a certain degree of
asynchronism between heme and hemoglobin synthesis during erythroid cell ma-
turation. These results are summarized in Figure 2. The results of the latter studies

_HEMOGLOBIN & HEME SYNTHESIS IN ERYTHROID CELL DIFFERENTIATION .
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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 capable of stimulating biochemical differentia-
tion of erythroid precursor cells in vitro (16).

Globin mRNA content of the cells was assayed immediately after velocity sed-
imentation and after culture of replicate samples in the presence 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, III, V.
Arrows designate 50 %o hybridization. The details of the hybridization reaction 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 (/) the RNA was ex-
tracted from a cell population containing only 2.0 %e benzidine positive cells (81.5 %%
pronormoblasts, 16.5 %o basophilic normoblasts, 2 %o polychromatophilic normoblasts).

Figure 3 shows a series 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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Aggo units per 107 cells in fraction I to 1.1 A,g, units in fraction V. The arrows
designate 50 °/o hybridization. The curve for the most immature cells (fraction I)
indicates that 50 %/o 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 I, 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 performed with cells from this fraction
cultured in the presence or absence of erythropoietin (Figure 4). The 50 9/ hybrid-

100} | ' — , X

[ 1 [ 1
0 80 200 400 - 800 1600
‘ng RNA ADDED

Fig. 4: Hybridization saturation curves using 32p-labeled cDNA and increasing amounts
of total cellular RNA from cells of Fraction I cultured in the presence (x) or absence (®) of
erythropoietin. Arrows designate 50 %o hybridization. The saturation curve for the cells
prior todculture 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 %o benzidine positive
polychromatophilic normoblasts. Although the point of 50 /o 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 a percent 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 cells (fraction I) were about 0.008-0.013 /s of total
cellular RNA and increased to 0.05-0.075 %/ in more mature precursors (Table 3).

Table 3: Amounts of Globin mRNA in Velocity Sedimentation Fractions Be-
fore and After Culture with Erythropoietin

Velocity RNA hybridized to cDNA
sedimentation Hours in as 9% 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 - -
ITI 0 0.075 - 0.05 -
16 0.075 - - -
A% 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
fraction 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-
phologic maturation to the point that large numbers of orthochromatophilic
normoblasts and enucleated RBC’s were now present (Table 2).

To demonstrate definitively de novo synthesis of globin mRNA, cells from frac-
tion I were cultured in the presence of 3H-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 /o to 8 9o of
the 3H-labeled 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 32P-labeled mouse globin
cDNA. The fraction of *H-labeled material in hybrid form was determined by
resistance of the hybrid to digestion with RNase. Mouse globin mRNA labeled
with 1251 in vitro was also hybridized to mouse globin cDNA to serve as a con-
trol. The results are shown in Table 4. At least 65 9/o of the 125] mRNA could be
protected from RNase digestion by the globin ¢cDNA, indicating that the cDNA
contains at least 65 9/ of the sequences of the globin mRNA molecule. Protection
of 3H-labeled RNA was about 50 %/ suggesting that at least 50 9/¢ 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 cDNA cpm RNA %o
added Hybridized  Hybridization
A) 3H-uridine labeled poly 0 39.4 -
A-containing RNA 0.5 52.7 10
1.0 60.8 16.5
2.5 68.9 23
5 99.2 46.5
6.6 105.0 51
B) 125I-labeled Mouse 0 33.3 -
Reticulocyte 10S 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 cDNA was calculated on the basis of the specific activity of o-32P-TTP
incorporated into the cDNA. The details of the hybridization reaction and its assay are
outlined in Methods. _

A) Reaction mixtures vontained 149 cpm of 3H-labeled RNA derived from the cyto-
plasm of mouse spleen cells of Fraction I incubated overnight in the presence of erythro-
poietin and 3H-uridine. Only the poly A-containing RNA (bound to oligo-(dT)-cellulose)
was utilized.

