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Preface

Nearly every month there are workshops, conferences or congresses devoted to the
problems of human leukemia, for our knowledge is quite limited. In large measure,
these conferences have been concerned with special aspects of leukemia. In this
workshop we have brought together scientists from different research areas in human
leukemia. Therefore the title “Modern Trends in Human Leukemia” does not only
apply to the discussion of the importance of molecular biology, but also includes the
100 year old history of the leukemic cell as the basis of biological and immunological
aspects in human leukemia. Modern trends in human leukemia need to be discussed
based on the past, present and possible future information gathered from all different,
but related topics.

The idea to bring together highly qualified biochemists, medical doctors, and
virologists to learn, like students, about each other’s fields has been very unusual. But
to understand human leukemia, the virologists and biochemists have to learn more
about the properties of the human blood cell, and the medical doctors have to learn
where and how leukemic misinformation can influence the normal regulation of the
molecular control mechanism in a blood cell.

To start such a workshop, therefore, was to start an experiment. In this experiment,
the hope was that these scientists would learn about each other’s research fields and
also teach others about their own specialized fields as well. The final aim was that
those in the workshop would discuss the whole problem of human leukemia, and
cooperative research programs among the different specialized groups would be
stimulated.

We tried the experiment for three long days and nights in a 350 year old farmhouse.
I would like to thank all people who made this possible. Our hope is now that you can
be stimulated and encouraged to try similar experiments.

Rolf Neth

" Round table discussion
“Flett’”’ and “Grotdeel” of “De Emhoff”
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HUMAN LEUKEMIA — AN OVERVIEW

Seymour Perry, M. D.
Division of Cancer Treatment
National Cancer Institute

Prior to twenty-five years ago, there was no specific therapy for acute leukemia
and survival of individuals with these diseases was usually no more than 3 or 4
months. There was no useful specific therapy, treatment consisting largely of blood
transfusions and other supportive measures. X-irradiation, radioactive phosphorous,
benzene, potassium arsenite, and nitrogen mustard, although of some use in chronic
leukemia, were of little value in acute leukemia. Then, in 1948, Farber and his col-
leagues (1) reported that folic acid antagonists could induce complete remission in
acute lymphocytic leukemia of children.

Subsequent work demonstrated that these agents, particularly aminopterin,
would induce remissions in approximately 30 % of children with acute leukemia

EFFECTIVE DRUGS
IN CHILDHOOD ACUTE LYMPHOCYTIC LEUKEMIA

NO. PATIENTS CR (%)
6 MP 43 27
MTX 48 22
VCR 103 57
CYTOXAN 45 40
ASPARAGINASE 32 44
DAUNOMYCIN 82 15
ADRIAMYCIN 144 25
PREDNISONE 337 63
ARA-C 122 7
BCNU
TG
HYDROXYUREA

CR= COMPLETE REMISSION
MODIFIED, HENDERSON, 1869

Fig. 1: Useful drugs in the treatment of childhood acute lymphocytic leukemia. Modified from
Henderson, E. S.: Treatment of Acute Leukemia., Seminars in Hematology 6: 271—319, 1969.

6



but in far fewer adults with acute leukemia. Unfortunately, remissions were tempo-
rary, the patients soon became refractory to the agents and survival was affected
little, if at all. Important as these observations were, there followed little systematic
fundamental work aimed at the control of cancer and specifically, leukemia.
However, the observations with aminopterin and amethopterin gave rise to a good
deal of optimism that curative treatment could soon be achieved and there followed
a gradually intensifying effort to discover other drugs which could induce remis-
sions. During the last two decades approximately one dozen agents (Figs. 1 & 2)
have been found which are effective in acute leukemia. Some of these were discove-
red empirically and others were developed as an outgrowth of biochemical or other
rationale. As a consequence, the incidence and duration of remissions have increa-
sed greatly and survival has gradually been extended so that median survival is now
36 months or more for childhood acute lymphocytic leukemia (Fig. 3). In some
studies, this is now at approximately 5 years. Unfortunately, in adult acute leuke-
mia, progress has been far slower. Remission rates of 50 % are not unusual but sur-
vival has been lengthened only relatively little. These results in childhood and adult
leukemia have not been achieved with any single agent but are due to the use of
combinations of drugs, a better understanding of the importance of drug sche-
duling, supportive care, and patient protection.

EFFECTIVE DRUGS IN AML (ADULT)

CR (%)
PREDNISONE 15
6 MP 10
MTX 3,16
ARA-C 21, 37, 44
DAUNORUBICIN 38, 50
ADRIAMYCIN 27
METHYL GAG 45
VINCRISTINE 20
BCNU
TG .
HYDROXYUREA CR= COMPLETE REMISSION

MODIFIED, HENDERSON, 1969

Fig. 2 Drugs for the treatment of adult acute myelocytic leukemia. For many of these, the
number of patients treated with the individual drugs, is too few to make complete remission
rates meaningful.

7.



CHANGING PROGNOSIS IN ACUTE LYMPHOCYTIC LEUKEMIA

GROUP OR MEDIAN SURVIVAL
YEARS INVESTIGATOR TyYPE oF THERAPY (Mo. FROM Di1aGNoOSIS)
1937-53 Tivey Supportive 3.5
1946-47 Burchenal Supportive 3.5
1944-60 Boggs Supportive — Pred., MTX, 6-MP 7.0
1956-57 Hendersen Pred., MTX, 6-MP 5.0
1961 Boggs Pred., MTX, 6-MP 12.0
1954-62 Cutler Pred., 6-MP, MTX 12.0
1958-62 ALGB Pred., MTX, 6-MP. Cytoxan 12.0
1959-63 Burchenal Pred.. MTX, 6-MP. Cytoxan 13.0
1955-63 Zuelzer Pred., MTX, 6-MP 16.0
1963-64 NCI VAMP 24.0
1963-G5 ALGB Combination of Pred., 6-MP, 24.0
VCR, MTX, Cytoxan
1965-66 NCI POMP 33.0
1966-68 ALGB Combination of Pred., VCR. MTX, > 36.0
6-MP, daunomycin
1966-71 St. Jude’s Combination of VCR, Pred., > 36.0

6-MP, MTX, Cytoxan

Fig. 3: Progressive improvement in survival in patients with acute lymphocytic leukemia.
Carter, S. K.: The Chemotherapeutic Approach to Cancer Therapy: A Quick Overview. In Year
Book of Cancer, 1972. Clark, R. L. & Cumley, R. W. (eds). Year Book Medical Publishers,
Chicago. pgs. 475—498.

A patient with acute leukemia dies because leukemic cells have compromised the
function of an organ or normal tissue to the extent that some vital function is no
longer possible. Suppression of marrow function is frequent either as a consequence
of the disease itself or due to the use of myelotoxic drugs. Bleeding due to thrombo-
cytopenia was until relatively recently the most common cause of death but at
present, infections, particularly gram negative infections, are the most serious pro-
blem (2). The generous use of platelet transfusions has been responsible for the
diminution of fatal thrombocytopenic hemorrhage but granulocyte transfusions
have not been widely accepted probably due to the fact that until the last few years
the procurement of normal granulocytes in large quantities has not been possible.
In addition, there were problems in designing controlled studies to evaluate their
effectiveness. However, it has recently been shown that histocompatible granulo-
cyte transfusions are useful in the management of serious infections when given
repeatedly to granulocytopenic patients (3). Another approach to the control of
infection has been the use of protected environments and although their ultimate
role in cancer therapy is yet to be defined, there is strong evidence that the in-
cidence of infection is greatly reduced (4).

The strategy in the management of patients with acute leukemia has been to
attempt to achieve rapid reduction of the leukemic cell population and restoration
of normal bone marrow function followed by therapy designed to eradicate the
neoplastic cells. Subsequently, maintenance therapy is instituted to keep the
patient in remission and prevent overt appearance of the disease.

