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CHAPTER 1

INTRODUCTION

Leukaemia accounts for less than 5% of the total number of malig-
nant diseases in the USA {Mclredie et al., 1976), while about 9% of
all neoplasms in the Netherlands originate in the lymphatic and blood
forming organs. Because of the relatively easy accessibility of the
tumour cells in both the blood stream and the bone marrow, leukaemias
have been studied extensively in attempts to gain insight into ‘the
growth pattern of malignancies. The results obtained with leukaemia
have contributed considerably to the management of many other malig-
nant disorders in which the tumour cell population is less accessible.

Of the two main categories of acute leukaemia, only the treatment
of acute lymphatic leukaemia (ALL) in children has greatly improved
over the last decade. The survival curve for this Ileukaemia has
reached a plateau at a level of 55% after 5 1/2 years of continuous
remission (Pinkel, 1979}. However, a remarkable difference is observed
between the response of children and adults with the same type of
leukaemia and on similar treatment regimens. The results in adults are
considerably less favourable (Clarkson et al., 1975). Improvement in
the vresults of treatment of the other main type of acute leukaemia.,
acute myelocytiec leukaemia (AML), has been much less impressive. For
this disease the prognosis in children and adults is similarly poor
today. Prior to the development of chemotherapy, the discrder showed a
rapid and progressive downhill course in the majority of patients.
More than circa 20% of the patients died within two weeks, circa 80%
did not survive for two months and less than circa 5% of them lived
longer than 6 months (McCredie et al., 1976: Frei and Freireich,
1965). Following the development of effective chemotherapeutic agents,
treatment results have improved. With the presently empioyed combina-
tion treatments, the frequency of complete remissions {defined as a
state in which the leukaemic cells in the bone marrow are below 5% and
the peripheral bloed counts are normal; for details see Chapter 3) is
about 70% in optimal clinical situations (Clarkson et al., 1975;
McCredie et al., 1976; Gale et al., 1977; Cassileth et al., 1977;
Preisler et al., 1977). However, the majority of remissions is short,
their median duration is less than one year and fewer than 20% exceed
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two vears (Clarkson et al., 1975; Spiers et al., 1977a; McCredie et
al-, 1976: Gunz, 1977). The fact that the duration of remissions has
not significantly increased over the past few yvears indicates that
present day therapeutic approaches are inadeguate.

This necessitates comparison in a c¢linical trial of two or more
different regimens, one of which being the most effective treatment of
previous trials, the other being a modification or a similar regimen
with additions. In this way combination of three or four drugs in re-
mission induction therapy has proved to be superior to single agent
therapy (Carey et al., 1975). It is obviocus that this approach does
not provide information concerning the interaction of the individual
drugs with respect to the leukaemic cells.

Another possibility for gaining more insight into human patholo-
gical conditions 1is to study animals with a similar disease (animal
models). During the past twenty years extensive studies have been
performed with the L1210 murine leukaemia. Although the knowledge
yielded by this research has greatly contributed to the basic infor-
mation on leukaemic cell preliferation, the relevance of this mouse
model for human AML is very limited, since similarity with the most
important characteristics of AML* ig not evident in L121C. One dif-
ference is that the leukaemic cell in the L1210 is an undifferentiated
lvmphoblastic cell type. Another perhaps more important one is that
the L1210 is a rapidly proliferating leukaemia, with virtually all
cells in cycle (Skipper et al., 1967; Skipper and Perry, 1970; Kline
et al., 1872).

Basiec studies of normal haemopoiesis (Creonkite, 1968; Killmann,
1968; Mauer et al., 1964; Metcalf et al., 1971) and leukaemic prolif-
eration (Killmann, 1963, 1968; Gavosto, 1967; Strijckmans, 1970;
Ernst, 1976) hawve shown that human AML cannot be considered simply as
a disorder characterized by rapid and uncontrolled proliferation of
one myeloid cell type. ©On the contrary, present day opinion is that
rapid proliferation is not a characteristic property of AML, but that
the unrelenting accumulation of myeloid cells has to be attributed to
a differentiation and maturation arrest. In fact, a large fraction of
the leukaemic cell population seems to be dormant, yet these cells can
be triggered into cell cycle at any time. It is obvious that such
kinetic properties require a completely different approach to achieve
total eradication of the leukaemic population than does a constantly
proliferating cell peopulation like the L1210.

*In this study AML always means human AML.

12



1.1 THE CELL CYCLE

Generally, a cell has to traverse all stages of the cell cycle
befeore two daughter cells are produced. A schematic presentation of
cell cycle phases during cell division is presented in Fig. 1l.1l. 1In
haemopoietic tissue, the cells traversing the cell cycle phases are
in equilibrium with a compartment of cells not involved in cell divi-
sion. This population of cells has been designated as & cells,
resting or dormant cells. The G compartment acts as a resergoir from
which c¢ells can be randomly triggered into cycle in order to supply
cells for division when required.

The sequence of changes which a multiplying c¢ell undergoes may be
divided into four stages. The time interval after mitosis (M) during
which the newly formed «cell is not yet engaged in DNA synthesis is
known as Gl. This is followed by a period of DNA synthesis, the S
phase. The interval between the doubling of the nuclear material and
the cell division is known as the 62 phase. The time necessary for
passing through all cell cycle phases from one mitosis to the next is
referred to as the cell cycle time or generation time. In terms of
their DNA content, cells in the GO rhase cannot be distinguished from
cells in Gl. Whether these cells are distinct entities is 1in fact
controversial.

With the introduction of stathmokinetic agents (Dustin, 1943) and
the autoradiographic identification of c¢ells synthesizing DNA on the
pasis of the incorporation of 3H-TdR inte the nucleus (Taylor et al.,
1957), a guantitative description of the dynamic processes invoelved in
cell growth was made possible (see also Chapter 4}.

O

(:::>“— N
mitosis

G

dyplicotion
of DNA

Figure 1.1

Schematic representation of the cell cycle.
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1.2 HAEMOPOIETIC CELL GROWTH

Haemopoietic tissue is one of the most rapidly proliferating cell
compartments in the body. The consequence is that the earliest proge-
nitor cells vrepresent only a small minority of the cells within the
haemopoietic organs (Fig. 1.2). The most primitive cell has been de-
signated as the pluripotent haemopoietic stem cell (HSC). By defi-
nition, this c¢ell has the potential to give rise to all blood cells,

Figure 1.2

Schematic representation of stem cell differentiation.

To demonstrate the effects of exponential growth 10 cell divisions are drawn in the
pathway from CFU-s to mature blood cells. In order te fit all daughter cells in a
flat plane only 10% of the divisions could be allowed to continue. The figure illus=-
trates that small changes in the proliferation/differentiation rate in an early stage
can have large effects on the production of mature cells. As a conseguence of expo-
ponential growth the CFU-s is a rare cell type. In reality less than 1% of the bone
marrow cells is a pluripotent haemopoietic stem cell.
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including the capacity to renew itself (Trentin et al., 1963; Micklem
et al., 1966; Wu et al., 1968); this has been extensively reviewed
by Van den Engh (1976). The technigue for gquantifying the number of
HSC, the spleen colony assay. clearly demonstrates the pluripotential
properties of the HSC; however, this assay is only available for the
mouse and the rat. Several techniques are available for measuring the
proportion of haemopoietic stem cells which are actively traversing
the cell c¢ycle stages, 1i.e., cycling cells. The fraction of cycling
colony forming units spleen (CFU-g) versus CFU~s in G phase for the
mouse has been determined in our laboratory by the standard thymidine
suicide method to be 0.2 and 0.8, respectively. It is a well known
phenomenon, that under conditiens such as infections and anaemia.
the percentage of cells in cycle increases (Lajtha, 1975). In contrast
to the ESC, the cells in the committed compartments (Fig. 1.2) are
almost all in cycle. This proved to be very important in therapeutical
sense. Many of the chemotherapeutic drugs used are especially active
on cells in cycle; others are active in a specific phase of the cell
cycle (f.e., DNA-synthesis phase}. These agents have little toxicity
for «c¢ells in the G phase (see 1.5). When the period during which
chemotherapy is gigen is prolenged, the fraction of HSC killed in-
creases, at the expense of cells in the G0 phase {Fig. 1.3). When the
latter compartment is reduced to below a critical number of HSC, the
repopulation of the haemopoietic system will be insufficient.

(%
bl
=
K
=
2
b
o
-
=]
5
2z
z
2
necessary for repopulation "o,
%,
duration of chemotherapy
Figure 1.3

Hypothetical representation of the reduction ¢f the number of haemopoietic stem cells
(HSC) during intensive chemotherapy.
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1.3 LEUKAEMIC CELL GROWTH

An overall dynamic difference between normal and leukaemic cell
populations in acute leukaemia is that normal leukocytes are in steady
state (cell production = cell death), whereas cell production is usu-
ally greater than cell death in untreated leukaemia. Because leukaemic
cells have escaped from the orderly and well-disciplined equilibrium
of cell production (including the processes of maturation, differenti-
aticn) and cell death, the tumour load may increase to 10 leukaemic
cells in the end phase of human acute leukaemia (Frei, 1978). The ac-
cumulation of malignant cells in bone marrow and infiltration into
practically all organs are incompatible with life, because these tis—
sues lose their normal functional properties.

Extensive studies of Gavosto et al. (196C), <Clarkson et al.
{1967}, Killmann (1968), Cronkite (1968) and Greenberg et al. {1972)
on the leukaemic cell kinetics in human acute leukaemia have shown an
increased cell cycle time for the leukaemic myeloblast as compared
with normal myeloblasts. Eowever, large variations in the cell cycle
times of leukaemic cells are observed (30~150 h). Apart from the
lengthening of the cell cycle time, also a smaller number of leukaemic
cells is in cycle as compared with normal myeloblasts. These two phe-
nomena contribute to the fact that AML is characterized by slow pro-
liferation of the malignant cell population. It was discussed .above
that the majority of the leukaemic cells are in the G_ phase. The con-
sequence of these kinetic properties with respect to chemotherapy is
that it will be difficult to eradicate the leukaemic cell population
without causing life threatening aplasia.

1.4 THE CELL CYCLE AND ITS RELATION TO DRUG ACTIVITY

Chemotherapeutic agents have been divided into three classes on
the basis of the effect of these drugs on a slowly proliferating cell
population with a 'large G0 fraction (the EBSC, guantified by means <f
the CFU-s assay) as compared with a rapidly proliferating population
of which all cells are in cycle. Such comparative studies were per-—
formed with normal CFU-s versus a transplantable lymphoma by Bruce et
al. (1966, 1968) (Fig. 1.4). ) ’

I. Nonspecific agents. There was no difference between the dose-gffect
curves for normal haematopoletic and lymphoma cells. Along with the

exponential dose~effect curve which is linear, the therapeutic index
(defined as the ratio between effect on tumour cells and normal cells)
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Figure 1.4
Classification of eytostatic agents based on the survival of normal haematopoletic
and lymphoma colony forming cells from the marrow of mice treated with the agents
during 24 h (after Bruce et al., 1966}.
becomes about 1. Agents in this class are e.g. ionising radiation and
the nitrogen mustard derivatives.
II. Phase specific agents. These kill proliferating c¢ells during a
specific part of the cell cycle. Resting cells do not appear to be af-
fected by these drugs. Slowly proliferating cells are less affected
because a smaller fraction of cells 1is in the sensitive cell cycle
phase as compared to rapidly proliferating cells. In both situations
the dose-effect curves reach a plateau at higher drug dosages. The
therapeutic index of these types of drugs is high when the prolifera-
tive activity of the tumour exceeds that of the normal ESC. Drugs be-
longing to this category are ara—-C, methotrexate, hydroxyurea, vin-
cristine and bleomycin (Eill and Baserga, 1975}.
III. Cycle specific agents. These drugs yield survival curves which
are exponentially linear with dose. However, there is a significant
difference (x6) in the slope for normal HSC and for lymphoma cells.
Agents belonging to this group do not only Kkill cells in a specific
cell c¢ycle phase but are generally effective against proliferating
tigsues. The therapeutic index is  high when the number of stem cells
is normal and when the difference in slope between the normal and
malignant populations is great. Drugs classified into this group are
Cyclophosphamide, BCNU, 5~Fluorouracil and Actinomycin-D.

This classification of anticancer drugs into the three groups pro-
posed by Bruce et al. (1966, 1968) has been confirmed and extended by

Van Putten et al. (1971; 1972) using normal versus rapidly prolifera-
ting CFU-s.

In view of the large discrepancy between the kinetic behaviour of
the current experimental leukaemia models, e.g. L1210 and AKR leukae-
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mia in mice and given the fact that the efficacy of most chemothera-
peutic agents is clearly dependent on cell kinetics, a more realistic
model for AML was needed. Accordingly, attempts were made in the
Radiobiological Institute to develop an animal model £or human AML
which 1is more realistic than the leukaemia models described so far.
This resulted in the inducticn of a (pro)myelocytic leukaemia in 1971
{(Van Bekkum and Hagenbeek, 1977b).

1.5 THE BROWN NORWAY MYELOCYTIC LEUKAEMIA (BNML)

The BN myelocytic leukaemia originated in the inbred Brown-Norway
(BN) strain at Rijswiik (BN/Rij) in 1971 following 3 intravenous in-
jections of 2 mg of 9,10-dimethyl=-l,2«~benzanthracene {DMBA) 100 days
earlier. This rat leukaemia seemed to fulfill the requirements. The
BNML is transplantable only in the BN strain. An inocculum of 10 leu-
kaemic cells leads to the appearance of leukaemic cells in the peri-
pheral bleocod at about 15 days after inoculation. Death occurs around
day 25 with greatly increased spleen and liver weights and the bone
marrow being completely replaced by leukaemic cells. Other important
characteristics are:

- cytological and cytochemical investigations have confirmed the mye-
locytic nature of the malignant cell population and the leukaemic
cell has been identified as a promyelocyte;

— it has a slow growth rate; about 50% of the cells are in & phase
at day 15 after inoculation with 10 leukaemic cells. This figure
increases to 60% in the terminal stage of the disease (Hagenbeek,
1977b). In human AML, this fraction is slightly smaller than in the
BNML; '

- normal haemopoiesis in the BNML is severely suppressed during the
progression of the disease; the animals die from anaemia and throm-~
bocytopenia. This is guite similar to the situation in untreated AML
(Hagenbeek, 1977a; see alsc Chapter 6);

- its response to chemotherapy is comparable with human AML (Chapter
3):

— the BNML cells have very slight antigenetic properties, if any;

- virological investigation did not reveal a virus as a transmissible
causative agent in the BNML.

The BNML has been regularly transplanted (see Chapter 2) from 1972
to the present witheout a change in its characteristics.

18



1.6 SUBJECT OF THE PRESENT STUDY

The aim of the present study 1is to obtain more insight into the
cell proliferation pattern of leukaemic cells and to employ this know-
ledge for designing chemotherapeutic schedules of maximal efficacy.

From the classification of the cytostatic drugs in general it is
cobvious that employing the phase specific drugs is most attractive in
a situation where the number of ESC is reduced, whereas due to the
linear dose~effect relationship of cycle specific drugs they are less
harmful when the number of stem cells is more or less noxmal. However,
to achieve a high therapeutic index, the effects on the leukaemic
population have to be greater than the effects ¢n nermal cells. One
possibility to achieve this high index is to increase the prolifera-~
tion rate of the leukaemic cells without heightening the sensitivity
of the normal haemopoietic cells.

This study will describe the process of stepwise reduction of the
tumour load of 5 x 10 cells to a residual lead of 10 leukaemic cells
{(i.e. a reduction of more than 6 decades} by means of one course of
chemotherapy without unacceptable toxic side effects on normal haemo-
poiesis.
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CHAPTER 2

ANTMALS, MATERIALS, METHODS
AND EVALUATION CRITERIA

2.1 BN MYELOCYTIC LEUKAEMIA (BNML)

2.1.1 Rats

The experiments were carried ocut with the inbred Brown Norway (BN)
rat strain maintained at the Radicbiological Institute. Generally,
female rats were used at ages between 12-15 weeks and weighing 150-200
grams; one experiment was performed with male rats of 14 weeks of age
and weighing 250~-300 grams (see Chapter 3).

The rats were kept five per cage and were supplied with water and
standard food pellets ad libitum.

2.1.2 Leukaemic cell transfer

Large frozen batches of the fifth and sixth passages of the BNML
leukaemia were stored in liguid nitrogen at —196o C, using standard
procedures (Schaefer et al., 1972; Hagenbeek, 1977a).