B) Reaction mixture contained 418 cpm of 12I-labeled mouse reticulocyte 10S 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 cells in an experimental system in which cell differentiation can be
readily assessed in witro and which 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 cell, whereas the most mature cell population contained predominantly
well hemoglobinized precursors. Small amounts of globin mRNA were already
detectable in the earliest cell 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

120



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 fraction 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 3H-labeled 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 9/ basophilic erythroblasts and less than 7 /o 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 fraction I.

The low levels of globin mRNA already present in this youngest cell population
may have been contributed in part by the nearly 9 %6 benzidine-positive cells that
contaminated this fraction (Table 2). However, substantial hybridization was ob-
served in an experiment in which fraction I contained only 2 9/p 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 sit# 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 specific 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 which occur during ery-
throid cell maturation, as a model system for the study of the control of gene ex-
pression.

During the course of many leukemias there is the synthesis of red cells contain-
ing fetal hemoglobin. In most cases this phenomenon islimited to a small population
or clone of red cells 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 2 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 A,, carbonic
anhydrase and the membrane antigens i and I. 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 (o-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 well 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 cells. These results suggest
the presence of some translational control of globin mRNA in the early stages of
erythroid development, although the major control of globin gene expression in this
system seems to be at the transcriptional level. Finally, when the immature eryth-
roid cells were cultured in the presence of erythropoietin, de novo synthesis of
SH-uridine labeled globin mRNA was demonstrated by the specific 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 specific
gene and the factors which regulate or modulate its expression. :
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Molecular Mechanisms in Erythroid Differentiation

John Paul

Beatson Institute for Cancer Research,
132 Hill 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 cell. 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 include 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 which is produced in the juxtaglomerular cells
of the kidney in response to anoxia and promotes 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 metabolic 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 messenger RNA.
Degradation is unquestionably just as important as synthesis but 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 of utilisation of messenger RNA in the translational
machinery could be involved. Each of these will be discussed.

Experimental Methods

Globin messenger 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 messenger 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 o and B 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 gene and also for globin
messenger 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

Is there a change in globin gene number during 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 2 way that most cells have no globin genes whereas erythroid
cells do. The third possibility is that all, or most, cells 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, 1. 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 a deletion involving the two « genes in the human
(Ottolenghi, S., Lanyon, W. G., Paul, J., Williamson, R., Clegg, J., Pritchard, J.,
Pootrakul, J. 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 foetal liver
(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.

Is there evidence for regulation of transcription of the globin gened 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 whether 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. coli 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 foetal liver 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 Globin mRNA as fraction of total
Chromatin RNA synthesised x 107
Mouse brain <3
Mouse fetal liver 25
(erythroid)
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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, haemin can act as an inducer of
translation of globin from messenger RNA. Evidence to be cited later indicates
that controls at this level may also occur in maturing erythroblasts.

Mode of Action of 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
lethal 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 a cell, 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 a stem 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 material of foetal liver 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 foetal liver 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 messenger 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
foetal liver cultures in the presence or absence of erythropoietin, -x-x-, control; -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 cells,
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 messenger 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,
Harrison, P. R., Conkie, D., Affara, N. and Paul, J. (1974) applied an in situ
hybridisation method, developed by Harrison, P. R., Conkie, D., Paul, 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 messenger 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. Hence, the observation provides presumptive evidence for translational
control. 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. I., 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 which 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 with a very incomplete picture
of mechanisms. The discovery of the induction of haemoglobin synthesis by di-
methylsulphoxide in the Friend system has provided us with a means of studying
some 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/108 cells

FtID*, no DMSO added (A-/\); DMSO added (A-A

FwID-, no DMSO added (0-0); DMSO added (@-@).

2. Abscxssa, time (days); ordinate, percentage of cells staining with benz1dme

FeID*,
(From: Paul, J. and Hickey, 1. (1974) E. C. R. 87, 20).