Although with the years more agents with activity in leukemia have been disco-
vered, the most important factor in the improved prognosis in acute leukemia has

8



been the employment of drug combinations based on the underlying principle of
using agents with different dose-limiting toxicities and with different mechanisms
of action in order to minimize the development of drug resistance. There is abun-
dant evidence that combinations of drugs can achieve remission rates as great or
greater than predicted for additive effects of the single drugs employed (Fig. 4).

The role of immunotherapy in the management of patients with acute leukemia
remains to be determined. There is evidence for tumor associated or tumor specific
antigens on the surface of acute leukemia blast cells and prognosis appears to be
related to immune reactivity. There have been many attempts to manipulate the
immune mechanism to therapeutic advantage using immunization with syngeneic,
allogeneic or isogenic cells, BCG and other immune enhancers, transfusion of
immune sera, and syngeneic or allogeneic bone marrow transplants. Unfortunately,
in spite of all these efforts, the role of immunotherapy in acute leukemia remains
uncertain.

The success of chemotherapy in acute leukemia is undoubtedly dependent on
exploitation of differences in cell uptake, biochemical control mechanisms, and cell
kinetics and other factors which are not completely understood. Most of the advan-
ces in the treatment of leukemia have been achieved through the empirical search
for anti-tumor drugs. Contributing factors include: 1. Synthesis or isolation of
drugs from natural products and their evaluation for anti-tumor activity in animal

SINGLE VS. DRUG COMBINATIONS IN A.L.L.

MARROW REMISSION (%)

PREDNISONE 67
VINCRISTINE 57
6 MP 27
MTX 22
PREDNISONE + MTX 80
PREDNISONE + VINCRISTINE 87
PREDNISONE + 6 MP 82
VAMP 88
POMP 94

Fig. 4: Examples of superiority of drug combinations compared to individual drugs.



systems. 2. Elucidation of their effects at the biochemical level. 3. Pharmacologi-
cal and toxicological studies in animals in order to anticipate better pharmacologic
disposition and toxicity in man and to provide guidance as to the route, dose, and
schedule to be employed in man. 4. Pharmacologic studies in man. 5. Experimen-
tal trials in cancer patients to determine optimal dosage and schedules.

Undoubtedly, one of the major factors contributing to the success of chemo-
therapy, particularly against the rapidly growing tumors has been an understanding
of the importance of drug scheduling concentrations at the target site and duration
of effect. There are now numerous examples, both experimental and clinical, where
a drug may be relatively ineffective on one schedule of administration yet result in
a total remission with prolongation of survival on another schedule. The toxicity of
an agent against both normal and neoplastic cells is directly related to its concen-
tration (C) at the target and the duration of time (T) that this level is maintained.
This so-called C x T concept is markedly affected by dose and schedules and opti-
mally, the maximum number of tumor cells will be destroyed with minimal effect
on the normal cells. It follows, of course, that different drugs are metabolized at
different rates and their distribution in the body may vary.

Unfortunately, for many drugs, there appears to be little correlation between
schedule dependency studies in L1210 or other experimental systems and clinical
results. One of the difficulties lies in the fact that the cellular growth characteristics
of L1210 leukemia and normal mouse marrow and the relationship between the
two does not resemble any of the cancers in man including acute leukemia. More
data are needed, not only of pharmacologic characteristics of drugs but also of the
cell kinetics of both normal and tumor tissues at any given moment.

6. Supportive care, as already indicated, has allowed the clinician to treat more
aggressively resulting in a greater cell kill. 7. Appropriate therapy to eradicate
sequestered leukemic cells (as in the central nervous system). 8. The appreciation
of the fact that acute leukemia is not a single entity and that the response to a given
treatment varies according to the type of leukemia. The traditional classification of
leukemia is based on morphologic description and clinical course and recently,
cytogenetic analysis has been added to help in identifying certain subclasses and as
a guide in prognosis. Many characteristics of leukemic cell populations — biochemi-
cal, kinetic, colony forming, cytochemical and ultrastructural — have been studied
but most new classification proposals have been based on the use of finer cytologi-
cal characteristics than those presently employed. Unfortunately, these are general-
ly too difficult and controversial for general adoption. Nevertheless, it is obvious
that the current classification is inadequate and a better scheme is needed in order
to predict the course of leukemia and response to therapy.

In a broad sense, it can be stated that the vast amount of knowledge of leukemia
including cell kinetics, biochemistry, molecular biology, cytogenetics, virology, and
immunology has had relatively little impact on the management of patients with
these diseases. This is true in spite of many optimistic opinions often expressed by
investigators involved in these studies. The literature abounds with presumably
logical concepts of leukemia cell growth and with sequences of macromolecular
synthesis but who can say with real conviction that these reports have as yet had
any impact in changing the prognosis of even a single patient with leukemia?

10



It is true that within the last decade, the relevance of cell kinetics of leukemic
and normal leukocytes to successful chemotherapy of cancer has come to be recog-
nized. An integral part of the anti-tumor development effort has been the constant
search for drugs with “selective toxicity”, i.e., drugs which could selectively
destroy cancer cells without undue damage to normal cells. Unfortunately, this goal
has never really been achieved and most clinically useful agents have significant and
usually serious effects on normal tissue, particularly those with relatively rapid
turnover times, the bone marrow and the gastrointestinal tract.

As is well known, under normal circumstances granulocytopoiesis is a cell
renewal system so that cell production equals cell death. In patients with leukemia
in relapse, granulocytopoiesis usually exceeds cell loss and an expanding cell popu-
lation is the result (5). Granulocytes in the adult are produced in the bone marrow
where there is an orderly division and maturation from the earliest cell, the stem
cell, successively through the various cell types to the mature polymorphonuclear
leukocytes so that fairly distinct morphologic compartments are identifiable
(Fig. 5). In leukemia, in contrast to the normal situation, there is evidence from cell
kinetic studies and from histological examination that leukemic cells may be pro-
duced in a variety of sites in addition to the bone marrow, i. e., lymph nodes, liver,
spleen, testes, etc. The process of maturation and differentiation is disturbed and
morphologic classification based on maturation is usually not possible.

Available evidence suggests that a cell perhaps similar to a small lymphocyte may
be the common stem cell and that the erythroid, myeloid and megakaryocytic cell
lines are probably derived from this pluri-potential cell. The stem cell compartment
must be able to maintain itself against continued removal of cells for differentia-
tion, reconstitute itself if depletion occurs, and be capable of increasing its rate of
cell production upon demand. There is now good evidence in man that there is a
single compartment which gives rise to these various cell lines. Support for this con-
cept is provided from the observations by Whang et al. that the Ph! chromosome is
present not only in granulocyte precursors but also in erythrocytic and mega-
karyocytic precursors (6). This suggests that the chromosomal defect arises in a cell
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Fig. 5: Model for normal leukocyte kinetics.
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which is a common stem cell for the three cell lines. Similarly, studies of the
hematopoietic system of the mouse utilizing the spleen colony technique have also
provided data suggesting that there is a single pluripotential stem cell,

In addition to the stem cell compartment there is also a large differential prolife-
rating pool consisting of myeloblasts and promyelocytes. The next compartment in
the sequence is the myelocyte pool composed of large and small myelocytes; the
large cells representing a dividing pool supplying cells to the small cell maturation

ool.

P The proportion of proliferative cells in the bone marrow of patients with acute
leukemia is relatively low compared to normal marrow (7-—10). In normal bone
marrow, approximately one-third of the myeloid cells are in proliferation with an
average labeling index of about 30 % (11). Generation times for the myeloblasts,
promyelocyte, and myelocyte have been estimated at 24, 60, and 54 hours respecti-
vely (12) with a maximum DNA synthesis time of 24 hours. It is now known that
there may be a wide distribution of intervals for each of the phases. The variability
in length of the G, phase has the most relevance to the chemotherapy of patients
with leukemia since most of the presently available anti-leukemic agents do not
affect cells in the long G, or so-called Go phase. This will be considered at greater
length below.