An inoculum of 10 leukaemic cells was used in all experiments.
With this size of inoculum, it takes approximately 24 days before the
rats die of leukaemia. For the purpose of standardization, the same
size cell inoculum was always used. Leukaemic cells from the frozen
batches were not used directly but were first injected inte normal
male recipients. Three weeks later, the spleens of these rats could be
used for leukaemia transfer. Although both c¢ells from the bone marrow
and from the blood can be used in the later stage of the disease when
these tissues contain predominantly leukaemic blasts (Hagenbeek,
1977a), the leukaemic spleen was used for leukaemia transplantation
for practical reasons. In the terminal phase of the leukaemia, the
spleen contains about 98% leukaemic cells. Without much effort, one
spleen yields about 3 x 10 leukaemic c¢ells. Studies of Hagenbeek
{1977a) have shown that an identical growth pattern is observed when
leukaemic cells from either spleen, blood or bone marrow are used for
leukaemia transplantation.
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To maintain a reproducible growth pattern of the leukaemia, the
sequential transplantation was discontinued after two transplants and
a new series was started from frozen batches.

2.2 PREPARATION OF CELL SUSPENSIONS

2.2.1 spleen, liver and thymus

The leukaemic cells were freed from the tissue by gently cutting
the organ into small pieces with scissors and pressing the fragments
through multiple layers of nylon gauze. In this way, a monocellular
suspension was obtained. As the suspending solution, Hanks' balanced
salt solution, osmelarity 283 mOsmol (which is iso-osmotic for rat
cells) was used.

2.2.2 Bone marrow

Femurs and, if necessary, tibias were excised and adherent muscles
were removed. The bones were then broken in the middle and cells from
each fragment were collected by repeated flushing with Hanks' solution
and scraping with a bent needle placed on a syringe. The collected
bone marrow cells were filtered through nylon gauze, to obtain a mono-
cellular suspension.

The concentration ¢f nucleated cells in suspension was determined
by counting the cells in Tiirck's solution (0.01 % crystal vieclet and
1l % acetic acid in saline) in a haemocytometer.

2.2.3. Buffy coat of the bloog

Blood obtained by acortic puncture (anticoagulant, 300 IU of hepa-
rin/ml blood) was centrifuged at 800 g for 10 min. The buffy ccocat was
collected and suspended in Hanks' medium.

2.3 THE SPLEEN COLONY ASSAY FOR NORMAL HAEMOPOIETIC STEM
CELLS (CFU-s)

The method of quantifying the nunber of pluripotent haemcpoietic
stem cells (HSC) was first described by Till and McCulloch (1961} in
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the mouse. Bone marrow cells injected intravenously (i.v.) into
lethally irradiated mice migrate to all organs:; the stem cells which
are trapped in the spleen give rise to colonies which can be counted
macroscopically at day nhine after injection. Those cells which give
rise to a colony are designated as colony forming units-spleen
{CFU~s). This assay has been modified for the rat by Comas and Byrd
{1967). However, for the routine monitoring of rat HSC, the rat spleen
colony assay 1is rather expensive, due to the large number of reci-
pients required. Rauchwerger et al. (1973) succeeded in producing
celonies in irradiated mice which were injected with bone marrow cells
of rats, but the colony yield differed from one mouse strain to the
other. An assay for quantifying the HSC of the BN rat has been stan-—
dardized by Van Bekkum (1976). A linear relationship was found between
the number of inoculated bone marrow cells and the number of spleen
colonieg in two recipient species: the BN rat itself and Fl hybrids of
CBA x C57Bl mouse strains.

In this study, CFU-s were determined in suspensions of bone marrow
cells, spleen, liver and in peripheral blood. The assay was initially
performed in lethally irradiated F1 hybrids of CBa/ Rij x C57Bl/Rij.
It was later dene in the F1 hybrids of C57BL/LiRij x C3H/LwRij, be-
cause the breeding of the former mouse strain had been discontinued.
The recipients received 10.25 Gy gamma total body irradiation. The
colony yield was the same in the twoc mouse strains: 8 colonies per 10
rat bone marrow cells. Nine days after injection of the test suspen-—
sion, colonies on the surface of the mouse spleen were counted after
fixation of the spleen in Tellyesniczky's solution (ethanol 70%, for-
maldehyde 36%, acetic acid 100 %: 20:1:1). The absolute number of hae~
mopoietic stem cells can be calculated by correcting the numbexr of
CFU-s for the seeding efficiency. The seeding efficiency is repre-
sented by the so-called £ factor. For the BN rat, Van Bekkum (1977a)
has determined that f = 0.C07.

2.4 ASSAY FOR THE QUANTIFICATION OF LEUKAEMIC CLONOGENIC
CELLS: LEUKAEMIC COLONY FORMING UNIT-SPLEEN (LCFU-s)

Low numbers of BN leukaemic cells (5 x lO3 to 5 x 104) injected
i.v. into nonirradiated recipient BN rats grow out into colonies which
can be counted on the surface of the spleen at day 19 after injection.
A linear relationship has been found between the number of injected
cells and the number ©f spleen colonies (Van Bekkum, 1976). On micro-
scopic inspection, these colonies consist of leukaemic blast cells.
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The leukaemic origin of the colonies has been confirmed by injecting
cells obtained from these nodules into secondary recipients.

When too many clonocgenic cells are incculated, the colonies are
confluent at day 19 and cannot be counted. The same phencmenon is obe-
served when the spleens are removed from the rats later than day 19.
The f factor for BNML clonogenic leukaemic cells is 0.002 (Van Bekkum
et al., 1978).

2.5 PROCEDURE FOR CONTINUOUS INTRAVENOUS INFUSION

For administering drugs by slow intravenous infusion over a cer—
tain time period, an infusion pump (B. Braun, Melsungen, W. Germany:
type 871010) was used. This apparatus had been modified by the addi-
tion ©of a frame with twelve holes for 10 ml syringes and by elonga-
tion of the pressure plate. After the pump was gauged, it was adjusted
in such a position that each syringe delivered 20 ml.24 n . This
volume represents approximately the normal daily fluid regquirement of
the rat. After the rat was placed in a specially designed fixation
cage (Hagenbeek, 1977a), the drug solution was infused inte a lateral
tail vein, using a Bard I Cath infusion system (International, Eng-
land) which was taped on the tail.

2.6 FLOW CYTOMETRY

2.6.1 Preparation of suspensions for flow cytometric analysis

Bone marrow, spleen or thymus cells were washed in Hanks' solution
by centrifugation at 200 g and the pellet was resuspended to a final
concentration of about 1 x 10 cells.ml— in a hypotonic solution
containing 0.1 % sodium citrate and 5 % of the f£fluorescent dye propi-
dium iodide (Calbiochem, La Jolla, Ca. 92037, GSA) (Krishan, 1975).
The cells disrupt in the hypotonic solution, s0 that a suspension of
nuclei is actually stained and measured. The DNA histograms of the
samples, which were stored at 40 C on crushed ice, were recorded
within 48 h (Fried et al., 1976a). If the histograms could not be ana—
lysed within this period, the cells had to be fixed, because the un-
fixed nuclei disintegrate and this results in diminished flucrescence
{(Krishan, 1977). After fixation, an additional necesgary step is RNAse
treatment, because propidium iodide also stains double stranded RNA
in the c¢ytoplasm and this complicates pure DNA measurements (Krishan,
1975, 1978).
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Therefore, it was necessary to store cells before DNA histograms
were prepared, the suspension was fixed in ethanol (70%) and the fixed
cells were treated with RNAse (Boehringer, Mannheim, 1 mg RNAse.ml_ .
pH 7.0) at 37o C for 30 min. After washing in Hanks', the cells were
stained with propidium iodide (.01 mg PBS.ml ) for 20 min (Crissman
et al., 1976), and then subjected to flow cytometry.

Comparison of the DNA histograms obtained from fresh cells dis—
rupted in hypeotonic medium with those of cells £fixed in ethanol and
treated with RNAse confirmed the conclusions of Crissman (1976) and
Krishan (1977) that the two procedures resulted in similar profiles.

2.6.2 The flow cytometer

The samples were analyzed in a Bio/Physics ¢ytofluorograph model
4862 (Ortho Instruments, Westwood, USA). In this instrument, single
cells from a suspension are exposed one by one to a focused argon ion
laser beam (488 nm) and the fluorescence resulting from the laser ex-
citation of the dye—DNA complex in each cell is collected and quanti-
fied through a system of filters and photomultipliers. The resulting
electrical pulses are stored in the memory unit of a pulse height
analyzer and displayed as a histogram. The abcissa of the histogram
is divided into 100 channels of increasing linear value from 0 to 100,
while the ordinate indicates the number of cells recorded in each
channel. The coefficient of wvariation (CV), which is a measure for
the resolving power of the apparatus and the staining technique
(Fried, 1976b), was rather large. The smallest CV which could be ob-
tained with propidium iodide stained thymocytes was 5.3%.

Later a FACS I1I cell sorter (Becton and Dickinson Company, Moun-—
tain View, USA) became available, and was used for preparing DNA
histograms. One of the advantages of this instrument is that the CV is
considerably smaller (for thymocytes stained with propidium iodide,
a CV of 1.4 to 1.6 % can be obtained). Samples analyzed with the Bio/
Physics cytofluorograph and the FACS II cell sorter give the same
fraction of cells in the various cell cycle compartments.

When used for DNA histogram analysis, the PACS II cell sorter is
equipped with an argon ion laser (Spectra Physics 164=-05, 1 Watt). The
excitation wave length is 514.5 nm. The emission is determined by a
S5-20 type photomultiplier with filters: Ditric 6200 cut-on plus di-
chroic beanm splitter (570 nm) (Melles Griot, Arnhem, The Netherlands).
The flucrescence of the stained nuclei was measured in NaCl {0.9%)
with a flow rate of 10 cells.secw + The data of the histograms were
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stored on disks of a computer system (Data General Nova 3); the cal-
culations of the proportion of cells distributed over the cell cycle
phases were performed by means of an interactive computer program
(Fried, 1976b) on an Eclipse c¢/330; Data General.

2.6.3 Mathematical analysis of DNA histograms

The method used for estimating the number of cells in the cell
cycle phases from the DNA histograms has been described by Fried
(1978b). It can be applied to data from synchronous as well as non-
synchronous cell populations and is not limited to systems with very
low coefficients of variation (CV) for fluorescence intensity. It is
based on a mathematical model of the cell population having the fol-
lowing properties:

a) the population is separated into compartments, each consisting of
cells with approximately the same DNA content: G ,G. cells, G ,M
cells and cells in the § phase of the cell c¢ycle. The cells in S
phase are further classified into several compartments according to
their pesition in S:

b) the intensity of fluorescence has a normal distribution in each
compartment, with the mean intensity of the G _,M compartment having
a channel location twice that of G ,G . The S phase compartments
have means at intermediate values. The CV's avxe the same for all in-
tensities. In carrying out the analysis with a computer program, the
CV and the channel locations ©f the G ,G and G ,M compartments are
estimated from the data, and the sizes of the various compartments
are computed by a least square procedure. A histogram is then con-
structed and compared with the experimental data points. Depending
on the agreement between the two, the result is either accepted or
specified parameters are altered and the program is rerun. The process
is repeated until the £it of the model to the data results in a <chi-
sguare value of 20% or less.

2.7 EVALUATION OF TREATMENT RESULTS

In a study which is aimed at comparing the effect of different
treatment regimens, it is essential to have sensitive evaluation cri-
teria. A parameter which is very useful when the tumour load 1is low
may be insufficient when the tumour load is high. For this reason, it
is obligatory %to have several evaluation parameters with different
sensitivities (Fig. 2.1).
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Schematic representation of the sensitivity range of the used evaluation criteria.

2.7.1 Haematological parameters

As in the routine clinical situation, the effect of therapy can be
at least partly monitored in the peripheral blood. For this purpose,
bloed samples were obtained from the tail by cutting off its tip. The
numbers of leukocytes, erythrocytes, and platelets were determined
according to standard procedures. The haematocrit was determined by
centrifugeing microcapillaries £illed with blood for 5 min at 11,500
rpm (13.5 g). The differential counts of blood and bone marrow smears
were made after staining with May-Griinwald Giemsa. Obwiously, the
results are of only limited value. In the phase of the leukaemia when
leukaemic cells are present in the peripheral blood (i.e., the last
two weeks before death), the effect of drug therapy is reflected in
the decrease in the number of leukaemic cells. However, this gives no
information on the tumour locad in other organs.

Monitoring the haematocrit and the number of erythrocytes and
thrombocytes was important for scheduling the time and extent of hae-
matological supportive care.
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2.7.2 Reduction in spleen and liver weight and total cell count per
femur

During the progression of the levkaemia, the spleen, liver and
bone marrow become heavily infiltrated with leukaemic cells. This re-
sults in greatly increased weights of the spleen and liver and an in-
crease in the percentage of leukaemic blasts in the bone marrow. The
latter approximates 100% in the later stages of the disease (Hagenbeek
1977a).

An estimate of the leukemic cell load in the end phase of the leu-
kaemia in a female rat based on these three criteria is shown in Table
2.1.

By the same criteria, the minimal tumour load to be distinguished
from no tumour at all is about 2-3 grams (i.e., 2-3 x 10 leukaemic
cells). Thus these parameters alone only permit an evaluation of the
therapeutic effect by about 1 decade of tumour cell lecad reduction.

2.7.3 Reduction in the number of leukaemic cleonogenic cells (LCFU-s)

Determinations of the leukaemic clonogenic cells by means of the
LCFU-s assay is theoretically the most attractive criterion for the
evaluation of a therapeutic regimen in the BNML. The clonogenic cells
are the only ones of importance owing to their capacity to resume
preoliferation. Experiments of van Bekkum et al. (1978) have indicated
that every viable leukaemic cell of the BN leukaemia has clonogenic
properties. Therefore the LCFU-s determination 1s not really necessary
when the bone marrow is filled with leuvkaemic cells, but becomes very
valuable for measuring the tumour load reduction with surviving frac-—
tions between lO_ and 10_3. However, the method has proved to be
repreoducible only when the number of c¢leonogenic cells injected does
not differ too much from "a standard dose™ of 1 x 10 cells which re-
sults in 20 spleen colonies. These values are found in bone marrow of
rats 16 days after inoculation of 107 leukaemic c¢ells. The LCFU-s
assay has been shown to be reproducible when the decrease in the num-
ber of LCFU-g ranges from 0.3 to 3 decades, as compared to the leukae~
mic controls. When the reduction is less than 0.3 decades, irrepro—
ducible results are obtained due to the large standard deviation of
the assay. Unfortunately, when the reduction is more than 3 decades,
the LCFU-s assay becomes unreliabkle, in that the values scored are too
low as compared to the data extrapolated from the survival times. A
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TABLE 2.1

LEUKAEMIC CELL LOAD AT VARIOUS STAGES OF THE DISEASE

Leukaemic cell load at day 15

leukaemic liver weight (7.5 g) - normal liver weight (7 g) = 0,5 g: 0.5 x 109 leukaemic cells
levkaenic spleen weight (1,0 g} - normal spleen weight (0.5 g} = 0.5 g: 0.5 x 109 leukaemic cells
1 femur: 9,0 x 107 leukaemic cells (%0 %); total bone marrow: 4.0 % 107 leukaemic cells

Totalk: 5.0 x 109 leukaemic cells

Leukaemic cell load in the end phase of the disease

leukaemic liver weight (15 g) - normal liver weight (7 g) = B g: 8.0 x 109 leukaemic cells

109 leukaemic cells

"
[X]
2
N
=S
»

leukaemic spleen weight {2.5 g) - normal spleen weight (8.5 g}

1 femur: 4,5 x 107 leukaemic cells (190%); total bone marrvow: 2.0 x 109 leukaemic cells
Total: 12.0 x 109 leukaemic cells

Tumour load in liver, spleengand bone marrow on day 13 and in the end phase of the disease; 1 gram of leu~
kaemic tissue represents 107 cells, The total bone marrow cellularity was calculated by multiplying the
total numbsr of cells per femur with }40/2.3 because 1 femur represents 2,3% of the total amount of bone
marrow (P. Sonneveld, 1980), The leukaemic cell 1load in the blood ({60.0 x 10% x 6 ml) and other infil-

trated leukaeric organs have heen naglected,



possible explanation for this discrepancy is that a larger total cell
inoculum is needed when the proportion of leukaemic cells is less than
0.1%.

2.7.4 Survival

In experimental chemotherapy studies in animals, survival is al=-
ways an important evaluation criterion. In the BNML, there is a linear
relationship between the number of leukaemic c¢ells injected and the
survival time in the range of between 10 cells and 10 cells.