When Friend cells are grown in suspension cultures, they have a doubling time
of 12-14 hours and rarely show evidence of haemoglobinisation. Foﬂowmg 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 until,
after about 5 days, upwards of 80 9/y 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 of 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-
senger RNA in all three cell compartments in uninduced cells but, on induction
with demethylsulphoxide, messenger 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 post-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 transcripts from chromatin from induced M2 cells; 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 had probably 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 cells were present that we were able to pick
one out by cloning. Whether this speculation is correct 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 Hidckey, I. 1974). It was
found that non-inducible variants could be isolated by culturing Friend cells contin-
vously in DMSO. Those cells which differentiated failed to divide further and the
population rapidly became overgrown by non-differentiating cells. 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 kinase (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 cell. 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 transdominant 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 the
L5178Y lymphoma cell. 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 cell line proved incapable of synthesising haemo-
globin, but it was found to contain quite significant amounts of globin messenger
RNA in both nucleus and cytoplasm. Moreover, on treatment with DMSO, the
concentration of globin messenger 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 DMSO
although this has little or no effect on haemoglobin synthesis in the absence of
haemin.
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Conclusions

Before attempting to draw conclusions from these results, it is necessary to
consider the relationship between DMSO 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 of ESCto 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 haemin but this
may be rate-limiting in many Friend cells and the DMSO effect may have to do
with increasing haem availability.

The regulation of maturation of erythroid cells clearly involves a series 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 insensitive, 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 sample 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 messenger 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 instrument 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 sighals 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 intersection 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 beam
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 cell are measured and converted 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 cell is assigned to a particular
category by the combination of this information according to freely programable
algorithms.

For example, the DNA content of a cell can be determined by the direct pro-
portionality it has to the fluorescence of bound acriflavin after Feulgen treatment
or to the fluorescence of bound Hoechst benzimidazole dyes in living cells.! The
number of antigen binding sites can be determinded by the fluorescent signal from
labelled antibody bound to cells and likewise the number of lecitin or hormone
binding sites can be measured directly from the fluorescence of labelled hormone
or lectin bound to the cells. In addition to determination of content by the ab-
solute fluorescence intensity of the labelled cells one can derive information about
the environment of a fluorescent molecule, e. g., the fluidity of the plasma mem-
brane, by measurement of polarized fluorescence emission or anisotropy (5, 34).

Because a crystal oscillator is imposed on the stream the liquid column breaks
into droplets at a constant distance from the tip of the nozzle. At the precise
moment when the cell reaches the place in the stream where it will be trapped in a
droplet the computer gives an electrical charge to the stream, the magnitude and
polarity depending upon the category to which the cell has been assigned. Thus
the droplet containing the desired cell is given a known charge. The droplets pass
through an electrical field established between two metal plates and are deflected
according to their charge. Four deflected and the undeflected streams are collected.
In addition, the spectroscopic information from each cell is processed by the
computer and displayed as the cumulative frequency or number of cells plotted
against the size of a particular signal or combination of signals.

Automated cell separators can select living cells sterilely at speeds up to several
thousand cells per second with high purity. The fluorescent probes can include,
besides those alluded to above: fluorogenic substrates for intracellular enzymes
and non-covalent or covalent dyes which equilibrate nonspecifically, e. g. in the
cytoplasm as for the purpose of size measurement. Since cells are separated on the
basis of an expression of a specific cell function or structure it is a selection related
directly to their biological state as opposed to conventional gradient centrifugation
or electrophoretic methods which separate on combined gross physical properties
often less related to biological function.

1 D. Arndt-Jovin, unpublished results.
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The cell 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 blocked 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 9/ of its soluble
cytoplasmic protein as hemoglobin, 2 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 cell lines and in some virus negative ones, but no
activation of the Friend helper virus takes place (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 but a
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 membrane? occur later
in differentiation and are characteristic for all the cell lines.

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 1x 10 were induced to differentiate by treatment of F4N at
1-1.2 9/p and B8 at 1.5-2 /o 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 binding 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 rdadioactive and
fluorescent labelling of Concanavalin A (Con A) for use in subsequent binding
studies to the cells have been described (5).