With the completion of maturation, the granulocyte enters the so-called “mature
granulocyte reserve” of the bone marrow. Estimates vary, but there are approxima-
tely 2—3 x 10!! granulocytes in this compartment (13), and there are thus 10—20
times as many bands and segmented granulocytes in reserve as there are circulating
in the blood.

The release of granulocytes into the blood is an interesting phenomenon which
unfortunately is not well understood. Recent work suggests that changes in the
biophysical properties of the cytoplasm as differentiation and maturation occur
may be important factors (14).

It is important at this point to mention, if only briefly, some of the observations
which have been made in recent years concerning granulocyte production in vitro
(15). With both mouse and human bone marrow cells, colonies grown in vitro and
arising from the colony-forming cell (CFC) require the continuous presence of a
stimulatory substance, colony stimulating factor (CSF), which is found in sera and
urine from normal and leukemic individuals and from mice. In the absence of this
' material, colony growth is not sustained and the cells rapidly die. It has been sug-
gested that CSF is specific for neutrophils and that its major source are mature
granulocytes. If this were the case, there would be no stimulus if an individual were
rendered neutropenic and increasing myelopoiesis would result in the presence of
granulocytosis. To confuse the issue further, there is good evidence that mature
granulocytes are inhibitory (16) and that monocytes may be the source of material
controlling granulocytosis (17).

CSF is a glycoprotein with a molecular weight of approximately 190,000 and is
considered by many to be a growth regulator or granulopoietin for the granulocytic
series analogous to erythropoietin for the red cell series. The function of CSF in
vivo has not yet been elucidated; however, patients with acute lymphocytic or stem
cell leukemia generally have elevated levels while those with acute myelocytic
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leukemia have depressed levels (18). During remission, the levels in patients with
acute myelocytic leukemia rise to normal or high values.

Diffusible granulocytopoietic stimulator (DGS) has been reported to be present
in vivo in mice following the injection of endotoxin or after irradiation and has
been shown to stimulate granulocyte production in Millipore filters implanted
intraperitoneally (19). Preliminary data suggest that this material is different from
CSF.

The relationship of CSF, DGS, chalones and other inhibitors, antichalone and
leukocyte inducing factor is at present unclear and certainly somewhat bewildering.
If there is a defect in this system in leukemia, its precise location is difficult to
ascertain from reports in the literature. Finally, the significance, if any, of these
observations for the treatment of patients with leukemia remains to be determined.

In contrast to the orderly unidirectional progression of division, maturation and
release from the bone marrow of leukocytes in the hematologically normal indi-
vidual, the picture in leukemia is largely one of confusion with marked deviation
from the steady state (Fig. 6). In acute leukemia, normal leukocytes are replaced by
large numbers of blasts both in the bone marrow and in the peripheral blood where
the count may or may not be elevated. The spleen, liver and lymph nodes may be
infiltrated with these cells and enlarged.

Years ago, it was assumed that in leukemia the orderly process of normal
myelopoiesis was greatly disturbed owing to some unidentified influence and the
myeloid precursors were rapidly and excessively proliferating. This hypothesis was
never substantiated and was replaced by the current concept, first suggested by
Astaldi and Mauri (7) that leukemic cells do not proliferate wildly, but that there is
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Fig. 6: Model for leukocyte kinetics in leukemia.
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some maturation defect accompanied by the accumulation of large numbers of
immature myeloid cells. Based on stathmokinetic and in vitro labeling studies with
3HTdR, Gavosto et al (8, 9), suggested that the proliferative capacity in acute leu-
kemia was very low compared to normal bone marrow and that the labeling index
of blast cells in acute leukemia was in proportion to the size of the cells, the larger
cells being considered the younger ones. These cells, in both AML and ALL, com-
prised a relatively small percentage of leukemia cells in the bone marrow and had a.
high labeling index (range 24—52) both after in vitro labeling with 3HTdR and after
a pulse label in vivo (20). In contrast, the labeling index of the small cells was quite
low. It is now generally accepted that the large cells are the dividing or cycling
population and that the small cells are the “resting” (Go) or non-proliferating popu-
lation. However, this population is obviously not “resting” in the strict sense and
most likely is comprised of cells in a very prolonged G, phase. It is hypothesized,
based on the interpretation of data obtained in patients with acute leukemia using
3HTdR labeling (21), that the small “non-dividing” leukemia cells are capable of
re-entering the proliferative cycle.

Studies in the spontaneous AKR mouse leukemia employing a cell separation
technique conclusively demonstrate that the small cells have a normal component
of DNA and even after labeling with 3HTdR for a period equivalent to 5 cell cycle
times, unlabeled cells are still present. These small cells are heterogeneous consisting
of both non-clonogenic cells and clonogenic cells residing in either a G or a long
G; phase of the cell cycle (22—24). Upon transplantation to young normal AKR
mice, the small cells are capable of proliferating and causing death due to leukemia.

There have been many cell kinetic studies in acute leukemia and although some
of the data on cell cycle characteristics of leukemic leukocytes may be suspect it
appears that (1) the majority of leukemic cells are capable of DNA synthesis but
that most of the blasts are not in active proliferation (2) cell cycle times vary
greatly (25—28), ranging from 60 to 200 hours and are generally somewhat longer
than those for the early normal myeloid precursors and (3) the intravascular life of
leukemic leukocytes is prolonged.

In contrast to the simple exponential intravascular disappearance pattern of
normal granulocytes, leukocyte disappearance curves in patients with acute leuke-
mia are often complex and prolonged (29—30). This may be present even when the
patients are in remission and suggests that morphologically normal appearing granu-
locytes in these patients are still defective. On the other hand, extra-corpuscular
factors cannot be ruled out since prolonged intravascular curves have been reported
in patients with non-leukemic malignancies (31).

In hematologically normal individuals, granulocytes once having left the vascular
tree, do not return but in AML (32, 33) as in CML (34) leukemic cells may enter
the spleen and then recycle to the blood and the bone marrow. Leukemic cells are
rarely seen dividing in the peripheral blood and the proportion able to incorporate
3HTdR is less than that in the bone marrow.

The foregoing is a brief review of the current status of information concerning
leukocyte kinetics in acute leukemia. The precise defect in acute leukemia specifi-
cally acute myelocytic leukemia, is not known but as has been postulated by Gallo
(35) and others, the findings are consistent with a block in the normal process of
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maturation of myeloid elements. Until the in vitro colony work discussed above
this was considered irreversible but it now appears that leukemic cells can be made
to mature under appropriate circumstances in the presence of a certain protein fac-
tor(s).

The cause of this disturbance in maturation is also not clear at the present time
but in the last two or three years, a great deal of evidence has been accumulated
strongly suggesting that RNA tumor viruses are involved. It is beyond the scope of
this paper to review this evidence but regardless of whether one accepts the onco-
gene theory or the protovirus theory, the finding of the enzyme, reverse transcrip-
tase, may be a most important development as far as the potential for controlling or
curing acute leukemia. This enzyme appears to be distinct from RNA dependent
DNA polymerase activities which have been reported in normal cells (36, 37). If
reverse transcriptase is unique to leukemic cells it represents a prime target for
therapeutic attack providing its presence is required for maintenance of the neopla-
stic state. Other DNA polymerases in leukemic cells, if qualitatively different from
their counterparts may also be important targets. In any case, the reports of selec-
tive toxicity of rifamycin derivatives for leukemic cells are exciting (38) even
though the precise mechanism for this toxicity is still unclear (37). Undoubtedly,
other compounds will be found with similar or better selectivity.