Fig. 2.2 shows this linear relationship for BN female rats. When
treatment of a leukaemic animal is started at day 15 and this therapy
results in a survival time of 55 days, it can be extrapolated that the
increase in survival time by 40 days corresponds with a residual
tumour lead of 5000 leukaemic cells.
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Figure 2.2

Dose~survival time curve for BN females. Each point represents means (+ SE) of 10~30
rats.
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2.7.5 Histology

Tissues were histologically examined for either one of two rea-
sons: to search for leukaemic cell infiltration in various organs or
to investigate the cause of death in animals succumbing during or
after chemotherapy. Histoleogical sections were prepared according to
standard procedures in the Dept. of Patholeogy of the Institute of
Experimental Gerontology TNO.

2.8 HAEMATOLOGICAL SUPPORTIVE CARE

Haematological suppertive care has been of the greatest importance
in our experiments, just as in human AML, for achieving long time sur-
vival after chemotherapy. Anaemia and thrombocytopenia occur in ag-
gressively treated animals and as the disease progresses due to leu-
kaemic c¢ell infiltration in the bone marrow. Previous studies have
demonstrated that the pluripotent stem cells (CFU~s) decrease to very
low values in a relatively early stage of the disease (Colly et al.,
1977). At day 15, the time that therapy is usually started, haemopo-
iesis is already insufficient and its further reduction becomes life
threatening. For this reason, transfusions of 1.5 ~ 2 ml blcood were
given when the haematocrit was below 920_€er cent and/or the thrombo-
cytes had decreased to below 40 x 10 .L . The donor bleood was ob-
tained from retired BN female and male breeders which were exsanguin-
ated by means of acortic puncture. To prevent coagulation of the bleood,
300 IU of heparin per ml were mixed with the blood in the syringe.
Because all animals belonged to the same inbred rat strain, trans-
fusions of whole blood could be given without the problem of inducing
antibodies to the transfused antigens.

2.9 CHEMOTHERAPEUTIC AGENTS

Instead of studying the whole arsenal of cytestatic drugs in the
BNML, this study was focused on two agents which have proved to be the
most effective drugs in AML: ara-C and adriamycin. The literature re-
lating to these agents will be briefly surveyed in this section to
provide a background for the experimental parts of this study.
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2.9.1 Ara-C

A. Introduction

Cytosine arabinoside {ara-C, 1-}3~D arabinofuranosyl=-cytosine) is
a synthetic nucleoside (pentose + pyrimidine base) in which the pen~
tose is an arabinose with a furane structure and the pyrimidine base
ig ecytosine. It was synthesized by Walwick, Roberts and Dekker in 1959
(Walwick, 1959). The antitumour activity against animal neoplasms was
first reported by Evans et al. (196l) and later by Wedinsky et al.
(1965), Kline et al. (1966} and Skipper et al. (1967). It has proved
to be very effective in AML (Henderson et al., 1965; Howard et al.,
1966; Frei, 1969; Bodey, 1969).

B. Cytotoxic activity

Before ara-C can exert its cytotoxic effect, it has to be trans-
ported across the cell membrane (Kessel et al., 19%68) and to be acti-
vated to the triphosphate compound, ara—-CTP (Chou et al., 1975; Kessel
et al., 1967; Skipper et al., 1970; Graham, 1970a; Momparler et al..
1971). This metabolite exerts its cytotoxic effect through inhibition
of DNA polymerase by competition with its natural substrate deoxycyto-
sine triphosphate (Furth et al., 1968; Inagaki et al., 1969; Graham et
al., 1970a; Matsukage et al., 1978). The consequence ¢f the inhibition
of DNA polymerase is that the cell can no longer duplicate its DNA
content, which is essential for mitosis (Fig. 2.3).

pyrimidine nucleoside
deoxycytidine nucleoside diphosphate
arg-C =t Ara~CMP et GracC P m————— gra-CTP
kinase monophosphate kinase
kinase
cytidine cytidylote
deoxycytidine deoxyeytidilate
deaminese deominase
¥
ara-U ara~UMP ACTP emmae pimien = DMNA

DNA polymercse

Figure 2.3
Metabolic pathway of ara-C.
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€. Cell kinetics

Since ara-C is known to inhibit DNA synthesis, the action of the
drug is most likely confined to the S phase of the c¢ell cycle. Karon
et al. (1969) indeed demonstrated in asynchronous Don-C cells in vitro
that ara-C is active on $ phase cells; however, an effect on late G1
cells could not be ruled out. Bhuyan et al. (1977) showed that, in
exponential growing as well as in stationary growing cultured L1210
cells, the percentage kill by ara=-C corresponded with the percentage
of cells in S as determined with H~TdR.

Graham et al. (1%70b) found a rapid kill of cells in S phase and a
temporary blocking effect on cycle progression of cells from G, to S.
The blocking effect on the Gl/S boundary has alsc been described by
Yataganas et al. (1974); however, it is ignored by Karon et al.(l970).

D. Pharmacokinetics

_ The acute LD50 _?f ara-C for rodents, dogs and monkeys is about
1000 to 40600 wmg.kg {(Livingston et al., 1968). This suggests that
the use of high doses of this antimetabelite is safe and, as will be
shown later, this is of chemotherapeutic advantage. For eradication of
all of the leukaemic <clonogenic cells, a cytotoxic concentration
of ara-C must be achieved 1in all anatomical compartments {Dedrick et
al., 1972). 1In certain compartments which have a low rate of blood
flow, the concentration of ara-C may be below the cytotoxic level
even though adeguate cytotoxic concentrations may be present in most
of the other anatomical sites. For this reason, high doses of ara-C
should be used, so that its levels will be above the minimal cyto-
toxic concentration in all anatomical compartments (Momparler, 1974).

The plasma half-life of ara~C in patients after i.v. injection is
about 10 to 20 min (Baguley et al., 1971; Momparler et al., 1972).

The uptake and in vivo phosphorylation of the drug have been
studied by Chou et al. (1975) in the L1210 leukaemia. They found that
the ara—-CTP concentration in leukaemic cells was more than 700 times
that in the blood plasma, while the ara~CTP ratioc of the small intes-
tine cells to blood plasma was 24-fold, both at one hour after intra-
peritoneal injection of labelled ara-C.

In man as well as in animals, ara=C is rapidly deaminated to the
inactive metabolite arabinoside-uracil (ara~U) (Fig. 2.3). High con-
centrations of the cytidine deaminase enzymes are found in the liver
{Camiener et al., 1967; Creasey et al., 1966). Using labelled ara-C,
86%-96% of the radicactivity recovered in the urine was present in the
form of ara~U (Papac et al., 1965; Creasey et al., 1966; E1l Dareer et
al., 1977a).
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Ara—-C passes the blood-brain barrier easily, especially when it is
given as a continucous i.v. infusion over two hours. The ratio of ara~C
to ara~U in the spinal fluid is much higher than in the plasma, prob-
ably because of very low ara-C deaminase levels in the cerebrospinal
fluid and the brain (Ho and Freireich, 1975).

Ara-C has immunosuppressive properties (Fischer et al., 1966; Gray
et al., 1968a; 1968b; Mitchell et al., 1969); it abolishes the secon-
dary immune response to antigen injection, but does not decrease pre-
existing antibody titers (Gray et al., 1968a).

E. Toxicity

Extensive toxicological studies in animals (Livingston et al.,
1968) have indicated that exposure time and drug concentraticn are two
important parameters with respect to the cytotoxicity of ara-C. The
major harmful side effect of ara-C is on proliferating haemopoietic
cells, resulting in thrombocytopenia, leukopenia and anaemia {Bodey et
al., 1969; Burke et al., 1968; Carey et al., 1965; Henderson et al.,
1965; Howard et al., 1%66; Livingston et al., 1968; Leco et al., 1965).

Other toxic effects such as nausea and vomiting, mild hepatic and
gastrointestinal toxicity are described, but these symptoms seemed not
to be dose-limiting factors (Bodey et al., 1969; Carter et al., 1969).
The mild hepatic toxicity was manifested by impairment in liver func=-
tion {Livingston et al., 1968). Gastrointestinal lesions have been
described by Slavin et al. (1978) after a three day dose schedule of
ara-C infusions; the severity o¢f the lesions is markedly increased by
prior treatment with cyclophosphamide.

F. Resistance

Clinical nonresponsiveness to antineoplastic chemotherapy 1is one
of the major problems in cancer treatment. The development of resis-—
tance in a sensitive human cell population may be natural or acguired
(Bender et al., 1875).

Several mechanisms have been postulated to explain the acguired
nonrespensiveness of tumour cells to ara-C. These include preventing
the drugs from entering the cells, e.g., through interfering with the
transport of the drugs to certain sites (Kessel et al., 1967). Second-
ly, factors suggesting acquired resistance are discriminated; e.g.:

a. altered intracellular phosphorylation (Kessel et al., 1967; <Chu et
al., 1962);

b. rapid deamination of ara-C (Steunart and Burke, 1971);

c. altered form of the target enzyme DNA polymerase (Reddy et al..,
1971).
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The sensitivity of tumour cells to this drug may therefore depend
on the balance among a number of critically related parameters. Drug
resistance studies on ara—C in the L1210 leukaemia indicate that the
resistance to ara-C develops more slowly with high dJdose rather than
with low dose therapy (Momparler, 1974; Schmid et al., 1972).

G- Ara—C (Ey_t.°§a£®>

Most of the ara-C used was a generous gift of the Upjohn Company
{Ede, The Netherlands).

It was dissolved in 0.9 % NaCl and adjusted to pH 5.4 with HCl.

2.9.2 Adriamycin

A. Introduction

Substances originally isclated as antibiotics have been found to
exert antinecplastic activity in experimental tumour systems. One ex—
ample is dJdaunomycin which was isclated from the soil fungi Strepto-
myces coeraleorubidus and Streptomyces peucetius in 1962 and which has
now been c¢lassified as a potent antitumour agent. In the course of a

search for analogs, Arcamcne of the Farmitalia Laboratories isclated

from the Streptomyces peucetius variant cgaecius a new dJdaunomycin—
related antibiotic adriamycin (Arcamone et al., 1969; DiMarce et al.,
1969)., The minor difference in the molecular structure {adriamycin has
an OH group where daunomycin has an H on Cl4) changes its antineoplas-

tic profile. Although daunomycin is superior to adriamycin with regard
to cellular drug uptake in wvitro and inhibition of DNA synthesis in
vitro, it has been demonstrated in both animal experiments and clini-
cal trials that the antineoplastic effect of adriamycin ig more pro-
nounced in vivo (Skovsgaard et al., 1975; Carter, 1975).

B. Cytotoxic activity

Adriamycin iIs rapidly taken up into isclated cells in vitro
{Silvestrini et al., 1970) and can be demonstrated in the perinuclear
chromatin (Negishi et al., 1973). However, the most important effect
is attributable to the inhibitory actien on both DNA and nuclear RNA
replication (Wang et al., 1972; Momparler et al., 1976).

The binding to DNA is postulated to inhibit the template function,
either by interfering with the formation of the polymerase complex or
by hindering the separation of the two polynucleotide strands in the
double helix (DiMarco, 1967).
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The available data on the inhibition of DNA and RNA synthesis re-
sulting from the experiments with adriamycin differ depending on the
system studied (Skovsgaard et al., 1875).

C. Cell kinetics

Studies in Chinese hamster ovary {(CHO) c¢ells by Barranco (1975)
demonstrated that adriamycin cannot be considered as a phase specific
drug. It kills in all phases of the cell cycle, including the nondi=-
viding state, although proliferating cells are more sensitive than
resting cells in the CEO system.

Concerning the site of action of adriamycin (inhibition of DNA
polymerase and intercalating with the DNA as discussed above), it is
not surprising that cells in § phase of the cell <¢ycle are the most
sensitive to the cytotoxic action of the drug (Clarkson et al., 1977;
Kim et al., 1972; Krishan et al., 1976). There is some controversy in
the literature concerning the existence ¢f a progression blockade in
the cell cycle. Barranco (1975) found a progression delay in. all
rhases of the cell cycle except mitosis. Clarkseon et al. (1977) des-
cribed a dose-dependent progression delay of CHO cells treated in mid-
3 phase; the same phenomenon was reported by Kimler et al. (1978),
whereas Barlogie et al. (1976a) described a cell cycle progression de~
lay in the G_, 5 and G_ phases, depending on concentration and expo-
gure time. These cell kinetic studies were performed in a human lym-—
phoma cell line by means of pulse cytophotometry. The observed ir-
reversibility of the G_ block was attributed by the latter authors to
an accumulation of dead cells in G . These in vitro studies support
the hypothesis that adriamycin is not strictly a cell cycle phase spe-
cific drug.

D. Pharmacokinetics

Following i.v. injectien of a single dose of adriamycin into mice,
rats, rabbits and humans, a rapid fall in the plasma concentration is
noted. In humans, the half-life of the rapidly declining part of the
biphasic curve { &-phase) is 1.5-2 hours (Benjamin et al., 1973). The
disappearence curve shows a triphasic pattern (Difronzo et al., 1971;
1873; Yesair et al., 1972; Kimura et al., 1972; Rosso et al., 1972,
1973; Benjamin et al., 1973). The initial and rapid plasma <clearance
corresponds with & marked accumulaticon in almost all tissues. Through-
out 24 heours after injection, the concentration is particularly high
in the 1liver, kidney, spleen, lungs and bone marrow; it is somewhat
lower in the gastrointestinal tract, the heart, lymph nodes and thymus
and very low in skeletal muscles, skin and testicles {DiFronzo et al.,
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1971; Arena et al., 1971; Kimura et al., 1972; Rossc et al., 1973;
Wilkinson et al., 1974). The concentration in the brain has been found
not to be measurable (Rosso et al., 1973) or very low (DiFronzo et
al., 1971; Arena et al., 1971; Wilkinson et al., 1974; Benjamin et
al., 1974), indicating that the capacity of adriamycin +to pass the
blood-brain barrier is very limited.

Adriamycin is metabolized primarily in the liver to adriamyecinol
and several aglycone derivatives (Loveless et al., 1978); approximate—
ly half of the drug is excreted intact in the bile, with an additional
30% excreted as conjugates (Benjamin et al., 1%73; Bachur et al.,
1973). Patients with hepatic dysfunction have shown prolonged plasma
levels of adriamycin and metabolites, which resulted in increased
toxicity (Beniamin et al., 1974).

E. Toxicity

The toxic effects of adriamycin, which are generally dose-related
and reversible, include myelosuppression in almeost all patients,
nausea and/or vomiting in 20-55 % and alopecia in almost 100 %. In
contrast to these reversible effects, cardiac toxicity is a unigue
harmful effect of this drug and this is a severe problem in long term
administration. This toxicity may lead to transient electrocardiogram
{ECG) abnormalities, definitive cardiomyopathy or both. The overall
incidence of congestive heart failure is 1%; however, this is decep~
tive, since the toxicity is related to the total dose administered. If
t%e total dose is kept below 450 mg per m  in children and 550 mg per
m in adults, cardiomyopathy is hardly ever observed, but the fre-
gquency og this disorder is markedly increased at total doses above 550
mg per m (Carter, 1975).

Cardiomyopathy is alsc observed in animals after adriamycin admi-
nigtration. It has been shown that the congestive heart disease in
mice (DiMarco, 1969), rats (Lenaz et al., 1976), rabbits (Young et
al., 1974), dogs (Arena et al., 1971) and rhesus monkeys (Herman et
al., 1971; Sonneveld, 1978a) occurs after different total doses, in-
dicating a species specific sensitivity. In the BN rat, congestive
heart disease is observed after a total dose of 12.5 mg.kg -1 {Sonne-
veld, 1978b).