Labelling of cells with DPH. 1,6-diphenyl-1, 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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TABLE 1

MOUSE SPLEENIC CELLS TRANSFORMED WITH FRIEND ERYTHROLEUKEMIA VIRUS
CELLULAR PROPERTIES WHICH CHANGE AFTER DMSO INDUCTION

PROPERTY CHANGE BASIS FOR SELECTION
IN CELL SEPARATOR
CELL SIZE DECREASES OVER 2-3 CELL CYCLES YES, LIGHT SCATTERING

LECTIN BINDING

MEMBRANE VISCOSITY

ANTIGENIC DETERMINANT

SYNTHESIS OF
MACROMOLECULES

VIRUS

EARLY: INCREASED AGGLUTINABILITY

LATE: INCREASED IN NUMBER OF
BINDING SITES

INCREASES WITH DIFFERENTIATION
H-2 HISTOCOMPATIBILITY ANTIGEN
DECREASES

DNA, CELL CYCLE KINETICS
SPECIFIC MRNA

MEMBRANE PROTEIN. SPECTRIN.
INCREASES

HEMOGLOBIN PRODUCTION

VIRAL RNA

NO
YES, FLUORESCENT-LABELLED
LECTIN

YES, ANISOTROPY OF DPH
FLUORESCENCE

YES., FLUORESCENT ANTIBODY
Tto THE H-2 Locus

YES. ACRIFLAVIN-FEULGEN OR
HOECHST 33342 STAINING
NO ;

YES, FLUORESCENT ANTIBODY TO
SPECTRIN
CORRELATES WITH HIGH SPECTRIN

CONTENT AND HIGH ANISOTROPY

NO
YES, FLUORESCENT ANTIBODY TO

VIRUS PRODUCTION
VIRAL ANTIGENS

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

a) Lectin binding: The mobility of the lectin binding 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 125]-labelled 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 which 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 1?5I-labelled
Con A obtained by incubating 10® cells in 1 ml PBS from cultures induced in 1 %o
DMSO for 0-5 days with 150 pg 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 the 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 cells and figure 5 the measurement of this
antibody binding on individual cells with the cell separator. As expected the mean
signal size of the fluorescent cell population decreases with time after induction of
the cultures by DMSO. "

c) Membrane fluidity: The transport of small molecules 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 evidence in the hemopoietic system for a large
increase in the rigidity of the cell membrane between stem cells and erythrocytes.
This rigidity can be demonstrated by the fact that lectins and antibodies do not
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Fig. 3: Change in number of Con A receptors per cell as measured by fluorescence. Fluores-
ceinated Con A was bound to cells and the ratio of the fluorescence to light scattering
signals for each cell monitored in the cell separator (represented by the abscissa). This
parameter is larger with increasing number of Con A receptors per cell and/or decreasing
cell 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, -/\-, were measured. The induced culture has a
population of resistant cells in a stage of outgrowth as well as differentiating cells.

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. 5: Measure of the number of H-2 antigen sites in differentiating Friend cells. Indirect
fluorescent antibody to H-2 was quantitated in the cell separator for populations of
Friend cells with excitation at 488 nm and emission above 530 nm. The data are plotted
as frequency distributions with the abscissa indicating increasing antibody binding and
the ordinate the number of cells normalized to 105. -O-, uninduced cells; -/\-, 2 days of
19 DMSO; -+-, 4 days of 1 %0 DMSO.
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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 9/o DMSO induced, -A-; 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.