The accumulating evidence suggesting that a virus may be the etiologic agent in
leukemia and that reverse transcriptase plays an important role in the initiation of
the desease and perhaps, in its maintenance raise important questions particularly in
relation to relapses in patients after long apparently disease free intervals. Such
relapses have been postulated to be due to 1) persistance of resting cells and their
re-entry into cycle 2) a failure of the immune mechanism in preventing the ap-
pearance of clinically detectable leukemic cells arising from a small cluster of
cycling cells 3) re-induction by the agent responsible for the initial event. The latter
possibility gains some support from the experience with normal marrow transplants
into leukemic patients in which leukemic transformation of donor cells were obser-
ved. However, other explanations for this phenomenon are possible. In addition,
specific cytogenetic abnormalities when present in acute leukemia tend to disappear
when the patient is in remission but the same abnormalities recur in late relapses. It
would be most unlikely that a virus would cause precisely the same abnormality
upon re-infection. However, it is conceivable that a sub-virus moiety might bind at
the same site and produce the same karyotypic defect.

How has this knowledge I have reviewed been utilized in the management of
patients and has it been useful? Based on data from animal studies and certain
kinetic considerations it is possible to conceptualize (Fig. 7) neoplastic cell popula-
tions, including leukemia (20). Populations with a high proportion of cells in active
proliferation and with a high clonogenic potential are classified into compartment
A; cells temporarily non-dividing but capable of re-entering the growth cycle (cells
in Gop or in with a prolonged G; phase) are in compartment B; cells which are
incapable of reverting to proliferation and are end-stage or mature are in compart-
ment C; and finally, dying cells and cells undergoing lysis and resorption belong to
compartment D.

In leukemia and in other neoplastic populations, growth occurs when the input
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from compartment A exceeds the loss in compartment D (or with A constant, the
loss in D decreases, a very unusual situation). At an early stage, the proportion of
cells in active cycle (i. e. in A) is high and the proportion in a resting phase (i. e. in
B) is low. As the disease progresses, the proportion in B increases and the doubling
time of the whole population lengthens. This change in proliferative characteristics
from early exponential growth is best described by a Gompertzian function (39).
Obviously, the deviation from exponential growth may also occur from an increase
in cell loss, a lengthening of Tc, or a combination of these factors. It is important to
note, however, that growth fraction and cell loss are probably the prime determi-
nants governing the rate of tumor growth although growth characteristics may be
changed as a consequence of therapy. It has been shown, in fact, that regrowth of
L1210 following treatment with BCNU is accompanied by cells dividing with a
longer Tc (40) and similar observations have also been reported in acute leukemia
(41).

Remissions occur when the loss in compartment D exceeds the input from A.
Most clinical by useful anti-tumor drugs affect compartment A cells. These are the so-
called cycle active drugs and include the anti-metabolites and the mitotic inhibi-
tors. Alkylating agents and functionally related compounds probably have their
major effect on compartment A cells but do also exert an effect on cells in com-
partment B. Unfortunately, the effects on these cells are not well understood and as
will be seen, the persistence of these cells after treatment represents one of the
serious problems in the management of patients with leukemia.

Kinetic data on normal and leukemic animal and human leukocyte populations
have been examined with relation to response to chemotherapy (20). A number of
observations emerge including 1) there is a direct relationship between the labeling
index and the response to chemotherapy; 2) there is an inverse relationship between
doubling time and response and 3) alkylating agents are more effective against
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To Best Drugs Completely
When Optimally Insensitive to Drugs
Employed

Fig. 7: Relationship between tumor growth characteristics and response to therapy (modified
from ref. 20).
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tumors with long doubling times and low growth fractions (compartment B) com-
pared to anti-metabolites. Responsiveness appears to be related to the size of the
growth fraction since as the growth fraction decreases with advancing disease, the
likelihood of obtaining a tumor regression or cure declines.

At diagnosis, in an adult with acute leukemia, there are approximately 102
leukemic cells and the labeling index is quite low. A “remission” by current criteria
is achieved when a 3 log reduction in cells is obtained with chemotherapy and
although there may be 10° leukemic cells in the body, they are not detectable by
the presently available techniques. Experience has shown, however, that continued
aggressive therapy is necessary or the patient will quickly relapse. In any case, even
though normal myeloid precursors are also affected by the agents employed, the
normal elements regenerate more rapidly (shorter cell cycle time and higher growth
fraction) and the leukemic cells are no longer detectable on blood or bone marrow
examination.

If the body burden in acute leukemia at diagnosis or relapse totals approximately
1012, theoretically a 12 or 13 log reduction should affect a cure. The word
“theoretically” needs to be emphasized since it may not be necessary to achieve at
12 or 13 log reduction for a cure if the immune mechanism is invoked to eradicate
the last 2 or 3 logs of tumor cells.

In most cases of acute lymphocytic leukemia, the most responsive of the acute
leukemias, the body burden of leukemic cells is reduced to 10% or 10% cells follo-
wing vigorous combination chemotherapy. With prolonged therapy there is eviden-
ce that residual leukemic cells may number 100 or fewer and there are data in both
man (25) and animals (23) that these remaining cells may be predominantly resting
cells. Following continuous infusion of 3HTdR in patients with acute leukemia for
as long as 20 days, a small but significant proportion of leukemic cells remain
unlabeled (25). In spontaneous AKR leukemia, as discussed above, these small cells
upon transplantation to young normal AKR mice, are capable of proliferating and
causing death due to leukemia (22). There is good reason to believe that the kinetic
behavior of leukemic cells in the advanced disease in man is similar to that of the
leukemic population in spontaneous AKR leukemia and it appears quite likely that
resting small cells in the human disease are also capable of resuming proliferation.
Since resting cells are relatively insensitive to current chemotherapeutic agents, it
would appear to be appropriate to use some form of immunotherapy in an attempt
to eradicate them completely. However, thus far, as discussed above, this has not be
achieved.

Both advanced L1210 leukemia and spontaneous AKR leukemia are relatively
insensitive to cycle active agents, presumably due to the low growth fraction in
both situations. However, if the total leukemic cell population is reduced by trea-
ting with a non-cycle active drug, the residual cells are stimulated to resume proli-
feration and are then susceptible to a cycle active agent such as arabinosylcytosine
(42, 43). This concept underlies some of the attempts to gain a therapeutic advan-
tage in human leukemia. For example, extracorporeal irradiation (44), intensive
leukapheresis (45) and attempts at cell synchronization (46) have been employed in
an effort to recruit resting cells to enter proliferation in AML. Unfortunately, these
procedures have not lead to a higher remission rate or to a prolongation of survival
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following treatment. It is obvious that elucidation of the control mechanisms gover-
ning both the entry of cells into prolonged G; or Gy is urgently needed.

A great deal of consideration in this paper has been given to attempts to achieve
selective toxicity for tumor cells by trying to take advantage of a variety of dif-
ferences between normal and neoplastic cells such as growth characteristics.
Although these have not been totally successful, important progress has been
achieved in controlling cancer in man. However, there are other avenues which
deserve important emphasis and some of these, particularly following on the recent
developments in molecular biology, have already been mentioned. Another
approach which deserves attention lies in studies of the cell membrane. There is
growing evidence that neoplastic cell surfaces may have therapeutically exploitable
differences. The work with concanavalin A and wheat germ agglutinin has helped to
elucidate cell membrane structure (47, 48). The agglutination of viral and chemical-
ly transformed cells is of great interest although some normal cells are also affected
(49). These observations appear to deserve further work for potential application to
treatment of patients with leukemia and other neoplastic disorders.

In summary, in this paper, I have attempted to review some of the concepts in
acute leukemia and the status of treatment of patients with these diseases. Recent
developments in several areas directly and indirectly related to leukemia add greatly
to our knowledge of these disturbances and appear to have important implications
for their control or cure.