The usual route of administration of adriamycin is i.v. and extra-
vasation causes severe local irreversible damage to underlying struc-—
tures. The drug has been found to exert considerable immunosuppressive
activity (Isetta et al., 1971; Stacher et al., 1974).
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F. Registance

In the L1210, cross-resistance between adriamycin and daunomycin
has been described by Wang et al. (1972) and Hoshino et al. (1972}. In
studies performed in an Ehrlich ascites tumor model in mice developed
by Dano (1972) in which resistance to adriamycin and daunomycin was
shown, the adriamycin resgistant tumour showed cross-resistance to
daunomycin and the daunomycin resistant subline to adriamycin. Cross
resistance to vineristine was alse observed in the adriamycin resis-
tant group, while no change in the sensivity of the resistant tumour
to methotrexate was found. The adriamycin resistant tumour proved to
be somewhat more sensitive to ara-C than the original tumour; the same
results were found for BCNU.
G. ﬁdgigmxcgn_(éd;igblagtiné:%

About half of the adriamycin used was a generous gift from Farm-
italia, Milano, Italy. The drug was dissolved in 0.9 % physiological

saline. It was prepared less than 14 hours before injection and stored
[}
at 4 C.
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CHAPTER 3

THE EFFECTS OF CLINICALLY APPLIED
AML AND ALL SCHEDULES ON THE BNML

3.1 INTRODUCTION

The life span of patients suffering from acute myelocytic leukae-
mia has been significantly altered by the introduction of chemothera-
PY. Prior to the development of effective therapy, the majority of
patients showed a rapid and progressive downhill course. More than 20
% of them died within Z weeks and 80 % within 2 months; less than 5 %
of the patients lived longer than 6 months (McCredie et al., 1976;
Frei and Freireich, 1965). The tumour load of the majority of patients
with AML at the time of diagnosis 1s approximately L x 10 leukaemic
cells, representing a tumour mass of about 1 kg (Frei, 1972). The
recent appreoach is that, as socon as the diagnosis has been esta-
blished, remission induction therapy, which consists of a 5-7 day
course of intensive clinical chemotherapy, is started. In most cen-
ters, this schedule is repeated at two to three week intervals
(Clarkson et al., 1975; McCredie et al., 1974; Vogler et al., 1978;:
Cassileth et al., 1977; Peterson et al., 1977; Spiers et al., 1977a:
Gale et al., 1977). The combinations of chemotherapeutic agents em—
ployed are capable of reducing the leukaemic <cell population by ap-
proximately 1 log/course (McCredie et al., 1976). To achieve so-called
complete remission {CR), the tumour mass needs to be reduced by 3 logs
to 1 x 10 cells (+ 1 gram). This can be expected after three success-
fully applied remission induction ccocurses. CR is considered as a state
in which the patient's health and performance status as well as the
peripheral blood cell counts are normal and during which the propor-
tion o©f recognizable leukaemic cells in the bone marrow remaing at
less than 5%. If chemotherapy is discontinued at this peint, the dis-
ease rapldly reappears (Fig. 3.1).

With the combination schedules currently applied, the fregquency of
CR after chemotherapy is about 70 % when optimal supportive care is
available (Preisler et al., 1977; Cassileth et al., 1977; McCredie et
al., 1976; Gale et al., 1977). However, the majority of remissions are
short; their median duration is less than one year and maximally 20%
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Pigure 3.1

Schematic representation of the varicus categories of treatment of human acute leu-
l;z’ex;.‘? in relation to the leukaemic cell load, modified to Frei et al. (1978) (sece
exceed two years (Clarkson et al., 1975; Spiers et al., 1977a;
McCredie et al., 1876; Gunz, 1977). The fact that the duration of re-
missions has not significantly increased over the past years illus-
trates the inadeguacy of present day therapeutic apprcaches.

In most clinics, the remission induction therapy applied in BML is
followed by two additional similar courses termed conscolidation thera-
py (Bodey et al., 1975; Spiers et al., 1977b; McCredie et al., 1976:
Vogler et al., 1978; Barris et al., 1978). After this, remission
maintenance therapy consisting mostly of the same combination of drugs
as before but at prolonged intervals is administered (McCredie et al.,
1976; Spiers et al., 1977b; Gale et al., 1977). The aim of maintenance
therapy is destruction of those leukaemic cells not killed by previous
treatment because of e.g., their localization in areas of the body
where the concentration of the drugs was not sufficient. Such sur-
viving c¢ells have been termed pharmacelogical "refugees" (Momparler,
1974) and their locations as pharmacological sanctuaries (Freil et al.,
1978). Alternatively, cells may survive (and later resume prolifera-
tion) because of resistance to the drugs applieg.
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As shown in Fig. 3.1, relapse of the leukaemia can originate from
three sources.

1) When remission induction therapy is not followed by consclidation
and maintenance therapy, it can be predicted that the remaining
tumeur will regrow rapidly. Complete remission is a ¢linical
operational term and somewhat misleading, because the reality is
that a considerable tumour lcad might still be present.

2} Remission maintenance therapy aims at eradication of the remaining
10 -10 tumour cells. Since the naturally occurring freguency of
resistant leukaemic cells is thought to be 1 in 10 , a significant
fraction of resistant cells is present before the start of the
treatment (Fischer, 1972). A relapse may originate from a resig-
tant <¢lone, at least when treatment of the sensitive leukaemic
cells was sufficient. For example, with respect to ara-C, the re—
sistance is dose dependent and develops more slowly with high
dose rather than low dose therapy (Momparler, 1974).

3) Leukaemia relapse may originate from places which contain pharma-
cological refugees. These cells are not killed by the systemic
treatment and a relapse from these sites must be expected.

To obtain long lasting remissions, the treatment schedule should
be focused on these possibilities. With remission induction plus con-
sclidation therapy the tumour lcad should be reduced as far as pos-
sible, i.e., to the level of maximum tolerance of normal cells. After
a certain periocd of maintenance therapy, a not previously applied
potentially active drug should be added to the treatment schedule to
avolid relapse from resistant clones.

Whether pharmacclogical refugees are a common cause of relapse in
AML is not known, because most relapses originate from the bone mar-—
row. In childhood ALL, these sanctuaries are the Central WNervous Sys-—
tem {CNS) and the testes. If the biology of AML is comparable to that
of ALL, the number of relapses originating f£from these sites in AML
should increase when the duration of remissions is prolonged. Armitage
et al. (1978) have argued against CNS prophylaxis in human AML, be-
cause CNS involvement is less fregquent in the latier disease than in
ALL. This could be related to the different drugs selected for induc~
tion or is due to the shorter survival time after establishing diag-
nosis. Ara-C is commonly employed in AML and this drug passes the
blood brain barrier relatively easily, so that a sufficiently high
level of ara—-C is obtained in the spinal fluid to prevent a relapse
from the CNS. It is known from animal studies that vincristine, the
first remission=induction drug for clinical ALL, reaches only very low
levels in the brain (El Dareer et al., 1977b; Castle et al., 1976}. In
patients no information is available on this peint..
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The result of activating the body's defence against its own tumour
cells with nonspecific (BCG) and/or specific (allogeneic irradiated
AML cells) immune stimuli have 5o far been disappointing with respect
to remission duration {Math& et al., 1975: Powles, 1973; 1974; 1976;
Gutterman, 1874; Freeman, 1973). Somewhat lenger survival times after
relapse are described in patients receiving immunotherapy (Powles et
al., 1977).

It is c¢lear that an improvement of current AML treatment is badly
needed. One approach which will always be followed is the investiga-
tion of new chemotherapeutic agents in AML patients. Ancther approach
is to further study the mode of action of those drug combinations
which show some efficacy at present, in the hope that more effective
schedules can be obtained. A realistic animal model might be useful
for this purpose. BAlthocugh the BNML has shown many similarities with
human AML, especially with regard to its growth <characteristics
(Hagenbeek, 1977a), its sensitivity to chemotherapeutic agents had not
been determined.

In the study tc be presented, it is investigated whether the res-
ponse of the BNML teo different drugs is similar to the response seen
in human AML or te that in human ALL (Ceolly et al., 1977b).

3.2 THERAPEUTIC RESPONSE TO CHEMOTHERAPY PROTOCOLS USED
IN CLINICAL AML AND ALL

A highly effective chemotherapy schedule for remission induction
in ¢linical AML, the AJd~OAP regimen (McCredie, 1976; Fig. 3.2), was
compared with an effective remission induction regimen for human ALL
consisting of wincristine and prednisone (Simone, 1974; Berry, 1975;
Willemze, 1975:; Van der Does—van den Berg, 1976). Both schedules were
adapted to the rat leukaenia. Drug dosages were calculated from the
human dose by the method of Freireich (1966), which is essentially a
correction for metabolism. Its principle is that the rate of metabo-
lism in mammals increases with the ratio body surface/body weight. For
chemotherapeutic agents which are completely metabolized in the body,
this ratio will be a good approach, assuming that enzyme activity in-
creases at the same ratioc. However, when a drug is metabolized to a
limited extent and the clearance rate is low, the thus calculated dose
will be overestimated as the size of the animal becomes smaller. The
calculated doses for the rat are given in Fig. 3.2.

The evaluation criteria for comparing the effects of the AML and
ALL schedules were: changes in the peripheral bloed counts, weights of
liver and spleen determined at autopsy and survival time.
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A.L.L. sehedule

2 20 22 24 26 28 30 32

ALL.L, schedule

15 17 19 21 23 25

A.L.L. schedule

A{D Vincristing 0.37 mg / kg i.v.
< B Prednisone 11.7 mg/kg f.m.
15 17 19 21 23 25
ig Vincriztine 8.18 mg / kg i.v.

B Procnisone 11.7 mg/kg i.m.

Ad-OAP schedule
{AM.L)

C’D Vincristine 0,10 mg / kg i.v.
’ Prednisone 11.7 mg/kg i.m.

D Vincristine 0.34 mg / kg f.v.

Cytosine Arebineside 2 x dd (12 h)
] 37.8 mgfigi.p.

o . - Adriamycin 7.7 mg/kg 1.v.
15 14 17 1 1%
7 ‘ Prednisone 11.7 mg/kg i.m.
days oftar 10° BNML cells
Figure 3.2

Chemeotherapy regimens applied in the BNML for comparing the effect of an AML schedule
(Ad-OBP) with the effect of ALL schedules consisting of vineristine and prednisone.

3:3 RESULTS

After the Ad-0AP schedule (Fig. 3.2D) was started on day 15 after
inoculation with '10 leukaemic cells, peripheral blood was taken from
tﬁe tip of the tail for routine haematologic' examination. Fig. 3.3
shows the effect of this therapy on the number of peripheral white
blood cells. Shortly after +the start of the treatment, a rapid de-
¢rease to neormal values is observed. However, the white blood cells
irncrease about 7 days after termination of therapy and the animals die
soon thereafter in relapse. The efficacy of the Ad-OAP regimen is
demonstrated by the greatly reduced spleen and liver weights found at
autopsy {Fig. 3.4). The survival curve (Fig. 3.5) showed that 3 cut of
7 rats died during therapy, indicating that the schedule was rather
toxic; the 4 remaining rats survived the leukaemic c¢ontrols by about 5
days.
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Changes in the peripheral white blood cell counts during and aftex the AJ-OAP sche-
dule (mean + SE). Treated group: n = 7; untreated leukaemic controls: n = 5.

In a pilet experiment with the ALL schedule (Fig. 3.2a), the CalE
culated vwvineristine dose eguivalent to0 the human dose of 2 mg/m
{0.37 mq.kg—i) for the rat (Freireich et al., 1966), proved to be very
toxic: 4 out of 7 rats died within 24 h after starting therapy. How-
ever, the remaining 3 animals did not survive longer than the leukae-
mic controls. This schedule was not toxic for normal rats; 10 female
rats received one i.v. injection of (0.37 rng.kg_l of vincristine and
11.7 mg.kg"1 of predniscne (i.m.) daily for 10 days. Only a slight de-
crease in the number of peripheral white blood cells was observed, but
no deaths occurred.

To evaluate the effect of vincristine and prednisone on the leu-
kaemic cell load, the vincristine dose was halved and given on days 15
and 21 after leukaemia inoculation (Fig. 3.2B). The effect on the
white blood cells is shown in Fig. 3.6. Very little depression of cell
counts was observed during the first few days. An increase occurred
just before the second vincristine injection. Although the peripheral
white blood cell counts did not increase as'rapidly as in nontreated
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Changes in spleen and liver weight after the AJd-OAP regimen. The fresh weights were
determined after spontaneous death. Each point represents either one rat or means (#
SE} of 2-4 rats.
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Survival curve after treatment with the Ad-0AP regimen.
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Figure 3.6
Changes in the peripheral white blood cell counts during treatment with vineristine

and predniszsone:; schedule B (Fig. 2.2} (means % SE). Treated rats: n = 7; untreated
leukaemic controls: n = 6.

leukaemic controls, this treatment clearly had less effect than the
AG—OAP treatment previously described. Fig. 3.7 shows the weights of
the spleens and the livers at the time of death. A small reduction in
the spleen and liver weights of the treated groups as compared to the
untreated group was observed. In both groups, these organ weight re-
ducticons occurred in the terminal phase of the disease. The survival
curve after this regimen (Fig. 3.8) showed that all animals survived
the first vincristine injection; however, after the second administra-
tion {day 21) about 50 % died. The overall effect was that no animals
of the treated group survived longer than the nontreated leukaemic
contrel group.

No firm conclusions could be drawn concerning evaluation of the
effect of the schedule wvincristine/prednisone on the tumour load, be-
cause the combination of these drugs was very toxic at the doses ap-
plied. For this reason, in a subsequent study, the vincristine dose
was reduced again (Fig. 3.2C) to 0.1 mg.kg—l given on days 15, 18 and
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Spleen and liver weights after treatment with vincristine and prednisone; schedule B
{Fig. 3.2). Fresh weights were determined after spontanecus death. Each peint

represents either one rat or means + SE of 2-3 rats.
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Survival curve after treatment with vineristine and predniscone (schedule B, Fig.
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22. In addition to the group which was treated with the combination
of vincristine and predniscne, two parallel groups received either the
same vincristine schedule alone or prednisone only. Fig. 3.9 indicates
that the number of white blood cells in the peripheral blood was main-
tained at the same initial level in bhoth groups receiving prednisone.
In the group which was treated with vincristine, only an increase in
the peripheral white blood counts, which was scomewhat less than in the
untreated leukaemic control group, was observed. The spleen weights in
the three treated groups did not differ significantly from those in
the untreated leukaemic controls. However, in the groups which re-
ceived prednisone alone and prednisone + vineristine, the liver
weights were much heavier as compared with the leukaemic controls
(Pig. 3.10).

The survival curve (Fig. 3.11) showed that daily prednisone injec—
tion had a striking negative effect on survival, while the groups re-
celving vincristine and the combination vincristine and predniscone ex-
hibited no beneficial effects as compared with the nontreated leukae-
mic controls.
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Figure 3.9
Changes in the peripheral white blood cell counts during treatment with a vincristine
and prednisone schedule (schedule C, Fig. 3.2). Each point represents means + SE of

S rats.
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Figure 3.10

Spleen and liver weights after treatment with one or two drugs of schedule € (Fig.
3.2). Fresh weights were determined after spontaneous death. Each point represents

either one rat or means x SE of 2-4 rats.

3.4 DISCUSSION

The Ad-OAP regimen had a definite tumour leoad reducing effect as
expressed in the decrease in the white blood cell counts and in the
impressive reduction in spleen and liver weights found at autopsy. The
prolongation of the survival time by about 5 days corresponds with a
tumour load reduction of one decade (Fig. 2.2). This is in agreement
with ¢linical data which show that one course of combination chemo-
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Survival curves of rats treated with one or twe drugs of schedule € (Fig. 3.2) and
the combination of vincristine and prednisone. Bach group consists of 5 rats.
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therapy reduces the tumour load by one decade (McCredie et al., 1976).
The ALL regimen (vincristine and prednisone), was not at all effective
in the BNML. In contrast te normal BN rats, a striking toxicity was
observed in leukaemic animals.

An explanation for the vincristine toxicity may be that only less
than 10% of this drug is metabolised in the rat body. In man, at least
283% of the vincristine dose is excreted zas metabolites (Bender et al.,
1977; Castle et al., 1976). It can be concluded that the rat metabo-
lizes vincristine to a lesser extent than do humans; this results in
neurotoxic vincristine levels for a prolonged pericd of time. An addi-
tional finding is that higher vincristine levels are found in brain
tissue in smaller animals (rat, mice) (Castle et al., 1976) as com-—
pared to dogs and monkeys (El Dareer et al., 1977b). Based on these
findings, it is tempting to explain the sudden deaths after vincris-
tine injection as being due to these neurctoxic side effects, which
are more serious in leukaemic rats than in normal ones. The reason why
normal rats survive the highest applied vincristine dose and leukaemic
rats do not, is not known at present.

In comparing the effects of vincristine versus vincristine/predni-
sone versus prednisone, it is noteworthy that the two groups receiving
predniscone maintained a rather stable leukocyte count, but showed the
neaviest liver weights at autopsy. The greatly increased liver weights
along with the shortest survival <time of these groups indicate that
prednisone has an adverse effect on the leukazemia. It seems that pred-
nisone causes no appreciable cell kill, but inhibits the migration of
white blood cells from the liver. This results in lower numbers of
peripheral white blood cells.