144



= REAK=2, 03+02 " PEAKwE, B7¢02

Au Fome, i) Cl T 0
B - ' CO74 .40 .3
d 2
=" 5°]
& - z -
@’ *7
&
Q" T sk ' j28 | 182 | 256 D " eh ' 128 ' 192 @ 258
CHANNEL CHANNEL
- : PEAK=2, B0+02 ¥ - PEAK=S, 52+02
AT CHANL 80 RT CHANL 118
B %._ TOTL=2. 8B8+04 D o TATL=1.13+07
n COTY .40 .2 - DTY .40 .4
7> 1753 AN
'_(9 o N N
=z Z op \
o o \
{ {
c 7 \
@0 o é 3
] - \
N
A >
9 ' sk ' 1he | 182 @ 256 D ek ' 128 " 256
CHANNEL CHANNEL
PROPERTY cut 1 cuT 2 CuT 3
ANISOTROPY -10-.15 .17-.20 .22=-,29
MICROVISCOSITY (POISES) .9~1.7 2.1=2.8 4.2-14
s1ZE (MICRONS) 12 10 7
SPECTRIN CONTENT - -/+ +
BENZIDINE STAINING - - +
GLOBIN mRNA -) (+) (+)

Fig. 7: Correlation of properties of induced Friend cells sorted on fluorescence anisotropy.
The frequency distributions A-D were measured on DPH stained Friend cells 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 I1,/Ig; and plot D, that of the fluorescence anisotropy. Cells sorted on the ani-
§otr}<])py I::;i:cording to the indicated cuts can be correlated with other properties as shown
in the table.

145



cap or form large 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 extent to which the excited molecules 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 molecule 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, 30). 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 messenger in the separated and then regrown cells. These experiments
are in 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. Hopefully, such results
may suggest means for probing viral etiologies in human leukemias. In addition,
the question of reversibility of differentiation although well documented in plants
(31) has not been conclusively 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 inducing agent for differentia-
tion. With this technique it is possible to chronicle the sequence of events leading
to reticulocyte-like cells and to compare the process in several cell lines. Once this
information is compiled we hope to look at the in vivo hemopoietic system with
some of these probes to see how comparable the in vitro and normal processes
are.

The extension of automated cell-separation techniques beyond the quantitation
of macromolecular content to obtaining separation on the basis of cellular structure
or organization has been described here. We have shown that a complete gradation
of differentiating cell stages can be obtained by separating on the basis of the
fluorescence emission polarization of a dye, DPH, which appears to bind the
plasma membrane and monitor fluidity changes therein.

DPH has been used to monitor the fluidity of membranes of leukemic cells (29)
and their lower cholesterol content (32, 33) has been implicated as a factor in
their neoplastic behaviour. Our preliminary work on leukemic lymphocytes 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 fluorescent probes will enable us to look at numerous processes in
biological systems which result in changes in cellular 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 play a 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 structure 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 Cells

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 tobe 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 RLV-infected BALB/c mice were compared with cells
from uninfected mice with regard to their dependency on EP for the in wvitro
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 wvitro erythroid colonies
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Fig. 1: Erythropoietin dose-response curves of normal and RLV-infected BALB/c mice
bone marrow.

Normal curve: mean * 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 concentrations 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 I.U. 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.

152



Evidence for the specificity of this spontaneous colony formation is demon-
strated by the following experiments: Plating different cell concentrations (1, 2, 5,
10, and 20 x 10%) 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 cells of RLV-infected
mice produce endogenous EP feeder-layer experiments were done with normal
and infected BM cells. No significant erythropoietic activity by either normal or
RLV-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 following 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 9/o to 31—40 9/o. 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 witro.

In antoher experiment, RLV-infected mice were hypertransfused with packed
red cells at various time intervals after infection. Bone marrow was cultured with
0.25 1.U. 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 cells 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 cells 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 + EP* - EP
- 17 2
RLV 21 8

* The amount of EP added to the culturesis 1 I. U.

II. Enhancement of erythroblasts by CFA

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 stem 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
activity of the virus.