References

1. Farber, S., et al. (1948) N. Eng. J. Med. 238, 787—793.
2. Perry, S. (1971) Cancer Chemotherapy Reports. 2, 99—104.
3. Graw, R. G., et al. (1972) N. Eng. J. Med. 287, 367—371.
4. Levine, A. S., et al. (1973) N. Eng. J. of Med. 288, 477—483.
5. Perry, S. (1971) Annual Rev. of Med. 22, 171-184.
6. Whang, J., et al. (1963) Blood. 22, 664—673.
7. Astaldi, G., and Mauri, C. (1953) Rev. Belge Path., 23, 69—82.
8. Gavosto, F., et al. (1960) Nature. 187, 611—-612.
9. Gavosto, F., et al. (1964) Nature. 203, 92—94.
10. Mauer, A. M, et al. (1966) Blood. 28, 428—445.
11. Killmann, S. A. (1968) Ser. Haemat. 1, 38—102.
12. Cronkite, E. P., et al. (1964) New Eng. J. of Med. 270, 1347-1352,
1403—1408.
13. Perry, S., et al. (1966) J. Clin. Invest. 45, 1388—1399.
14. Lichtman, M. A. (1970) N. Eng. J. Med. 283, 943—-948.
15. Metcalf, D. and Moore, M. A. S. (1971) Med. J. Aust. 2, 739—746.
16. Paran, M., et al. (1969) P. N. A. S. 62, 81—87.
17. Chervenick, P. A. and Lo Buglio, A. F. (1972) Science. 178, 164—166.
18. Robinson, W. A. and Pike, B. L. (1970). N. Eng. J. Med. 282, 1291—-1297.
19. Rothstein, G., et al. (1973) Blood. 41, 73-78.
20. Skipper, H. E. and Perry, S. (1970) Cancer Res. 30, 1883—1897.
21. Saunders, E. F. and Mauer, A. M. (1969) J. Clin. Invest. 48, 1299—1305.



22.
23.
24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43,
44,
45.
46.
47.
48.
49.

Rosen, P. J., et al. (1970) JNCI, 45, 1169—-1178.

Omine, M. and Perry, S. (1972) JNCI, 48, 697704,

Omine, M. and Perry, S. (1973) Cancer Res. 33, 2596—2602.

Clarkson, B. D. (1969) NCI Monograph 30, Human Tumor Cell Kinetics.
81-120.

Saunders, E. F. (1967) J. Clin. Invest. 46, 1356 —1363.

Clarkson, B., et al. (1967) J. Clin. Invest. 46, 506—529.

Gavosto, F., et al. (1967) Nature. 216, 188—189.

Spivak, J. L., et al. (1969) Blood. 34, 582—590.

Galbraith, P. R, et al. (1970) Blood. 36, 371—384.

Galbraith, P. R., et al. (1965) Blood. 25, 683—692.

Rosen, P. J. and Perry, S. (unpublished).

Killmann, S. A,, et al. (1971) Acta. Med. Scand. 189, 137—-142,

Moxley, J. H., et al. (1965) Nature. 208, 12811282,

Perry, S. and Gallo, R. C. (1970) A. S. Gordon, Ed Appleton-Century-Crofts,
New York, Vol. II. pp. 1221-1272.

Gallo, R. C., et al. Proceedings of the Second Annual Steenbock Symposium.
(1973) Eds: Wells, R., Duman, R., Univ. Park Press, Baltimore 252—286.

Gallo, R. C., et al. Proceedings of the Fifth International Congress of Pharma-
cology, S. Karger, Basel (1973) 3, 411—436.

Smith, R. G., et al. (1972) Nature New Biology. 236, 166—171.

Laird, A. K. (1965) Brit. J. Cancer, 19, 278—291.

Young, R. C. and De Vita, V. T. (1970) Cancer Res. 20, 1789—1794.

Clarkson, B. D., et al. (1970) Cancer. 25, 1237—1260.

Skipper, H. E,, et al. (1969) Cancer Chemo. Repts. 53, 345—366.

Tyrer, D. D,, et al. (1967) Cancer Res. 27, 873—879.

Chan, B. W. B. and Hayhoe, F. G. J., (1971) Blood. 37, 657—663.

Peich, L., et al. (1971) Proc. AACR. 12, 25,

Lampkin, B. C. (1972) Seminars in Hematology. 9, 211—-223.

Burger, M. and Noonan, K. (1970) Nature. 228, 502—503.

Burger, M. and Goldberg, A. (1967) P. N. A. S. 57, 359—366.

Inbar, M. and Sachs, L. (1969) P. N. A. S. 63, 1418—1425.

19



THE MOLECULAR BASIS OF GENE EXPRESSION
R. Hehlmann', T. Hunt?,

!Institute of Cancer Research
and Department of Human Genetics and Development,
College of Physicians and Surgeons,
Columbia University, New York, N. Y. 10032

?University of Cambridge,
Department of Biochemistry, Tennis Court Road,
Cambridge

Our present understanding of gene expression and transcription is based on
experiments performed and models proposed only little more than 10 years ago.(1)

According to this understanding the genetic information is contained in and
arranged linearly on nucleic acid molecules (DNA and RNA) in form of a specific base
sequence (adenine = A, guanine = G, cytosine = C, thymine = T, and in the case of
RNA uracil = Uinstead of thymine).

Three bases form one triplet which specifically codes (Nirenberg and Matthaei,
1961) for either an amino acid, a starting or a termination signal in protein synthesis.
The genetic code summarizes the coding properties of all 64 possible triplets (F. H.
C. Crick, 1966,(2)).

In general, DNA is the genetic material. Exceptions are some bacterial-, plant-, and
animal viruses, e. g. the RNA-tumor-viruses. The genetic material of cells consists of
one or more comparatively long DNA strands of high molecular weight, which are
mainly localized in a nucleus.

For proteinsynthesis the genetic information of the DNA must 1) be available in
defined units, 2) transcribed into m-RNA, and 3) a regulation mechanism is required
which controls the species and amount of proteins to be synthesized at a given time.

The organization of DNA

The operon model by Jacob and Monod (developed for bacterial genes in 1961)
proved highly useful for organizing genetic information in defined units. In this model
the functional unit of gene expression is the operon, which consists of several
structural genes (one gene codes for one protein) and some regulatory sites controlling
the same biochemical pathway. The model specifies that the genes of one operon are
usually transcribed together to produce one single messenger RNA (m-RNA synthesis
or transcription). The enzyme synthesizing the m-RNA is the DNA dependent RNA
polymerase or transcriptase. It appears to bind to a ,,promotor* site of the operon to
initiate m-RNA synthesis unless negative control is exerted by a ,,repressor‘ molecule
which can bind to the ,,operator* site localized between promotor region and
structural genes, In this case, m-RNA synthesis would be initiated by depression of the
operon i. e. inactivation of the repressor by an ,,inducer*, which leads to lower
affinity of the repressor for the operator site.
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THE GENETIC CODE

1st 2nd 2nd 2.n.d 2n d 3rd
position pO[SJltlon pos&tlon pos;flon p03c1;tlon position
PHE SER TYR CYS U
U PHE SER RYR CYS C
LEU SER Ochre (Chain- A
(Chain- | termination)
termination)
LEU SER Amber TRP G
(Chain-
termination)
LEU PRO HIS ARG U
C LEU PRO HIS ARG C
LEU PRO GLUN ARG A
LEU PRO GLUN ARG G
ILEU THR ASPN SER U
ILEU THR ASPN SER C
A ILEU THR LYS ARG A
METH THR LYS LRG G
VAL ALA ASP GLY U
VAL ALA ASP GLY C
G VAL ALA GLU GLY A
VAL ALA GLU GLY G
Transcription

The synthesis of m-RNA (= transcription) provides a mediator molecule between
the ,,immobile* DNA in the nucleus and the sites of protein synthesis at the ribosomes
in the cytoplasm. m-RNA, which was proven to be complementary in its base
sequence to the template DNA (Hall and Spiegelman, 1961), thus represents a true
copy of the DNA and contains all genetic information of the corresponding stretch of
DNA on a comparatively small and mobile molecule which can be degraded easily
after it has fulfilled its function.