It can be concluded from these results that the BNML reacts fa-
vourably to a treatment schedule which is specifically active in human
AML and does not respond to a typical clinical ALL treatment schedule.
In addition to vincristine and prednisone, the AJ-OAP regimen includes
the combination of adriamyecin and ara-C. It follows that the benefi-
cial effect of this regimen must be due to adriamycin and ara-C. For
this reason, subsequent studies were concerned with determining the
optimal effective application of these two drugs.
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CHAPTER 4

EFFECTS OF ARA-C AND ADRIAMYCIN
ON CELL PROLIFERATION

4.1 INTRODUCTION

Cell kinetic studies have stimulated chemotherapeutic scheduling
in leukaemia in the past 20 years. This is partly based on studies in
which cytostatic drugs have been subdivided into different categories
according to their cell killing specificity, i.e., as non-specific and
phase specific agents (see Section l1.4). The attractive aspect of the
latter type of drugs is that these are supposed to kill only cells in
a particular phase of the cell cycle. Another characteristic is that
the toxicity will not increase with increasing dose, since the dose
response curve exhibits & plateau pattern (Section l.4). Cell kinetic
studies in AML by Killmann (1968) and Gavosto (1968) have revealed
that the leukaemic cell population contains a large fraction of non-
cyeling cells. Combining the properties of phase specific drugs and
the fact that a large fraction of leukaemic cells is in the G_ phase
it can be concluded that leukaemic cells in the resting phase are in-
sensitive to phase specific drugs such as, e.g., ara-C. Theoretically,
one way to make them responsive to phase specific cytostatic drugs is
to trigger them into cell c¢ycle (recruitment; see Section 4.1.1). If
the triggering procedures do not Increase the cytotoxicity of the nor-
mal tissue to the same extent, a therapeutic gain can be achieved.

The effect of phase specific agents on the number of cells in S
phase and in mitesis has been described by Lampkin (1969, 1971), Ernst
{1971), Klein (1971) and Mauer et al. {1974). Improved chemcthera-
peutic effectiveness has been suggested by Lampkin (1971), Burke and
Owens (1971) and Ernst and Xillmann (1971; 1873) if the number of
cells in a sensitive phase of the cell cycle is increased and if those
cells are subseguently killed with that cycle phase specific drug.

Although some encouraging data have been published by Lampkin et
al. (1971), who demonstrated an increased influx of resting cells into
cycle after a single injection of ara—-C, <their results could not be
confirmed by others (Ernst et al., 1973; Vogler et al., 1974). The
conflicting results may be due fo inhomogeneity in the selected pa-
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tients with respect to the type of the leukaemia or phase of the di-
sease or to differences in applied techniques, the type of cytostatic
drug and dose schedules applied.

Chemotherapy schedules which were designed to change the phase
distributions of the cell cycle and to subseguently administer a phase
specific drug at the time of expected accumulation in that phase have
been disappointing (Vogler et al., 1974; Ernst et al., 1971; Xremer et
al., 1971; Gunz et al., 1977).

The availabity of a realistic rat model for AML (sge Section 1.5}
with a high fraction of cells in the nonproliferating phase and the
recent development of a new technique for studying cell kinetics (flow
cytometry) have created a challenge to reinvestigate whether recruit-
ment can indeed be induced and usefully exploited.

Ara~C was chosen for this study because of its phase specific ac~
tivity and because it is known to be an effective drug for killing
myeleoid leukaemic cells (Section 2.9.1).

Adriamycin was also included because it has been shown to be of
great value in remissicn induction therapy in AML (Sectien 2.9.2).

In this Chapter, the principles and terminology of cell cycle
kinetics along with a critical review ¢f the various techniques for
studying cell kinetics will be discussed. The results of cell kinetic
studies by means of flow cytometry will also be described. The reason
for selecting this technique is that it provides very reproducible
results on the relative distribution of the nunmber of cells over the
cell c¢ycle phases within one hour after the cells having been col-
lected.

4.1.1. Cell kinetics: terminoleogy

For many experimental (Mendelschn, 1960) and clinical tumours, it
has been shown that not all of the tumour cells are engaged in cell
proliferation. Accordingly, for a morpholegically homogeneous peool of
tumour cells, a growth fraction may be defined by the equation:

Mo
N

GF =

Nc is the number of cells in cell cycle and N,... sStands for the total

number of cells. Also, in most of the normal tissues a fraction of the

cells are engaged in proliferation. The GF cannct be determined gi-

rectly. An approximation of it is obtained by multiplying the percent-
age of cells in § by a factor of two.

The conventional method for determining the fraction of ¢ells in

% phase invelves counting the labelled cells after flash labelling
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with 3H-TdR. Only cells which are in $ phase at the time of exposure
to 3H—TdR are labelled. The labelling index (LI) then estimated Iis

the ratio of labelled cells to total cells:

Ng
N
tot

N _ is the number of cells in S5 phase.

S

LI =

Because mitosis can be recognized in stained microscopic prepara-
tions, the miteotic index (MI) was one of the first cell cycle para-
meters to be determined:

MI =

ZEZ

tot
N is the number of cells in mitotic phase.

These two parameters, LI and MI, provide information on the frac-—
tion of cells in 5 phase and in mitosis, respectively. The duration of
the cell cycle and cell cycle phases can be derived from a Percent
Labelled Mitosis (PLM) curve. A PLM curve is determined by sampling
tissue at intervals after a single injection of JH-TdR. The labelled
as well as the unlabelled mitotic figures are scored in the autoradio-
graphs:

. labelled mitosis N
PLM = T nelled + unlabelled mitosis © 100 %

A PLM curve is constructed by plotting the PLM against time after
3H-TdR administration. The labelled cohort of S phase cells passes
through mitosis, which results in halving the number of grains in the
initially labelled cells. Various factors, among which are wvariations
in phase duration and the entry of daughter cells into Go’ lead to a
dampening of the curve; which is often considerable when human tissue
is studied (Steel et al., 1966; 1971; Mendelschn et al., 1971:; Taka-
hashi et al., 1971). A PLM curve of a rapidly proliferating popula-
tion, GF = 1, is shown in Fig. 4.1.A; a PLM curve of a slowly growing
poepulation in which the majority of cells are in GO phase {GF = 0.45)
is presented in Fig. 4.1.B. The PLM technique is a reliable method for
determining the duration of all phases of the cell cycle. Its main
disadvantages are that multiple bilopsies are reguired and scoring of
mitotic figures is laborious in slowly proliferating tissue.

The GF can be calculated from the PLM curve and LI according to a
model described by Steel (1968), in which beth proliferating and non-
proliferating cells are assumed to be present, i.e., GF = a@-1,
where & can be calculated from:

_ 1 *
N, = GCTRT) x @

* O - N - e (163 + M + T ). (In@®/T) o (TGy + M) . {InQ/T.)}

(Steel, 1968).
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Figure 4.1 (A and B)

Examples of two PLM curves published in the literature (Fig. 4.1.4, Bootsma, 1965;:
Steel and Hanes, 1971; Takahashi et al., 1971; and Fig. 4.1.B, Bresciani et al.,
{1974). The latter figure illustrates the flattening of the second wave. Values for
cell cyle times, T., and the fractions of proliferating cells, GF, are given in
the inserts. The data shown in Fig. 4.1.A refer to experiments performed on in vitro
cultured human kidney cells and those in Fig. 4.1.B to clinical studies of human
squamoug cell carcinoma. With respect to the accuracy ©f individual data points shown
in these figures, it should be noted that for each value of the per cent labelled
mitoses of the in vitro cultured cells, a number of at least 100 mitoses were

counted, and an average number of 63 mitoses per data point were counted for the
squamous cell carcinoma.
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Recruitment will operationally be defined as an increase in the
nunber of cells which move from the compartment of nonpreliferating
cells to that of proliferating cells (Bender et al., 1275). In a
tumour system where all cells are preliferating, recruitment cobvious—
1y cannot be induced. The GF is low in most human tumours.

Synchronization occurs when fractions of cells larger than normal
pass simultaneously through the various phases ¢f the cell cycle (Van
Putten et al., 1976). It can be identified by a temporary increase in

the fraction of cells in S phase or in mitosis.
When the cells can be investigated fregquently, the chance that a

temporary accumulation of cells in a cell c¢ycle phase is overlooked
becomes smaller.

4.2 METHODS FOR DETERMINATICON OF CELL KINETIC PARAMETERS

4.2.1. Autoradiographic determination of LI, PLM curve and the

fraction of cellsg in G0 phase.

In man the LI is generally estimated in vitro by incubating cells
with 3H-~TdR for 20 minutes at 370 C. The excess of 3H—-TdR is removed
by washing the cells with cold thymidine. Autoradiocgraphs are prepared
according to standard procedures (see Rogers, 1973) and the number of
labelled cells counted.

The LI can also be estimated by injection of a pulse dose of
3H-TdR {(in vivo or flash labelling) and subsequent sampling of bone
marrow and/or bloed, usually one hour after injection. In some in-
stances, a good agreement has been found between in vivo and in vitro
labelling but in many others not (Saunders et alé, 1967; Denekamp,
1973; Miller, 1973). After in vivo labelling with H-TdR, the LI, PLM
and GF can be determined.

Estimaticn of the GO compartment:

In general, the fraction of cells in GO can be determined only by
¢aleulation, which in its turn can only be performed when all cell
cycle parameters are known. However, <Clarkson et al. (1970) have at-
tempted to investigate the fraction of gells in GO phase by means of
administering a continucus infusion of "BE-T4R to patients with acute
leukaemia for a period of 8 to 10 days. They found that 88 to 93% of
the leukaemic blast cells became labelled. From the 12% unlabelled
cells, it was concluded that these remained in G, phase for the dura-

0
tion of the infusions. But, in using this method, it is not possible
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to acquire exact information on the number of cells in GO. Since
labelled c¢ells enter G0 after completion of mitosis, the method seems
useful to find out whether a GO compartment does exist in a certain
cell population, but does not allow the determination of the size of

that compartment.

4.2.2. Scintillation counting.

The 3H—TdR uptake can be rapidly assessed by means of scintil-
lation counting, which measures the disintegrations per minute of the
incorporated 3H—Tc‘lR. Unfortunately, thymidine uptake by individual
cells often varies markedly, sc that scintillator counts may not al-
ways reflect proliferation rates (Tannock, 1978). The scintillation
counts reveal the total amount of 3H-TdR accumulated in a random
sample of the cell population. Besides, the scintillation method will
give egual results in two widely different situations: the combination
of small GF and short cell cycle times versus large GF and long cell
cycle time. Because the LI, GF and cell cycle times cannot be deter—
mined with this technigue, the method is useful only when these para-
meters are already known (e.g., in studies with cultured cell lines
under ideal conditions).

4.2.3. Cell c¢ycle analysis with a cell sorter.

Gray et al. (1977) have described a rapid method for esta-
blishing a percentage labelled S phase (PLS) curve, analogous to a PLM
curve. The progress of a cohort of labelled S phase cells is monitored
by measuring DNA content through a narrow window in the flow cyto-

meter. The cells with a DNA content of mid-S phase are sorted by elec—
tronic cell sorting. The radicactivity of the sorted labelled S phase
cells can be determined by scintillation c¢ounting. This method is
now being developed for the solving of additional kinetic problenms.

4.2.4. Flow cytometry.

Flow cytometry or pulse cytophotometry (PCP) can be used to es-—
timate the DNA content of c¢cells in single c¢ell suspension (see
Materials and Methods).
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DNA histograms of normal rat bone marrow <¢ells obtained with the
flow cytometer can be seen in Fig. 4.2. Normally, most of the cells
are diploid and have a DNA content of 2n. Those cells will be regis-—
tered in one or at most in a few channels of the pulse height ana-
lyzer of the flow cytometer and are GO,Gl phase ¢ells. Beside this
GO,Gl peak in the histogram, there 1is a smaller second peak of cells
with a double DNA value, 4n, corresponding to cells in the G_,M
phases. The cells between the two peaks, having a DNA content between
2n and 4n, represent the cells in S phase. Although a DNA histogram
gives much information on the numbers of cells in the various phases
of the cell cycle, it does not allow estimates of phase duration and
GF, because no discrimination can be made between cells in the G0 and
Gl prhases.

number of cells per channel

channal number [ arbitrary unitz )

Figure 4.2

DNA histogram of bone marrow cells from a2 normal BN rat.

The degree of accuracy is dependent on:

1. The coefficient of variation (CV) of the flow cytometer used.The CV
is a measure of the discriminative capacity of the apparatus and the
staining procedure. With a high CV, there is a considerable overlap
between the G ,G. and 5 phases on the one hand and between 8 and G_,M

on the other. By means of mathematical analysis of the histograms,
correction for overlap of the various distributions of the cell cycle
phases can be made (Fried, 1%76b; Chapter 2). When the cytometer has a
small CV (e.g., the Phywe), the percentage of cells in a certain phase
can be directly calculated from the histogram.
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2. The number of dead c¢ells present in c¢ell suspensions. This number
may increase when cytostatic treatments are given. While still being
in the process of perishing they may pick up the fluorescent dye and
be included in the histograms. However, cells in an advanced stage of
disintegration will be lysed and can be removed as cell debris by
washing and centrifugation (see 4.2.4.2).

3. Clumping of DNA fragments and the simultaneous passing ©f two par-
ticles with 2n DNA. This may result in a signal eqguivalent to 4n DNA.
The magnitude of this source of error is investigated by analyzing a
suspension of cells which contains cells in the resting phase, e.g.,
differentiated end cells. For this purpose, the buffy cocat of periw-
pheral bleood cells and a suspension of thymocytes can be used. Fig.
4.3 shows a histogram of thymus cells. Since few signals are detected
in the compartments containing more than 2n DNA, the clumping effect
can be neglected. No particles are seen at the positions of 4n or én
DNA, indicating that the discriminative capacity of the apparatus used
was not a scurce of error.

4. The inhomogeneity of cell populations with respect to the DNA con-
tent of the GO'Gl cells. In the presence of aneupleid cells in the po-
pulation, the histograms will be difficult to interpret. Only when the
percentage of these aneupleid cells is small, and when these particles
do not interfere with others, the percentage of aneuploid cells can be
subtracted from the total number of cells and the distribution of the
remaining cells over the cell c¢ycle phases be calculated.
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Figure 4.3

DRA histogram of thymus cells from 2 normal BN rat.
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4.2.4.a. Interpretation of DNA histograms after cytostatic drugs.

Accumulation of cells in a certain cell cycle phase after cyto-—

static drug administration may result from:

1.

cell cycle progression delay (the cell cycle blocking effect). 1In
this case, the cell influx into a certain cell cycle phase con-
tinues, but the passage through that phase is impeded. When the
eycle blocking influence is abruptly removed, the cells may con=
tinue through the cycle in a synchronized way. However, when the
block is gradually removed, cell cycle progression is resumed in
the normal asynchronous way.

Dead cells may accumulate in one or more cell cycle phases. A math-
ematical method which corrects the DNA histograms for dead cells
has been described by Kim et zl. (1978). In our experiments, the
proportion of cells in $ measured by cytometry and the LI were in
excellent agreement before and after cytostatic treatment (Aglietta
and Colly, 197%). Therefore, the dead cells do not seem to inter-
fere with the £loweytometric measurements under our experimental
conditions. Hillen (1975) and Barlogie et al. (1976b) also found a
high degree of similarity between the results obtained by DNA his-
tograms and those obtained by conventional labelling technigues.
Synchronization following recruitment {see definition in Section
4.1.1.). Differentiation between accumulation caused by cell
blocking and that due o recruiltment cannot be made from DNA dis-
tribution patterns alone. BAlthough recgruitment results in an in-
crease of cells in the preoliferation phase and a reduction in the
G compartment, one has to realize that the blocking effect in a
cgrtain cell cycle phase may result in a similar distribution over
the cell cycle phases: a "reduction™ in the proportion of cells in
the GO,Gl compartment and an increase of the cells in that phase of
the c¢ell cycle which is blocked. This is due to the fact that the
values obtained with flow cytometry are relative numbers.

Evidence for the existence of a cell block in G can be obtained
only in rapidly proliferating populations; in slowly proliferating
populations, no discrimination between G and G can be made with
flow cytometry. Por differentiation between recruitment and cell
blocking in slowly growing populations, changes in the GF have to
be calculated.

Exposure of cells to cytostatic drugs. This may alter the binding
of the fluorescent dye to DNA and this may result in erroneous his-
tograms. The interference of adriamycin with propidium icdide
binding to DNA has been reported by Krishan et al. {(1978) and will
be discussed in Section 4.3.5.
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In interpreting the changes in cell cycle distribution resulting from
the administration of cytostatic drugs, the period during which the
drug exerts its action is obviously a crucial factor. Drugs which are
rapidly metabolized tend to induce reversible disturbances of short
duration, while those which remain in an active form in the tissues
for a longer period will cause more prefound and longer lasting ef-
fects. The interaction of cell kinetics and pharmacokinetics will be
discussed later (see Sections 4.3.2 and 4.3.5).