The in vitro techniques mentioned above were used to determine the mechanism
by which CFA enhances RLV-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 number of CFU-E per 10° 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 number 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 CFA 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 CFA, because that is
preceded by the rise in CFU-E. Furthermore, a drop of less than 10 9/p 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
stem cells as has been described for a variety of other antigen (133). There is
probably no competition at the stem cell level for differentiation into a a specific
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Fig. 2: Increase in the number of CFU-E in bone marrow of BALB-c mice induced by
CFA, expressed proportional to control bone marrow of untreated animals.
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Fig. 3: Number of EP-independent CFU-E in bone marrow of BALB/c mice treated with
only RLV or RLV + CFA.

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 vivo beyond the stage of
CFU-E.

I11. Transformation in vitro

A subsequent step in our study was the induction of such hormone-indepency by
incubation in witro of normal BM cells with RLV. 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 RLV 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 RLV-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 RLV-incubated cells. The numbers of erythroid colonies produced 5 days after
plating in the absence of EP and after incubation with various dilutions of RLV 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 incubation
with specific antiserum. Mammary tumor virus or a myeloid leukemia virus did not
induce this physiologic transformation.

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

formation
Incubated with RLV Incubated without RLV

Days after number of erythroid coloniest ~ number of erythroid colonies!
plating presence of EP2  absence of EP  presence of EP?2  absence of EP
2 166 207 290 82
5 1404 1342 174 54
7 1306 1211 201 43
1 per 2 x 105 B. M. cells.
2 0.5 I. U. per dish

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

Dilution of RLV Number of EP-independent
stock suspension colonies 5 days after plating?
10 538
100 481
200 374
400 220
800 96
1600 58
3200 24
6400 15
12800 19

1 per 2x 105 B. M. cells.

The influence of EP on in vitro transformation was investigated by incubating
bone marrow with RLV in the presence 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 induces maturation
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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 RLV

Incubation Number of EP-independent colonies at day 51
1 mg RLV 1IU EP Experiment 1 Experiment 2
- - 32 76
- + 15 53
+ ~ 686 939
+ + 483 632

1 per 2 x 10% B. M. cells.

IV. Transfection

Hill and Hillova (15) were the first to carry out “transfection” experiments
using proviral DNA of Rous sarcoma virus. Their results gave clear 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 sample
of DNA suspension was then incubated with BALB/c mouse bone marrow cells
for 4 br 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: Transfection of mouse bone marrow cells with proviral DNA

Additions Number of EP-independent colonies
at day 51

RLV-spleen-DNA 50 ug 744

rat-spleen-DNA 50 ug 22

RLV-spleen-DNA?2 50 ug+DNA-se 16

High calcium buffer only 20

1 per 2 x 10° B. M. cells.
% incubated for 60 min. at 37 °C with 50 ug/ml of DNA-se before addition of calcium.
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takes place after incubation of bone marrow cells with DNA from RLV-infected
cells. The procedure utilized here to isolate DNA may give a range of molecular
weights between 20 x 108 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 witro of B.M. cells by RLV 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. Transfection 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 RLV 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 viruses. 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
Department of Medicine A
Buffalo, New York 14263

The progeny of normal hematopoietic stem 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 stem cells proliferate without normal constraints and their
progeny for the most part remain at the stem cell level. This latter phenomenon
results in the cells retaining their proliferative potential and endows the cells with
a life span which is longer 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 stem
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 (including 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 of 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 9/o) 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 stem 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 well (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) stem 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 majority -of 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 clear 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 semantics.

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 well, 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 %/ B+ cells*
Tetramethylurea 70
Dimethylacetamide 70
N-methylacetamide 55
Pyridine N oxide 55
Dimethyl sulfoxide 55
Dimethyl formamide 30
Acetamide 16
Dimethylurea 13
Pyridazine 10
Diethylene glycol 7
Control 0.3

* 0/o 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 correlates 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).
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Fig. 1: Physical structure of the inducing agents listed in Table I. 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 °/p 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 9/p 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 by DMSO (cell line 745D). This cell line 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
cell line (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 these cells appears to ultimately act
through the process of transcription. There may be however an exception to this
statement (25). Paul et. al. have presented evidence for translational control of
differentiation of a Friend leukemia line.

Our 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 inhib