Transcription, in addition, is a step in cell metabolism at which the kind and
amount of proteins to be synthesized can be regulated.
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According to present thinking (4), transcription is initiated by attachment of
transcriptase to the promotor site and subsequent binding of two ribonucleotides to
the enzyme. Chain elongation occurs by sequential addition of nucleoside mono-
phosphates to the 3'-terminus of the nascent RNA-chain. The mechanism of
termination of transcription at the end of the operon possibly involves certain DNA
termination sequences but is not yet completely understood. After release from its
template DNA and transport to the ribosomes, the m-RNA is then thought to be
available for translation and protein synthesis.

Reverse transcriptase

In the context of this workshop it appears useful to briefly define an enzyme which
is of importance for the understanding of a number of papers presented here and
which, because of its name, caused some confusion as to its relatedness to transcrip-
tion.

Until three years ago it was believed that the flow of genetic information was only
in the direction DNA to RNA and RNA to RNA. However, Temin and Baltimore in
1970, found an enzyme in RNA-tumor viruses, which can synthesize DNA on a single
stranded RNA template, and thus reversed this conception.

Because of its effect opposite to that of the DNA directed RNA synthesizing
transcriptase, this enzyme was called ,,reverse transcriptase‘. Its operational defini-
tion includes four parameters. The DNA-synthesis mediated by a reverse transcriptase
1) must accept single stranded natural RNA as template, 2) must be sensitive to
ribonuclease, 3) must depend on the presence of all four deoxyribonucleotides, and 4)
the DNA product of the reaction must be complementary in its base sequence to its
RNA template. The latter is tested by so called back-hybridization.

At present, there is no indication what so ever that reverse transcriptase has
anything to do with transcription of DNA into m-RNA.

Translation

Proteins are linear polymers of amino acids, and the problem in their synthesis is
how to put the correct amino acid into the correct position in the chain. There are 20
amino acids which can serve as precursors of proteins; some amino acids — the
formation of hydroxyproline from proline in collagen is an example of this. The basic
elements of the mechanism of protein synthesis are fairly clear, though detailed
understanding of many aspects is still lacking (3). This account starts with a descrip-
tion of the important elements, continues with an account of the cycle of events lea-
ding to the synthesis of a protein, and concludes with a description of how and
under what circumstances the synthesis of proteins can be regulated.

Ribosomes

Proteins are synthesized on ribosomes; at some point during the process all the
elements to be described interact with these particles. They are roughly spherical
particles, about 200 A in diameter with a molecular weight of about 4 x 106. About
half the mass is protein, and half RNA. Atlow Mg** concentrations, or in the presence
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of certain proteins, the ribosome dissociates into two unequal subunits which are
known by their sedimentation rates, 60S and 40S. The 60S subunit contains two
species of RNA with molecular weights of 1.6 x 10° and 1 x 10° (28S and 5S RNA)
while the 408 particle contains one RNA molecule with a molecular weight of 8 x 10°
(18S RNA). There are probably few, if any overlaps between the protein content of
these particles — that is, one can assign every protein of the intact, 808 ribosomes to
either the 408 or 60S subunit. There are 50—60 different proteins in ribosomes from
mammalian tissues.

Transfer RNA

For every ribosome in the cell there are between 10 and 20 molecules of transfer
RNA. This is a heterogeneous class of RNA with an average molecular weight of about
25.000 sedimenting at about 4S; they contain between 75 and 95 nucleotide residues.
Despite the heterogenity, these molecules possess several features in common. They
all terminate in the sequence —CCA, and each molecule can accept an amino acid
bound by an ester linkage to the ribosome of the terminal adenosine residue. The
combination of the amino acid with its correct tRNA is catalysed by a series of 20 or
perhaps more enzymes which require ATP for activity, performing the overall
reaction:

Amino acid + ATP + tRNA = Aminoacyl-tRNA + AMP + PPI

The combination of each amino acid with its cognate tRNA is absolutely specific.

Messenger RNA

The sequence of amino acids in proteins is specified by messenger RNA. Ribosomes
attach to mRNA at one end, at a strictly specified site, and proceed along the mRNA
until they reach a termination signal, and release the protein they have been
assembling. The translation of the sequence of nucleotides in the mRNA is accom-
plished by aminoacyl tRNA, which binds specifically to codons in the mRNA by
classical base-pairing. This automatically brings the amino acid at the other end of the
tRNA into the correct register so that a peptide bond can form between it and the
growing polypeptide chain. Messenger RNA itself has proved an elusive entity, mainly
because there is very little of it compared to the tRNA and ribosomal RNA, and also
because it is exceedingly heterogeneous, both as regards size (which must be roughly
proportional to the size of the protein it specifies) and composition, which is also a
function of the protein it codes for. However, it is now possible to prepare specific
mRNA — examples are the mRNA for globin, immunoglobins, viral proteins of several
species, silk fibroin, and so on — the list lengthens almost daily at the time of writing.

,,Factors*

Besides the proteins of the ribosome, several enzymes which are only loosely or
transiently associated with the ribosomes catalyse the process of protein synthesis.
There seem to be at least 6 or 7 identifiable activities, though some would extend the
list. There appear to be at least three, and possibly 6 factors involved in initiation, two
in the assembly, and two for termination of the chains. Some of these proteins are
well-characterized and highly purified; others are not.
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The Ribosome Cycle

Immediately after a ribosome has finished making a protein, it leaves the mRNA,
drops the finished protein, and dissociates into its subunits. The first identifiable step
in the next cycle of synthesis is the binding of methionyl-tRNA¢ to the 40S subunit,
catalysed by an initiation factor (or two) and GTP. This tRNA is unique in several
respects, and is the only known tRNA which can bind to ribosomes in the absence of
mRNA. It is used only for starting new protein chains; another methionyl-tRNA exists
to put methionine into internal positions in the chain. Having bound the initiator
tRNA, the mRNA is bound to the 40S/met-tRNA¢ complex. This probably requires a
protein or proteins, and following the correct binding of the message, the 60S subunit
joins on. The next amino acid specified by the mRNA is now brought into position,
attached to its tRNA, and catalysed by a protein whose function is to carry tRNA
from the synthetases to the ribosomes; this process appears to involve GTP binding
and probably hydrolysis also. Having bound correctly, the first amino acid forms a
peptide bond to the second, and the ester linkage between the methionine and the
tRNA is also broken. The enzyme which catalyses the peptide bond formation is an
integral part of the 60S subunit, and cannot be removed. The situation is now thata
dipeptide, bound to tRNA, islocated in the same place as that tRNA was located when
it first entered the ribosome; it is now necessary to move the peptidyl-tRNA into the
location that was first occupied by the met-tRNA{, so that there is a space for the next
aminoacyl-tRNA to enter the ribosome, and so that the next triplet codon on the
mRNA is properly positioned. The movement, called translocation, is catalysed by
another enzyme, called EF II; GTP hydrolysis is again involved. After translocation,
the scene is set for another round of the cycle to occur, and the process continues with
EF I catalysed binding of aminoacyl-tRNA, peptide bond formation and transloca-
tion until a termination signal in the mRNA is reached, at which point of protein
termination factor enters the ribosome instead of a tRNA, and translocation probably
results the release of the completed protein.

The Ribosome Cycle in Eukaryotes

Native 40S subunit + Met-tRNAf + GTP > 40S/met-tRNA{/GTP
40S/met-tRNAf/GTP + mRNA - 40S/mRNA/met-tRNA{(GTP? )
40S/mRNA/met-tRNAf + native 60S subunit &> 80S/mRNA/met-tRNAf
80S/mRNA/met-tRNAf + val-tRNA EFLGTPg0S/mRNA/met. val-tRNA
Translocation of met. val-tRNA from A site to P site, catalysed by EFII and GTP
Repeat steps 4 and 5 until termination codon is reached, when R factor binds,
and combined peptide bond formation to ? water and translocation release
nascent chain from the ribosomes and the ribosomes from the mRNA. At this
point, the ribosomes exist as subunits, and have a choice of either repeating the
cycle or becoming relatively inactive 80S ribosomes.