4.3 EXPERIMENTAL RESULTS

4.3.1. Flow cytometric follow-up of the BNML during progression of the
disease

The observation of Haemmerli (Hagenbeek, 1977a) that the amount
of DNA as determined in single cell Feulgen-stained smears of BNML
cells was slightly increased (2.3 n DNA) has been confirmed by con-
structing DNA histograms in the course of the development of the di-
sease (Fig. 4.4) (Colly et al., 1978). During the initial pericd when
normal haemopoiesis continues while leukaemic cells are growing in the
bone marrow, a small shift and broadening of the G ,G peak to the
right is observed (day 4). These two populations can be distinguished
at day 12. The two peaks in the G ,G  area represent the normal (left)}
and leukaemic populations (right). In the terminal phase of the leu-
kaemia, a relatively narrow peak corresponding with 2.3 n DNA has re-~
placed the nermal G 'Gl population. At the position of 2 x 2.3 n, a
small accumulation of leukaemic cells representing the cells in GZ,M
phases can be observed.

In ail flow cytometri¢c studies, the series were started by deter-
mining a histogram of normal bone marrow cells and an untreated leu~
kaemic contrel sample. When the G ,G peak of the latter histogram
contained too many normal haemopoietic cells, which was expressed as a
double peak or a shoulder on the left hand of the curve, the experi-
ment could not be evaluated and the data were discarded.

4.3.2. Flow cytometric measurements after a single injection of ara-C

-1
The time-related effect of high dose 200 mg.kg ara=-C i.v. was
evaluated in Jlenkaemic bone marrow. Filg. 4.5 shows the relative dis-
tribution of the DNA histograms obtained from measurements performed
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Figure 4.4

DNA histograms of bone marrow cells at various stages during the development of the
BNML after inoculation of 10’ leukaemic cells.

at regular intervals of apout twe heours during 0 to 28 h. By analyzing
the histograms with the computer program described by Fried (1976b),
the relative number of cells in the various cell cycle phases can be
calculated (Fig. 4.5). These changes are in agreement with the results
of LI and MI studies performed under the same conditions (Fig. 4.6)
{Aglietta and Colly, 1979). However, an apparent discrepancy is ob-
served between the nearly complete absence of labelled cells at two
hours in the LI curve (Fig. 4.6) and the proportion of S phase cells
in the flow cytometer curve (Fig. 4.5) at two hours, which is still
about 50% of the initial value. This is explained by the fact that the
assay of LI is a functional assay; only viable cells will incorporate

H-TdR. With flow cytometry, dead cells are also included in the his-
tograms; this fraction will be high in the first hours after drug in-~
jection.
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The relative distribution of leukaemic bone marrow cells over the gell cycle phases
after one injection of ara-C, 200 mg.kg=! i.v. at day 15 after inoculation of
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Figure 4.6

Labelling Index (LI) and Mitotic Index (MI) after a single injection of ara=C

(200 mg.kg™*) on the proliferation of leukaemic bohe marrow cells (Aglietta and
Colly, 197%}.
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In the curve for § phase cells, an abrupt rise is seen between 8
and 10 hours; at 10-14 h after injections, 40-50% of the c¢ells are in
S phase. The rate of progression of cells through S phase is reflected
in the G2,M curve; the cells are entering this phase at 12 hours and
reach a maximum at 16 hours at a level of 14%. The mean value of the
MI (Fig. 4.6) is 6% at 17 h after injectien, which is lower than the
number of G ,M observed at the same interval. This has been explained
by the fact that the MI is calculated from the number of cells in the
mitotic phase. With flow cytometry, no distinction can be made between
G2 cells and mitotic cells. The curves for S phase and the G2,M cells
clearly show that the degree of synchronization i1s more prorounced
during the influx of cells into S phase and is less when cells are
leaving this compartment. At 24 hours after injection of the drug, the
proportions of cells in the various cell cycle phases have returned to
initial values. The cell cycle perturbation after administration of
ara-C can be monitored very conveniently with the flow c¢ytometric
method as compared to the very time consuming determinations of LI and
MI. The advantage of the LI assay is that it reflects the toxicity of
the drug for S phase cells.

Fig. 4.7 shows a 3-dimensional repfisentation of the cell kinetic
perturbation induced by ara-C 200 mg.kg i.v.

The total femoral c¢ellularity count after ara-C administration
during 24 hours (Fig. 4.8) shows a decrease of 20%. This reduction is
caused by the cytotoxic activity of ara-C, since the femoral cellular-
ity counts of rats injected with 0.9% NaCl show a flat line. This re-
duction of 20% in femoral cellularity is in agreement with the reduc-
tion observed in the LI.

The high proportion of S phase cells found at 10-14 h after in-
jection ¢f ara-C reguires further analysis. If this rise is the result
of synchronization only, one would expect the peak value to be, at the
most, two times the fraction of G _,M cells measured at Ltime zero, that
is, 2 x 7% = 14%, since the total numbers of cells is not drastically
decreased {only 20%) by ara-{. The difference between the observed 45%
and the calculated 14% must be due to recruitment of G cells. The
evidence for the presence of a sizable G fracticen is derived from the
larger fraction G ,G_ before ara-C injection (time 0 values) in com-
parison with the S and G_,M fractions anéd the fact that the G_ phase
of the BNML is exceptionally short, namely, 0.8 h (Hagenbeek, 1977a).
The reduction in the G compartment after ara-C injection is nicely
reflected in the curve for the G ,G. c¢ells shown in Fig. 4.5.

Theoretically, it c¢an be expected that the cell cycle progression
delay which has been described f£or the Gl/s boundary {Graham et al.,
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Figure 4.7

DNA content of leukaemic bone marrow cells at different time intervals after i.v. in-
Jection of 200 mg ara-C.kg™". DNA distributions were measured 0, 2, 4, 8, 10, 12, 14,
16, 20 and 24 h after ara-( treatment. The intermediate hourly DNA curves were extra-
pelated. The figure clearly shows the synchronizing effect of ara-C. At first,
S—phase cells are depleted, thereafter the figure clearly shows a synchronized wave
of cells beginning as early 5, continuing as 8§ and Gyt phase cells through the cell
cycle, and return to GD,G1 phase.
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Figure 4.8

Reduction of the numbers of leukaemic cells per femur after one injection of ara-C,
200 mg.kg-% i.v. as compared@ to the femur cellularity after one injection of 1 ml
NaCl 0.9 % i.v. Each peint represents either one rat or means % SD of 2-5 rats.
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1970b; Yataganas et al., 1974) will be abolished when the drug has
been metabolized. The time interval between the latter process and the
continuation of the cell c¢ycle is not known. The pharmacokinetics and
drug levels in plasma and in leukaemic cells after ara-C administra-
tion have been investigated in the leukaemic BN rat (P. Sonneveld,
personal communication). The disappearance curve of ara-C in plasma is
in agreement with data observed in humans and other animals (Creasey
et al., 1966; Finkelstein et al., 1970). It shows a rapidly declining
first phase, which is the result of the distribution over the whole
body and the uptake in distinet organs. In the BN rat, the half-life
of this "alpha phase" is 4.5 minutes; the second phase of the ara-C
disappearance curve reflects the eguilibrium between the metabolism in
the tissues and the uptake from the plasma. The half-life of this
"beta phase"” is 110 minutes, resulting in undetectable levels of ara-C
in the plasma and in the leukaemic¢ cells 3 hours after injection.

It can be concluded from these pharmacokinetic data that the drug
is rapidly metabolized. The mechanism responsible for the phenomenon
of recruitment in the BNML still remains to be elucidated.

4.3.3. Effect of increasing ara-C doses on the phenomena of recruit-—

ment and synchronization

To answer the question whether recruitment and synchronization by
ara=-C are dose dependent effects,_ flow cytometzic measuremeggs were
perfoETed for dosef of 50 mg.kg ,_1100 mg.Xg . 150 mg.kg , 200
mg.kXg , 250 mg.kg and 300 mg.kyg . The results are shown in
Table 4.1.

Comparing the groups which received increasing ara-C doses with
Fig. 4.5 and the LI and MI curves of PFig. 4.6, an increase in S phase
cells is observed in all groups at all dose levels during the period
of 10-14 hours after administration.

The cytotoxic effect of ara-C demonstrated for the drug dose of
200 mg.kg_ {Section 4.3.2) was reflected in the reduction in S phase
cellshfuring the first 6 hours {Fig. 4.5)}. The group which received 50
mg. kg shows the smallest reduction in S phase cells of all groups.
This drug dose is probably toc low to exhibit cytotoxicity. This means
that the effect on the GF is small. The conseguence 1s that the accu-
mulation in S phase after 10 hours of administration is partly attri-
buted to the $-G -M-G wave of the previous cell cycle and partly due
to some recruitmént. :
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Yataganas et al. (1974), in studying a human lymphoid cell line,
demonstrated that the cell blocking effect occurs at a lower ara=C
concentration than does cell killing.

For the other drug doses investigated, about egqual degrees of
cycle disturbancy were observed.

From these ara-C dose effect studies, it can be concluded that
synchronization is observed for all doses investigated, whereas cyto-
toxicity and recruitment are seen only at doses of 100 mg.kg_ and
higher. This supports the idea that cell killing is reguired for the
induction of recruitment.

4.3.4. Flow cytometric measurements after repeated ara—-C injections

The experiments to be discussed here were designed to answer
the guestion of whether cytotoxicity for 8 phase cells followed by re-
cruitment and synchronization can be repeatedly induced by subsegquent
administraticen of ara—-C. On theoretical grounds, it can be expected
that a second injection of ara-C given at the time of maximum accumu-
lation of cells in S phase will result in considerable cell kill. It
has been shown that killing the 5 phase cells resulted in a decrease
in the GF. The response of the resting compartment was recruitment of
these cells into the proliferation phase. Analogous to the recruitment
observed after the first ara-C injection, the killing of the accumu-
lated S-phase cells due to the second ara-C injection should result in
a second recruitment of G cells. By repeating the ara-C injections
several times, it might be possible to reduce the G compartment step
by step. 0

Flow cytometric studies were performed in animals receiving up to
four ara-C injections administered at 12 h intervals in order to test
this hypothesis. 1In order to achieve substantial cell killing, the
dose of ara-C was set at 200 mg.kg- per injection. The results are
presented in Fig. 4.9.

The S phase curves for the groups with and without the second ara-
C injection are nearly identical. However, they represent different
processes. The reduction in the & phase compartment after the second
ara-C dose must be attributed to the cytocidal activity of the drug,
since the G_,M compartment does not increase, in contrast to the situ-
ation in which the animals received only one injection. The interpre-
tation of the effect of the third ara~C injection is less c¢lear, since
the Gz'M curve doeg not differ significantly from the curve of the
animals receiving two injections. In both cases, the proportion of
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TABLE 4,1

DOSE-EFFECT RELATIONSHIP OF ARA-C DETERMINED WITH FLOW CYTOMETRY*

50

ma kgt

72.5
78.0
80,0
68.0
59.0
62,0
66.0
59.0
63,0

23.5
21.0
17.0
29,0
40.0
35.0
35.0
37.0
29.0
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100 150
mg. kg1 mg.kg
72,5 72,5
82.3 87.0
30.0 88.5
73.8 64.0
54,3 49,0
59.0 56.8
62,5 59,0
63,0 62.8
65,5 66.5
23.5 23.5
16.0 12.5
10.5 1¢.0
21,8 34.0
39,7 45,0
37.2 39.2
37.5 41,0
33.1 33.2
27.0 26,5
3.3 3.3
1.3 0.5
1.7 1.5
4,4 2.0
6.3 6,0
4.2 4,0
d.0 4.0
3.9 4.3
7.5 6.5
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Figure 4.9

The relative distribution of leukaemic bone marrow cells over the cell cycle phases
after increasing numbers of ara~-C injections of 200 mg.kg=l i.v. The solid line
reflects the per cent of cells iIn S phase and G,,M phase at the various intervals
during the treatment. The broken line represents the per cent of cells in S and G,.M
prase in control animals which did not receive the previous ara-C dose. These cont'ol
observations serve to evaluate the actual impact of each subsequent ara=C injection.
The experimental points in the first 12 h are derived from Fig. 4.5. The other points
represent means  SD of 2-5 rats.

G2,M cells is virtually zero. The explanation for this extremely low
G2,M compartment 1is that the second peak of S-phase cells (arising
after 2 injections of ara-C) probably consists to a large extent of
cells which die before they enter G . The third injection of ara-C (at
24 hours) seems to increase the cell kill ewven further; the decline in
the $ phase compartment is considerably more rapid as compared to the
controls.

In studying Fig. 4.9, it should be kept in mind that the results
represent relative proportions. The absolute size of the leukaemic
cell population is reduced by 25% after the first ara~-C injection. The
remaining cells are again reduced by 530% as a result of the second
ara-C injection and, after the third injection, a further reduction of
45% of the population remaining after the second injection is
achieved. The expected third peak of S phase cells at 36 hours was not
observed, probably for the same reason as given above for the absence
of fluctuations in the G ,M compartment. This does not imply that
recruitment has no longer taken place. It is guite pessible that such
events are obscured by the presence of too many dying and dead cells.

This can explain why recruitment and synchronization can no longer be
detected.
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4.3.5. Flow cytometric measurements following treatment with a single
dose of adriamycin

In contrast to the consistent current information on the cell
kinetic perturbation caused by ara-C, that on the action of adriamyecin
on cells in different phases of the cycle 1is controversial (see
Section 2.9.2.C). The fact that most investigators have been studying
a different biological system, combined with the diversity in sensiti-
vity of different tumour cells to adriamycin, may explain many of the
reported discrepancies (see Section 2.9.2).

In the present study, cell cycle perturbations following a single
dose of 7.7 mg.kg . adriamycin i.v. were investigated. This dose is
equivalent to 40 mg/m for humans, which has been reported to result
in effective tumour lcad reduction in a variety of malignancies.

The results of flow cytometric measurements of leukaemic bone mar-
row cells after adriamycin during 36 h after injection of the drug is
shown in Fig. 4.10. Overall, 1little effect on the c¢ell cycle is ap-
parent. These observations confirm the studies of Barrancoc (1975} in
Chinese hamster ovary cells where flow cytometry indicated that all
cell cycle phases are equally affected; no recrulitment, synchroniza-
tien or accumulation in a specific cell cycle phase was observed. This
is in contrast with observations of Barlogie et al. (1975), and
Krishan et al. (19753), who reported an accumulation of cells in G
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Figure 4.10

The relative distribution of leukaemic bone marrow cells over the cell cycle phases
after one injection of adriamycin 7.7 mg.kg~! i.v, at day 15 after inoculation of
207 leukaemic cells. Each point represents elther one rat or neans + 5D of 2-5 rats.
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lymphoma cells with adriamycin. Since in our studies a clear—-cut cyto-
toxic effect of adriamycin was demonstrated in terms of both femoral
cellularity reduction (30% decrease; Fig. 4.11) and of survival time
{Table 5.6), it has to be concluded that adriamycin acts on cells in
all phases of the cell cycle. It remains to be explained how these
results are related to the observations of others (Clarkscn et al.,
1977; Kimler et al., 1978; Barlogie et al., 1976a) that adriamycin
induces accumulaticen of cells in GZ. For the time being, it is assumed
that those in vitro experiments cannot be compared directly with the
in vive measurements.
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Figure 4.11
Reduction of the numbers of leukaemic cells per femur after one injection of adria-

mycin 7.7 mg.kg-! i.v. as compared to the femur cellularity after one injection of
1 ml NaCl 0.9% i.v. Bach point represents means * 5D of 2-5 rats.

4.3.6 Cytometric analysis of normal bene marrow cells after a single
dose of ara-C

A therapeutic gain can be obtained with ara—-C only when the
critical normal tissues have either a lower proportion of S phase
cells or when they are less responsive to the recruitment stimulus
than the malignant c¢ells. The most wvulnerable targets for S phase
specific drugs are the haemopoietic tissues and the intestinal epi-
thelial cells. Both types of tissue consist of rapidly proliferating
cells. However, in the case ¢f haemopolesis, the damage to the pluri-~
potential stem cells determines the eventual chances of regeneration
and it is known in rodents that a considerable proportion of those
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cells is in the resting phase (GO). If these G cells are recruited
and subseguently killed by the next dose of ara-C, the toxicity of
such a regimen might become unacceptably high.

The percentage of haemopeoietic stem cells (HSC) in normal resting
rat bone marrow is 0.7% (Van Bekkum, 1977a}; this means that 99.3% of
the bone marrow cells are differentiating cells derived from the HSC
and maturing to the various end cells {Chapter 1 and Fig. 1l.1l). With
flow cytometry, it is obviocusly not possible to detect recruitment of
the HSC, =sinc¢e their concentration in bone marrow is low. Therefore,
this problem was attacked by using the CFU-~s assay after repeated ara-
C injectiocn, as will be presented in Chapter 6.

4.4 DISCUSSION

Cell kinetic studies following the administration of chemothera-
peutic agents are hampered by two important obstacles. The first one
is technical. Before flow cytometry was introduced, the only available
technique was autoradiography. The disadvantage of this method is that
it is very time consuming and therefore has only retrospective signi-
ficance. Nevertheless, such studies have revealed that human leukaemic
blast cells exhibit large variations in cell cycle time between indi-
vidual patients (Killmann, 1968; Gavosto et al., 1968; Greenberg et
al., 1972). The conseguence of this variation might be that each pa-
tient regquires individual therapy based on the specific cell kinetic
parameters of his or her leukemic cell population when the treatment
employs phase specific drugs.

The introduction of flow cytometry in the early 1970's offered the
possibility of determining some of the cell kinetic perturbations with
greater care and more rapidly than before. However, no significant
progress in the treatment of leukaemia has resulted from this approach
so far. This is certainly due to the circumstances that present day
therapeutic approaches to AML consist of multi-drug chemotherapy which
do not provide the opportunity for a flow c¢ytometric analysis of the
role of each individual agent in c¢ell cycle perturbation.

The second problem has been that the relevance of cell kinetics
for treatment of human leukaemia has never been satisfactorily demon-
strated in an animal model with characteristics similar to those of
human AML.

Since the BNML was proved to be a realistic model for human acute
myelocytic leukaemia, it was employed for cell kinetic studies with
the purpose of designing improved remission induction schedules.
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Bra-C was chosen because of its cell cycle phase specific activity
and because it is known te be toxic to myeloid leukaemic cells. Adria=-
mycin was added to ara-C treatment because it has been shown to be of
great value for remissicn induction in AML. The effects of these drugs
were analysed separately_and in combinaticen. The cell kinetic pertur~
bation after 200 mg.kg_ ara-C as observed with flow cytometry and
confirmed with LI and MI studies (Aglietta and Colly, 1979) has been
interpreted as recruitment of resting cells into the proliferation
phase.

The recruitment could be induced repeatedly by successive ara-C
injections given at 12 h intervals. Although the recruitment could not
be demonstrated after the 2n ara~C injection, because of the dras-
tically reduced population of leukaemic cells, the results were suffi-

ciently encouraging to investigate this phencmenon by LCFU-s and sur-
vival methods.
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CHAPTER 5

SCHEDULING OF ARA-C AND ADRIAMYCIN

AIMED AT MAXIMAL TUMOUR LOAD REDUCTION

5.1 INTRODUCTION

The observations on the cell cycle parameters of the BNML and
their perturbaticons after the administration of ara-C have been used
in attempts to develop schedules of treatment with ara-C and adria-
mycin which result in maximum reduction in tumcur cell load. The ef-
fect of these treatments was evaluated by using LCFU-~s, spleen and
liver weights, femoral cellularity and survival as endpeoints.

In the clinic, ara-C is administered by a number of different
routes and schedules. Although each ¢of these methods has its own ad-
vantages and disadvantages from the point of view of toxicity and con—
venience, their merits with regard to optimal tumour load reduction
have by no means been established. Therefore, this gquestion was first-
ly investigated in the BNML model.

For adriamycin, the only route employed in the clinical treatment
of leukaemia is the intravenous one, either as a single injection or
as an infusion given over a peried of 2 h. In our studies, the single

i.v. injection was employed for all schedules.

5.2 EFFECT OF DIFFERENT ROUTES OF ADMINISTRATION OF ARA-C
ON THE TUMOUR LOAD

In discussions with clinicians*, the problem could be defined as
follows: what is the most effective route of ara-C administration?:
1. daily dose ara-C given as a single rapid i.v. injection,
2. daily dose divided over 3 injections i.v. with an 8 h interval
between doses,
3. same total dose given as a 24 h i.v. infusion,

4. daily dose given as a single subcutanecus (s.¢.) injection,

*Academic Hospital, Dept. of Pediatrics (Head: Prof. Dr. L.J. Dooren),
Leiden University, Leiden, The Wetherlands.
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5. daily dose given as a single intramuscular (i.m.) injection.

In most vremission induction schedules, ara~C is given either by
rapid di.v. injection (Clarkson et al., 1975; Vogler et al., 1978;
Spiers et al., 1977a) or by slow i.v. infusion over a period of 12 or
24 h (Bodey et al., 1975; Preisler et al., 1977; Peterson et al.,
1977; Greenberg et al., 1976). For maintenance therapy, it is fre-
quently given s.c. or i.m., e.g., 1in the LAM 5 protocol of the EORTC
and in protocols described by Bodey et al. (1975}, Preisler et al.
(1977) and Carey et al. {(1973).

Bodey et al. (1969) have c¢ompared the clinical response to ara—-C
treatment by daily rapid i.v. injection with treatment by continucus
infusions, both for a period of 5 days. Their conclusion was that
ara-C is more effective when administered by continucus infusion, al-
though no clear cut evaluation parameters were employed. These results
could not be confirmed by Wang et al. (1%7C) in acute chiidhood leu~
kaemia. Ho and Freireich (1975) obtained egual results with i.v. in-
jections every 8 n for 5 days and with continuous infusions over the
same period. Both regimens were superior to the daily single injec-
tion of ara-C. The disadvantages of continuwous ara~C infusions are
that it causes much more nausea and vomiting and it is a more de-
manding treatment for both patients and nursing staff (Dooren, de
Koning, perscnal communication).

Many studies have been performed with the murine L121C¢ leukaemia
on time spaced scheduling of ara=C (Skipper et al., 1967; Kline et
al., 1972). The best results are generally obtained when shortly
spaced repeated ara-C injecticns are given. In comparing the effect of
fractionated administration with that of continucus infusions of ara-C
in the L1210, Edelstein et al. (1977) found that the tumour lcad was
reduced to egual levels after ara=-C infusion and after optimal inter-
val treatment.

Thus, the literature does not provide dependable information on
the supericrity of continuous infusion versus i.v. interval treatment,
nor is there reliable comparative data available on the efficacy of
i.m. and s.c. administration as compared to i.v. injection.

5.2.1 Experimental design

The effect of the various modes of administration of ara-C was
compared with untreated leukaemic controls using liver and spleen
weights and femoral cellularity as endpeints. The two most effective
ways of administration, i.e. interval push i1.v. and continuous in-
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fusion were also compared with regard to their toxicity on the haemo-
poletic system with the use of the CFU-g assay. These results will be
presented in Chapter 6.

Female BN rats were inoculated i.v. with 107 BNML cells, weighed
and divided into 6 groups on day 15 after incculation. The method of
treatment of groups 1-5 is shown in Table 5.1. The treatment of groups
1l and 2 were designed for «comparing repeated interval treatment with
giving the total dose in one injection. Each daily treatment was pro-
vided for a period of 4 consecutive days in order to obtain distinct
effects with the chosen endpoints, as had been established in pilot

studies.
TABLE 5.1
TREATMENT SCHEDULES FOR COMPARING DIFFERENT ROUTES OF ARA-C
ADMINISTRATION (BN FEMALES)

Group 1 200 mg.kg >  i.v. g = 24 h days 1-4: n = 5
Group 2 3 x 70 mg.kg'l i.wv. g= 8 h days l=4; n = 4
CGroup 3 200 mg.kg"l i.p. g= 24 h days l=4; n = 5
Group 4 200 mg.kg™>  i.m. g = 24 h days 1-4; n = §
Group S5 200 mg..‘i:g_l s.c. g = 24 h days l=4; n = 5
Group 6 untreated leukaemic controls n =5

The treatment schedules for comparing interval treatment and in-
fusion are given in Table 5.2. Male rats were used in this study be-
cause they are larger; this makes it easier to place an indwelling
canula inte the tail vein. Treatment was given for one day only be-
cause it was not very well possible to continue the infusien for a
longer period of time. The continuous infusion was compared with ad-
ministering the same amount of ara-C in twe egual doses injected i.v.
12 n apart. This schedule was used for compariscn because the 12 h
interval proved to be the most effective schedule in the studies des-
cribed in paragraph 5.3.

TABLE 5.2

TREATMENT S$CHEDULES FCR COMPARING ARA-C INTERVAL TREATMENT
WITH CONTINUOUS ARA-C INFUSION (BN MALES)

Group A 2 x 200 mg.kq"l i.v. g =12 n, lday: n =5

L3
(6]

Group B 400 mg.kg_l continueus i.v. infusion, 1l day; n

Group ¢ untrecated leukaemic controles: n = 5
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In all experiments, 24 hours after the last day of the treatment,
the rats were sacrificed, livers and spleens were removed and weighed
and femoral cellularity was determined. BAll data were compared with
those obtained in untreated leukaemic controls in the same stage of
the disease.

5.2.2 Results

As shown in Table 5.3, the s.c. and i.m. treatments are the least
effective as judged by all three endpoints. A more pronounced reduc-
tion in tumour load occurs when the drug is given i.v. and intraperi-
teneal (i.p.). These two routes lead to similar reductions in spleen
and liver weights, but the i.v. push administration reduced the fe-
moral cellularity more effectively (p ( 0.01). By far, the greatest
reduction in the tumour load in all 3 tissues is seen after the 8 h
interval i.v. administration of the édrug (group 2).

The comparative data of a 24 h  infusion and 2 i.v. injections
spaced by a 12 h interval are presented in table 5.4. The tumour load
reduction in the spleen and liver is greater following 2 i.v. injec-

TABLE 5.3

COMPARYSON OF THE EFFECTS OF DIFFERENT RCUTES AND INTERVALS OF ARA-C ADMINISTRATION
ON TUMOUR LOAD REDUCTION AFTER 4 DAYS CF TREATMENT IN BN FEMALE LEUKAEMIC RATS

spleen {g)* liver (g}* femur cellularity*
x 107
Group 1 1
200 mg.-kg ara-C 1.31 % 0.04 8.42 + 0.11 3.5 % 0.29
i.ve, g = 24 h
Group 2 -1
3 x dd 70 mg.kg 0-30 & 0.007 5.37 + 0.6 0.75% 0.12
ara~C i.v., g = 8 h
Group 3 -1
200 mg.kg ~ ara=C 1.34 # 0.13 8.53 % 0.65 4.6 % 0.15
i.p.r» 9 = 24 k
Group 4 -1
200 mg.kg ara~C 1-97 + 0.15 9.71 + 0.88 4.3 + 0.27
i.m., g = 24 h
Group 5 _,
200 mg.kg ara«C 1.74 + 0.15 9.27 + 0.48 4.2 + 0.42
S.¢., g =24 h
Group 6
leukaemic ¢ontrols 2.20 + 0.07 12.71 + 0.42 5.1 + 0.23

*Mean value % SD
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tions than after slow infusion of the same dose of ara-C, but the dif-
ference, although statistically significant, is modest. The femoral
cellularity is equally reduced by the two treatment schedules.

TABLE 5.4

COMPARISON OF ARA-C INTERVAL TREATMENT AND ARA-C CONTINUOUS INFUSION.
TUMOUR LOAD REDUCTION AFTER ONE DAY CF TREATMENT IN BN MALE RATS

spleen (g)* liver (g)* femur cellularity™
. x lo?
Group A ] _— I
2 x dd 200 mg.kg~ 1.02 £ 0.18 9.79 + 0.59 3.4 + D.24
ara=C i.v., g = 12 h
Ip(o-os Ip € c.005 IN.S.

Group B

400 mg.kg™" ara-C 1.26 + D.11 12.37 * 0.27 3.6 + 0.71
i.v. infusion during

24 h
Group C

leukaemic controls 3.22 + 0.2) 17.47 + D.&C 7.0 + 0.21

*Mean value # SD

5.2.3 Discussion

After i.v. injection of ara-C, the drug is distributed over the
whole body and is rapidly assimilated into the leukaenic cells, re-
sulting in a short plasma half 1life (alpha phase: 10 minutes; see
Chapter 4) and high tissue levels in the compartments, especially when
the ara-C dosage is high (Momparler, 1974).

The explanation for the poor therapeutic response to ara-C fol-
lowing s.c. and i.m. administration is that the drug is inactivated by
the local deaminase enzymes before effective levels <¢an be reached
(Caminier, 1967).

Comparing the effects of i.v. and i.p. administration of ara-C,
the only difference was the more pronounced reduction in femur cellu-
larity after i.v. injection. An explanation for this phenomenon may be
that the leukaemic spleen and liver are bathed in ara~C after i.p. in-
jection, This could result in a direct uptake of ara-C by the leukae-
mic cells in the abdominal organs, with the result of a much reduced
availability of the drug to the bone marrow.
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The most effective treatment in this series was shown to be the 8
h interval i.v. treatment (group 2). This can be explained by the
observed perturbation of the kinetics of the leukaemic cell population
following a single injection of ara-{ (Chapter 4, Figs. 4.5 and 4.6).
The second dose of ara-C coincides with an accumulation of cells in
S phase, which is the phase most sensitive to this drug.

Subsequent studies (see section 5.3} have shown that a 12 h inter-
val between ara-C injections results in an eqgual or a somewhat higher
tumour load reduction.

In comparing a 24 h continucus ara~-C infusion with that of opti-
mal interval treatment, the latter proved to be more effective as de-
termined by spleen and liver weight; femoral cellularity was equally
reduced in the two groups. It should be emphasized that in these ex-
periments treatment was limited to cone day only and that the total
dose of ara-C was twice as high, so that the results cannot be com-
pared directly with those of the previcus series {(groups 1 to 6).

The preference for ara-C infusion therapy in the clinical situa~-
tion may be based on the idea that such administration promotes the
prolonged maintenance of effective tissue levels, which in turn is
thought to enhance the tumour load reduction (Bodey et al., 1969).
However, the experiments in the BNML indicate that spaced rapid i.v.
injections are superior to slow continucus infusion of the drug. This
superiority cannot be explained by a longer exposure time of the leu-
kaemic cells to the drug, but has to be attributed to recruitment of
leukaemic cells from the GO compartment.

3.3 EFFECT OF REPEATED ARA-C INJECTIONS ON TUMOUR LOAD

5.3.1. Introduction

The observed c¢ell cycle perturbation after one injection of ara-C
as described in Chapter 4 (Fig. 4.5) was used as the basis for further
scheduling studies. Experiments were designed in which the interval
between two ara-C injections was varied and the effect on tumour lecad
in the bone marrow was estimated with the LCFU-s assay. As in the pre-
vious studies, the first ara-C injection was given 15 days after the
inoculation with leukaemic cells. The LCFU-s assay was thought to be
the most sensitive parameter, because it was expected that the leukae-
mic cells would be reduced by 0.3-1 decade (Fig. 2.1) as a result of
2 ara-C injections.
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Two hours after the administration of the second ara-C injection,

the rats were sacrificed. One of the femurs of each animal was dis-

sected and graded numbers of the pocled bone marrow cells of 3 animals

were injected into normal rats. This procedure in which the femurs of

3 rats per evaluating time point are used takes about 1.3-2 h. Spleen
colonies were counted at day 19 as described in Chapter 2.

5.3.2., Results

Fig. 5.1 shows the surviving LCFU~s after the second injection of
ara-C, expressed as a fraction of the LCFUs per femur determined after
the first injection. A steep decrease is seen upon prolongation of the
interval and a maximum reduction of about 90% (i.e.
reached between 10-12 h. If the interval
synergistic effect diminishes and becomes
terval.

one decade) is
is further prolonged, the
close to zero at a 24 h in-

5.3.3. Discussion

The surviving fractions of LCFU-s determined after two time spaced
injections of ara~C (Flg. 5.1) agrees guite well with the observed
cell kinetic disturbance after one injection of the drug (Figs. 4.5
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Figure 5.1

Changes in the number of LCFU~s when the second ara-C injection was given at various
intervals after the first one. The animals were sacrificed 2 h after the second
ara-C injection., Different symbols represent means ¢ SE of different experiments.
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and 4.6). The magnitude of a purely additive effect of the second in-
jection can be calculated as follows. A single injection of ara-C will
kill only the cells in & phase, which is about 20-25% of the leukaemic
cells (Chapter 4). Pure addition of the effect of two injections will
therefore result in a surviving fraction in between 0.8 x 0.8 = 0.64
and 0.75 x 0.75 = 0.56. This is about 40% total kill. ©On this basis
the surviving fraction in Fig. 5.1 should be 0.8.. The actual maximum
reduction by about a factor of 10 confirms the synchronization and
recruitment induced by the first injection as was demonstrated by dif-
ferent techniques in Chapter 4. It might be concluded from Fig. 4.5
which shows a steep increase in $ phase cells between & and 10 h, that
a second ara-C injection given at 12 h is somewhat too late, because
the cells are half way synthesizing DNA. EHowevexr, in Fig. 5.1, about
equal reduction in LCFU-s was observed in the period of 8=12 h. The
12 h interval was chosen for subsequent ara-C injections because it
proved to give optimal therapeutic results.