AR S o e
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The details of these reactions are in most cases quite obscure, particularly the
movement of the tRNA and mRNA with respect to the ribosome. Many of the ideas
about the mechanism have come from taking the components apart by means of
washing ribosomes with strong salt solutions, and adding back wash fractions to see
what is needed to restore activity. Also important, however, are a range of inhibitors
which affect various aspects of the cycle; for example, aurinetricarboxylic acid,
pactamycin, and edeine all inhibit various phases of the initiation process; sparsomy-
cin, and anisomycin inhibit peptide bond formation; diphtheria toxin (+ NAD) and
cycloheximide inhibit translocation; and puromycin mimics the end of aminoacyl-
tRNA closely enough that it causes the premature release of nascent peptides from the
ribosome. This list is not exhaustive; the importance of these inhibitors is that they
may cause the ribosomes to accumulate at one point in the cycle, which reduces their
heterogeneity and makes the study of intermediates in the cycle a possibility.

The Control of Protein Synthesis

There are very few well-understood examples of control of protein synthesis. It is
an article of faith that ribosomes are indiscriminate translators of whatever mRNA
happens to come their way, so that most of the control of the type of protein
synthesized in cells is made at the level of transcription of DNA into RNA, or the
subsequent processing of the RNA or its transport to the cytoplasm. In the case of
infection by viruses like Vaccinia, VSV, polio, and other viruses which replicate in the
cytoplasm, it seems that viral RNA is poured into the cytoplasm and takes over; some
believe that they also subvert the ribosomes, so that they can only read viral messages;
but there is little evidence that this is in fact the case. There is one situation in which it
seems that protein synthesis can be turned on and off during the cell-cycle, in the
synthesis of histones. Histone synthesis occurs only during the S-phase of the
cell-cycle, and is strongly inhibited by inhibitors of DNA synthesis. The basis for this
control is unknown. Other case of control of protein synthesis seem to be more
general — a kind of overall quantity control. This occurs during amino-acid starvation,
at elevated temperatures, during mitosis, in serum deprivation and various other
conditions which are sub-optimal for cell-growth. In these conditions, protein
synthesis is inhibited non specifically at the level of initiation. The basis of this control
is not understood. |
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CYTOLOGY AND CYTOCHEMISTRY OF THE LEUKEMIC CELL
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In contrast to the modern science of molecular biology, cytology and cyto-
chemistry of human blood cells have along history. Some of the principal mechanisms
of protein biosynthesis were already discovered with cytological methodsin the 19th
century. In 1899, a young French anatomist, GANIER (8), demonstrated in his thesis
the relationship between specific morphological changes in the cytoplasm of pancreat-
ic glands and the secret production of these glands. During the synthesis of this
specific pancreatic secret, the cytoplasm becomes basophilic. GANIER named this
active cytoplasm: ergastoplasm, meaning that this cytoplasm produces something,
however, we know today that this “something” is actually protein. With the
lightmicroscope GARNIER has demonstrated in his experiments a relationship
between acid groups in the cytoplasm and protein synthesis.

Forty years later BRACHET (3) and CASPERSON (4) demonstrated by cyto-
chemical methods that this acid groups consisted of RNA and they found the
dependent relationship between RNA synthesis and protein synthesis. Today we
know that the cause of GANIER’s basophilia is the high RNA content of the
ribosomes, which are the centre of protein synthesis (5)

This short historical introduction has shown us that lightmicroscopy is necessary
and not a hopeless method in modern biological research.

Studying the cytology and cytochemistry of the human leukemic cell, we can prove
how valuable the lightmicroscope is. Therefore, we must ask ourselves the following
questions:

1. What do we know about cytological and cytochemical markers in normal and
leukemic cell differentiation? .

2. Do we have specific markers which show us the leukemic transformation of a single
blood cell?

3. Which of these markers can give us information for our diagnostic and therapeutic
behavior with the leukemic patient?

Supported by Deutsche Forschungsgemeinschaft, in collaboration with Deutsche Arbeitsge-
meinschaft fiir Leukimieforschung und -behandlung im Kindesalter e. V.
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Fig. 1

a)  normal bone marrow, various stages of maturation of erythropoietic and leukopoietic cells,

b)  leukemic bone marrow, blast cells, showing the same differentiation,
c+d) blasts with nuclear cleavage of the Rieder cell type,
e)  pseudo pelger cell between a promyelocyte and a metamyelocyte,

f) Auer rods in the cytoplasm of a parapromyelocyte.
a—e) 700 x;f): 1,500 x
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CYTOCHEMICAL REACTIONS IN BLOOD AND BONE MARROW CELLS

Reaction |Promyeloc.—~Neut.P.M.N.| Monocyte |Lymphocyte |PlasmaCell |[Pronormbl. = Normobl. Erythrocyte
| weak diffus :
PAS “ positive nf)%itil:: ’ negative negative
peripheral p e g < g >
granules granuies
negative,
PDi%%XY' — weak negative negative negative
positive < g
negative,
N-AS-D-CL- . . .
“ weak negative negative negative
ESTERASE positive < g
positive, negative, . negative,
QL.gHA-N- _——_____ —pj strong po%itive wea.k. P ar:ilr.luclear perinu clear po%itive
STERASE positive granules positive | positive positive granules
. iff
ACID positive, negative, ;}Lsiltl::ve, paranuclear paranuclear .
glz(S)SPHA- strong posmire positive | positive positive, negative
E positive granules granules negative
ALKALINE
PHOSPHA—- |- — — — — — ———q negative negative negative negative
TASE
g}{ll{fEI‘IIiE < negative > negative negative negative P————}

Tab. 1 methods for cytochemical reactions in blood and bone marrow cells: PAS: Mc MANUS and HOTCHKISS mod. (30), peroxydase:
GRAHAM-KNOLL (30), naphthol-AS-D-chloroacetate-esterage: LEDER (17), alpha-naphthyl-acetate-esterase: LEDER (17), acid phos-
phatase: GOLDBERG and BARKA mod. (17), alkaline phosphatase: KAPLOW mod, (23), sulfide-silver: NETH et al. (24).



1. What do we know about cytological and cytochemical markers in normal and
leukemic cell differentiation?

Besides the well known cytology of the different blood cell lines of granulopoiesis,
erythropoiesis, lymphopoiesis and thrombopoiesis (Fig. 1 a), the specific cyto-
chemical markers in each cell line are also well known (Tab. 1). Leukemic cells show
abnormalities in the differentiation between the nucleus and cytoplasm (Fig. 1 b). In
addition, these cells may show deformities of the nucleus, such as nuclear cleavage of
the Rieder cell type (Fig. 1 c—d) or such as the acquired Pelger-Huet anomaly of
neutrophils (Fig. 1 e). Abnormalities are also shown by azurophil granules, called
Auer rods (Fig. 1 f) or by defective granularity in the eosinophils.

A cytological classification of the undifferentiated leukemic blast cells is mostly
impossible (Fig. 2 a—h), however, leukemic cells can be classified with the aid of
specific cytochemical markers based on the reactions in normal blood cells
(19, 7, 10, 22, 1, 20, 27, 12, 18, 21). HAYHOE and his coworkers (10) used periodic
acid Schiff (PAS)-, peroxidase- and sudan black reaction to classify the leukemic blast
cells in lymphoblastic (Fig. 2 i), myeloblastic (Fig. 2 j), monocytic (Fig. 2 k) and
ery throblastic cells. In addition to the above mentioned reactions we used: Naphtol-
AS-D-chloroacetate-esterase  (N-AS-D-Cl-esterase), alphanaphthylacetate-esterase
(alpha-N-Esterase), acid and alkaline phosphatase and sulfide-silver reaction (Tab. 2).

To know how far cytochemical markers in leukemic blast cells might give genetic
parameters we need, in addition to the cytochemical reactions, the biochemical
analysis of the specific products in the blood cell lines. We already know that
hemoglobin is a specific cell product in the erythropoietic cell line, therefore, in this
cell line we could have a good chance to compare cytochemical markers with
biochemical analysis.

LEDER (15, 16) and DRESCHER (6) have demonstrated with cytochemical
methods that in some undifferentiated leukemic cells there is an erythropoietic
specific acid phosphatase reaction. We found, in addition to the specific acid
phosphatase reaction non-hem iron with the sulfide-silver-reaction (SSR) (29) in this
undifferentiated leukemic cells (2) (Fig. 4 a—c). Until now we could not demonstrate
the presence of hemoglobin in these leukemic cells, but we could demonstrate that the
polysomes in these leukemic cells have messenger RNA with the information for a
protein which coeluates with the added carrier Alpha- and Beta-globin chains
(Fig. 4 d). The messenger RNA of these leukemic cells was tested in the Xenopus
oocyte system (14) and the synthesized labelled product was analysed on carboxy-
methylcellulose-urea columns. We are now hypothesizing that the coeluated activities
are Alpha- and Beta-globin chains. Experiments to prove this by fingerprints are in
progress. We have to look for similar experiments to find out how far more
cytochemical markers (proved by biochemical methods) can be used to demonstrate
specific steps in normal and leukemic cell differentiation.

2. Do we have specific markers which show us the leukemic transformation of a single
blood cell?

Until now, most of the cytochemical markers have not been specific for the
detection of a single leukemic cell in normal appearing blood and bone marrow
smears. In a few cases some markers, such as PAS-positive-blocks or peroxidase-posi-
tive Auer rods give us evidence of leukemic transformation. It is very difficult,
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Fig. 2

a—h) Various morphological aspects of leukemic cells differentiated by cytochemical reactions,
May-Griinwald-Giemsa-stain.

a) undifferentiated blasts, b) and c) paralymphoblasts,d) and e) paramyeloblasts, f) and
g) paraproerythroblasts, h) paramonocytes.

i—k) cytochemical differentiation of leukemic cells: i) PAS positive blocks and granules in the
cytoplasm of blast cells, paralymphoblastic leukemia, j) peroxidase: faint positivity or
negative reaction in the cytoplasm of paramyeloblasts and parapromyelocytes, k) alpha-
naphthylacetate-esterase: varying intensity of reaction in the cytoplasm of paramonocytes.

a—k) 700 x
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CYTOCHEMICAL DIFFERENTIATION OF STEM CELL LEUKEMIAS (N=259)

N-AS-DCL ACID
TYPE PAS PEROXYDASE ESTERASE o-N-ESTERASE | PHOSPHATASE

1. NON-DIFFE- negative negative negative negative negative
RENTIATED (positive (pos. diffuse tinge,
LEUKEMIA fine granules pos. fine granules
N=47 in a few cells) in a few cells)

2. PARALYMPHO - positive negative negative negative negative
BLASTIC coarse granules (positive (pos. diffuse tinge
LEUKEMIA*) | blocks granules in in a few cells)
N=149 a few cells)

3. PARAMYELO- positive positive positive negative negative
BLASTIC diffuse tinge, upto3% upto 1% (positive
LEUKEMIA fine granules granules in
N=46 a few cells)

4. STEM CELL**) negative negative negative positive positive
LEUKEMIA (positive (weak positive (weak positive paranuclear paranuclear
WITH RED granules and in a few cells) in a few cells) up to 61 % up to 100 %
CELL LIKE blocksin a
CYTOCHEM- few cells)

ICAL PATTERN
N=17

*) further investigations have shown that this group is not only of one genetic origin (18)

G *¥) further investigations have shown that in this group leukemias with Thymus Tumors

Tab. 2
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Blasts of acute leukemia with red cell like cytochemical pattern.
a)  May-Griinwald-Giemsa stain, b) acid phosphatase: paranuclear localized red reaction pro-
duct, c) staining for non-hem-iron: black granules and brown diffuse tinge in the cytoplasm.

a—c) 700 x
d)  Globin synthesized in frog oocytes in response to ‘8—16 S’ RNA extracted from polyribo-

somes of the above leukemic blood cells.
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however, to demonstrate single leukemic cells between normal blood and bone
marrow cells with PAS or peroxidase. Because of this difficulty, we need more specific
methods for recognizing a single leukemic cell.

As we know, the transformation of a normal cell to a malignant cell is generally
accompanied by varying alterations in the cell membrane. One of the specific
alterations on the cell surface, that can be made visible by morphological methods, is
the appearance of new antigens. These antigens can be seen on DNA virus as well as on
RNA virus transformed cells. BAUER and his group, using different techniques,
demonstrated tumor specific surface antigens on cells of chicken, mice and hamsters
which were transformed by avian tumor virus (9, 13). There is increasing evidence that
human leukemic cells could possibly have tumor associated antigens similar to those
shown in studies with virus induced leukemia in animals (11, 13). To visualize human
leukemic cells tumor specific surface antigens are the most important markers. One of
the possibilities to make the tumor specific antigens visible on the cell surface is to use
the immunoferritin method (9). Until now the immunoferritin method has been most
successful only with an electronmicroscope. Because the electronmicroscope is
difficult to operate, this method has proven too complicated for marking a single
leukemic cell.

Therefore, we applied the immunoferritin method to the lightmicroscope, using the
sulfide silver reaction (SSR) (Fig. 3 a) (29). With the SSR one can make a ferritin
solution visible in the lightmicroscope, because iron particles can be magnified
to more than 100.000 : 1 (24). We showed with the SSR a specific antigen binding on
the surface of rabbit lymphocytes immunized with apoferritin (Fig. 3 b—d) (25).
Using the same method we also demonstrated a specific binding of ferritin labelled
antigens on the cell surface afterimmunization with human y-globulin.
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Fig. 3
a) staining for non-hem-iron : diffuse brown tinge and black granules in the cytoplasm of
erythroblasts and erythrocytes of a child with rh-erythroblastosis; 1.000 x
b—d) demonstrating specific binding of ferritin on blood lymphocytes after immunisation with
apoferritin. Normal lymphocyte with negative reaction right and left a stimulated

lymphocyte with basophilic cytoplasm and positive reaction.,
b): 648 x; c) and d): 1,200 x (25)
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If one could find tumor specific surface antigens in human leukemic cells, then it
might be possible to mark antibodies against these antigens with ferritin, peroxidase or
immunofluorescence to make the specific binding of these antibodies visible. Then we
might have the opportunity to detect single leukemic cells in the blood and bone
marrow smears at a very eatly stage of leukemia.

3. Which of these markers can give us information for our diagnostic and therapeutic
behavior with the leukemic patient?

HAYHOE and his coworkers demonstrated nearly ten years ago a relationship
between cytological and cytochemical markers in leukemic cells and therapeutic
results (10). All further investigations in the past few years have been concerned with
proving HAYHOE’s results. We found in 300 acute leukemia cases in children a much
better prognosis for the undifferentiated or paralymphoblastic types of leukemias
than for the myeloblastic types. The therapeutic concept of PINKEL and his group
(28) contributed much to therapy in leukemic children. According to the therapeutic
results of this group it must be proven again how far cytological and cytochemical
methods may be helpful as prognostic factors in leukemia.

Summary

Cytological and cytochemical methods offer additional items concerning the
classification of leukemia with regard to prognosis and therapeutic consequences.

The morphologic demonstration of a single leukemic cell is impossible until now.
But there is increasing evidence that human leukemic cells could have tumor
associated antigens. Based on the assumption that tumor specific surface antigens
exist in human leukemia, one can speculate about an early diagnosis by using the
sulfide-silver immunoferritin method or other techniques for visualizing these
antigens. Such an early detection of single leukemic cells can have therapeutic
consequences to the patient.

Comparing cytochemical and biochemical investigations stemcell leukemias show
that it is possible to demonstrate specific steps of normal and pathologic cell dif-
fere