3.4 COMBINATION OF SINGLE ARA-C AND ADRIAMYCIN INJECTIONS

5.4.1. Intreduction

In the previous study, the effect of twe successive doses of ara-C
was investigated. In this secticn, a study of the combination of one
injection each of ara-C and adriamycin is described. From the phar-
macoleogical properties of the two drugs, it is to be expected that
each exerts most of its activity within 24 h. For this reason, the
drug combination was investigated in both seqguences (ara-C/adriamycin
and adriamycin/ara-C) with the LCFU-s as endpoint. Based on the re-
sults of this experiment, the effects of ara-C/adriamycin and the re-
verse seguence with an interval of 12 h between the two drug injec-
tions, have been tested using survival time and reduction in liver and
spleen weights as evaluation criteria.

5.4.2. Results

The reduction in the number ¢f LCFU-s in the bone marrow as a
fraction of the leukaemic c¢ontrols is shown in Fig. 5.2. When adria-
mycin is given at 24, 16, 12 or 8 h before ara-C, the reduction in
the number of LCFU-s does not differ significantly (p » 0.05) from the

value obtained after simultaneous injection of ara-C and adriamycin.
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Figure 5.2
Changes in the number of LCFU-s when second drug in the combination adriamycin/ara-C
and ara-C/adriamycin was given at varicus time intervals after the first drug. The

animals were sacrificed 2 h after the sccond drug injectien. Different symbols repre—
sent means + SE of different experiments.

In contrast, the opposite drug sequence, i.e., ara-C followed by
adriamycin, results in a more significant reduction in the number of
LCFU-s, the effect depending on the time interval between the adminis-
tration of the two drugs. When the interval between the two injections
was 8, 12 or 16 h, a highly significant difference was calculated as
compared with both the simultaneous injection of the two drugs
(p £ 0.002) and injections with a 24 h interval (p { 0.00l). To com-
pare the whole curve of ara~C before adriamycin with that of the op-
posite drug sequence, the multiple variation analysis was used. The
difference between the two curves is highly significant (p'<0.00001).

To determine the effect of drug sequence on survival time, cne
group of leukaemic rats was treated with the schedule ara-C followed
by adriamycin and another group with the opposite seguence. Both
groups of rats received the schedule two times: on day 15 and on day
24 after inoculation of 10 leukaemic cells. The reason for giving two
treatments was that a single treatment eguivalent to a tumour locad re-
duction of 1 decade does not result in a demonstrable increase in sur-
vival time. The superiority of the drug seguence ara-C £followed by
adriamycin compared to the opposite seguence is shown in Fig. 5.3
{p <0.001). The schedule adriamycin followed by ara-C did not prolong
survival time as compared with the untreated leukaemic control group,
while the reverse sequence led to a prolongation of the median survi-
val time of about 10 days.
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Survival curve of rats treated with two courses of the schedule ara-C/adriamycin and
adriamycin/ara~C. Time interval between drug injection: 12 h. Each group consists of
7 animals {explanation in the text).

In 2 parallel experiment, the rats were sacrificed on day 235,
i.e., 24 h after the last cytostatic drug injection. 7Tumour load re-
duction was determined by weighing livers and spleens (Table 5.5).
Although the weights of the spleens and livers of the rats treated
with the drug sequence ara-C followed by adriamycin were less than
those of the rats treated with the opposite segquence, the differences
were not statistically significant, due to large variations in the
adriamycin/ara-C group.

TABLE 5.5

COMPARISCN OF SPLEEN AND LIVER WEIGHTS AFTER THE ADMINISTRATION OF THE DRUG SEQUENCES
ARA=C/ADRIAMYCIN AND ADRIAMYCIN/ARA~C GIVEN TO LEUKAEMIC RATS

spleen weight (g)* liver weight (g)*
mean x 50 mean + SD
ara-C/adriamycin {n=4) 0.31 + 0.06 5.6l *+ 0.84
adriamycin/ara~C (n=5) 0.59 * 0.29 6.54 * 1.47
leukaenmic controls (n=3) 1.63 * 0.59 15.72 + B.68

*Mean value t SD
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5.4.3. Discussion

Edelstein et al. (1974) demonstrated a schedule dependent syner-
gism for the drug combinatien ara-C and dauncrubicin in the L1210 mu-
rine leukaemia. A maximum reduction in the number of LCFU-s was found
when ara-C was given first and followed by injection of dauncrubicin
about 15 h later. although no cell kinetic measurements were performed
in those experiments, the hypothesis suggested was that ara-C partial-
ly synchronizes the leukaemic cells in cell cycle, which should result
in an increased reduction ("synergism") in the number of clonogenic
leukaemic cells, when a second phase specific drug is given at the
right moment.

The results shown in Fig. 5.2 are in agreement with the data of
Edelstein et al., suggesting that populations of cycling cells of dif-
ferent leukaemias respond in the same way to treatment with a related
cytostatic schedule. The reduction in the number of LCFU-s is maximal
when adriamycin is given at 8~16 h after ara-C. From the flowcyto-
metric analysis and LI studies after ara-C it is known that a maximum
accumulation of <cells in S is observed during this period. It can be
concluded from the results of these in vivo experiments that adria-
mycin kills cells in S phase. This is in agreement with Krishan and
Frei's results (1976) with synchronized cultured human lymphoblasts.

The left hand part of the curve in Fig. 5.2 shows a more or less
flat pattern, indicating that the phenomenon of recruiting cells inte
cycle is not a result of the property of the drug to kill cells in S
phase. In the absence of other information, it has to be concluded
that induction of recruitment is specific to ara-C.

The maximal reduction in the number of LCFU~s (Fig. 5.2) for the
drug sequence adriamycin/ara-C is 60% and for the drug sequence ara-C-
adriamycin 90% (1 decade). Assuming that such an effect can be re-
peated after 9 days (Fig. 5.3} the calculated tumour cell survival for
two courses for the group adriamycin/ara-C is 0.4 x 0.4 = 0.16 (l6%)},
which should correspond to an increase in survival time of 1 day. For
the combination ara-C/adriamycin (group A) the calculated reduction of
tumour load after two courses is 2 decades which corresponds with an
increase of survival time of 10 days. Both calculated figures fit well
with the observed proclongation of the mean of the survival time (Fig.
5.3); for the adriamycin/ara-C group no detectable difference in
survival time is observed as compared with the untreated leukaemic
controls, whereas the survival time of the group treated with the com-
bination ara-C/adriamycin has been prolonged with 9 days.
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Evaluating the results described in sections 5.3 and 5.4, it can
be gtated that after an initial injection of ara-C, maximum reduction
in the tumour lcad is observed when the second drug (ara~C or adria-
mycin), 1is administered at the time of maximum accumulation of cells
in $§ phase.

5.5 ENHANCED TUMOUR LOAD REDUCTION AFTER REPEATED ARA-C
INJECTIONS FOLLOWED BY ADRIAMYCIN

5.5.1. Introduction

The specific property of ara—-C to recruit G cells into cell cycle
was exploited in further attempts to obtain maximum reduction in the
leukaemic cell load with combinations of ara-C and adriamycin. It has
been shown that a second ara-C injection also induces recruitment from
the G phase with subseguent synchronization again after about 12 h
(Fig. 4.9). However, it was not possible to demonstrate this effect
with flow cytometry after a third ara=-C injection (see discussion
Chapter 4), presumably because the remaining cell population is only
1% of the original population. To test the effect of three or more
ara~-C doses, survival studies seem to be the only sensitive method.
Such tests will be described in this section.

The tested schedules consisted of increasing numbers of ara-C in-
jections followed by one injection of adriamycin. In each schedule,
adriamycin was given as the last drug because the specific property of
ara-C, i.e., that of recruitment, was utilized to its maximum capaci-
ty and in this final stage recruitment is obvicusly unwanted. An ad-
ditional consideration was that cells which are resistant to ara—C
could be killed by a final dose of adriamycin.

5.5.2. Experimental design

In each experiment generally 30 leuvkaemic rats were used. The
animals were divided intc three groups, of which two were treated and
one served as control. This procedure was necessary for practical rea-
sons: interval treatments of rats and the accompanying supportive
transfusions could not be performed with large numbers of animals at
the same time. The various treatment schedules investigated are listed
in column 1 in Table 5.6.
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TABLE 5.6

COMPARISON OF OBSERVED REDUCTION OF TUMOUR LOAD AFTER INCREASING NUMBERS OF ARA-C
INJECTICNS WITH THE CALCULATED TEEORETICAL TUMOUR LOAD REDUCTION
(for explanation, See text)

decrease of tumcur load

decades
number survival time ¢ !

of rats {days) extrapolated  theoretical

from survival

time
Controls 7 23.6 + 3.2
Ix ara-C 10 25.1 x 1.7
1x adriamycin i0 28.4 + 2.6
Contrels 10 25.6 + 2.6
ara-C+adriamycin 12 28.9 * 2.8
ara-C/adriamycin 12 34.0 £ 2.6 1.6 1
g=12h
Controls i0 25.0 % 5.1
2x ara=C/lx adria-
mycin, g = 12h 9 38.9 * 3.9 2.6 2
3x ara-C/lx adria—
mycin, g = 12h 8 46.5 % 6.5 4.0 3
Controls 10 23.3 £ 1.2
4% ara=-C/lx adria~
mycin, g = 12h 10 41.8 * 5.9 3.0 4
5% ara-C/lx adria-
nmycin, g = 12h 9 45.6 + 9.8 4.0 5
Controls 16 23.1 % 4.9
6x ara-C/1lx adria=-
mycin, g = 12h 60 57.3 % 19.7 6.6 6

Because intensification of therapy caused increased suppression of
normal haemopoiesis, four blood transfusions of 1.5 - 2 ml given on
days 1, 3, 5 and 7 after termination of chemotherapy, were reguired to
keep the animals alive. Although this supportive care was necessary
only for the most intensively treated groups, all groups, including
the untreated leukaemic contrels, received the same number of transfu-
sions in order to provide uniform conditions in all experimental ani-
mals.

In about half of the animals which died, liver and spleen weights
were determined post mortem. Large variations in these organ weights
were observed; therefore, two extensive bicassays were performed in
two groups of 10 treated leukaemic animals (6x ara-C/lx adriamycin) at
48 h after termination of treatment. These assays involved the injec-
tion of samples from suspensions of pooled cells from the spleen,
liver and bone marrow inte normal recipients. The percentage of reci-
Pients dying from leukasmia and their survival time provided an in-

dication of the original leukaemic cell load of the tissues assayed.
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5.5.3. Results

The effects of intensification of ara-C/adriamycin therapy on sur-
vival time are shown in Table 5.6 and Fig. 5.4. The most extensive
treatment consisting of 6x ara-C/lx adriamycin was repeated & times,
each time in a group of 10 rats, because a small population of the
treated rats survived for long periods of time ( > 100 days). This
resulted in very large variations, so¢ that several repeats were re-
quired to obtain a reliable average.

In Table 5.6 the survival time in column 3 of the groups treated
with increasing ara-C injections followed by adriamycin is shown. Be-
cause survival time is dose related with tumour load, the reduction
of the leukaemic <cells can be calculated as has been shown in section
2.7-4. The extrapolated tumour load reduction in column 4 can be cal-
culated by subtraction of the extrapolated tumour load reduction from
the initial tumour load at day 15: 5 x 10 leukaemic c¢ells. The data
in column 5 (theoretical reduction} are based on the LCFU-s reduction
(Figs. 5.1 and 5.2), assuming that each subseguent ara-C injection
results 1in an additional tumcur load reduction of 1 decade.

The survival curve for the entire greoup of rats treated with the
schedule 6x ara-C/lx adriamycin is shown in Fig. 5.4. Eight out of 60
rats survived longer than 70 days, and died without macroscepic signs
of leukaemia. Unfortunately, these animals were not suitable for
histelogical examination. From a parallel experiment, two rats were
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Figure 5.4

Survival curve of 60 leukaemic rats treated with the schedule $x ara-C/lx adriamycin,
interval between drug injections: 12 h, leukaemic controls (n = 16). Treatment was
started at day 15 after inoculation.
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sacrificed for histoleogical examination at 90 days after inoculation.
Foci of leukaemia were observed in the bone marrow of both animals.

At autopsy, the spleens and livers showed large wvariation in
weight (Figs. 5.5 and 5.6). As can be seen, most rats dying around day
50-60 showed increased liver and spleen weights, whereas animals dying
after day 80 had less than normal liver and spleen weights.
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Figure 5.5

Spleen weights of leukaemic rats treated with the schedule 6x ara-C/lx adriamycin,
determined after spontaneous death (Fig. 5.4).
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Liver weight of leukaemic rats treated with the schedule 6x ara-C/lx adriamycin,
determined after spontancous death (Fig. 5.4).
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The results of the bicassays are listed in Table 5.7. It should be
emphasized that the cell samples for bicassay were drawn from strictly
comparable groups of rats, as justified from the survival time of the
nonsacrificed treated animals, namely 52.9 and 54.3 days respective-
ly. However, in bicassay "2", 10 residual leuvkaemic cells were calcu—
lated to be present in the bone marrow against none in the other bio-
assay.7The liver in both biocassays contained about 10 leukaemic cells
per 10 cells and ne leukaemia cells could be detected in the spleen.

5,.5.4. Discussicn

The scheduling of ara-C and adriamycin which was based on the per-
turbation of the cell cycle induced by ara~C has resulted in increased
tumour lcad reduction, which was correlated with the number of ara-C
injections (Table 5.6). The calculated tumour load reduction which can
be predicted if it is assumed that every ara-C injection was capable
of recruiting the same fraction ¢f G _ c¢ells (column 5, Table 5.6)
agrees well with the tumour reduction calculated from survival time
(column 4). Extrapolation of the average survival time after the
treatment with 6x ara-C/lx adriamycin results in about 1000 leukaemic
cells surviving. This number is somewhat smaller than the surviving
fraction of leukaemic cells which is calculated on the assumption that
each dose of ara-C kills an identical £raction of the population sur-
viving after the previcus dose of ara-=C, namely (0.1l) . Thus, grom the
tumour leoad at day 15: 5 x 10 c¢ells, only (5 x 10 }.{0.1l)y = 5000
cells survive. However, this difference is well explicable by the
large standard deviation of the various assays. These results suggest
that the leukaemic c¢ell populaticon outside the bone marrow reacts
similarly to that inside the bone marrow to repeated ara-C injection:
in other words: it implicates that the concentraticn of ara~-C in liver
and spleen was sufficiently high to induce recruitment and subsequent
leukaemic cell kill.

The survival times of the 60 rats which were treated with the
gchedule 6x ara-C/lx adriamycin show large variations. The values for
spleen and liver weights at autopsy (Figs. 5.5 and 5.6) were also
greatly varied. Although some animals died with normal or reduced
spleen and liver weights throughcout the whole period of observation,
there were some early deaths (around day 45) where increased spleen
and liver weights were observed. Statistical analysis of the survival
curve of the group treated with 6x ara-C/lx adriamycin has revealegd
that the curve is not normally distributed, so that the long survival
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TABLE 5.7

ESTIMATION OF THE NUMBER OF LEUKAEMIC CELLS LEFT AFPTER TREATMENT OF LEUKAEMIC RATS WITH THE SCHEDULE
6x ARA-C/Lx ADRIAMYCIN

bicassay 1
inoculated cells survival time tumour load
{days) {cells)
1 x 107 BM cells > 300 0
n=8 all 8
1 x 107 1iver cells n = 4: 60,5 {10
n=8 {40-91)
n = 41 »300
7
1 x 10 spleen cells > 300 0
n =4 3 out of 4%

Survival time of non-sacrificed group 52.9 % 6.8

*0One rat died without macroscopical signs of leukaemia

bioassay 2

incculated cells

1 % 107 BM cells
n = 10

-
hox

107 liver cells
9

1 x 108 spleen cells
9

survival time
(days)

41,3 (37 - 45)
all 10

n = 2: 65.5
(46-77}
7: > 200

=]
[]

> 200
alkl 9

tumour load
{cells)

103

< 10

Survival time of non-sacrificed group 54,3 + 5,8



time cannot be explained by a normal variation in the group. Further
evaluation of the possible toxicity of the separate drugs used in the
schedule 6x ara-C/lx adriamycin in normal rats has shown that adria-
mycin might be a damaging factor. For a group of normal rats injected
bx with ara-C was compared with a second group injected with the sche-
dule 6x ara=~C/lx adriamycin. Furthermore, a third group of normal rats
received only one injection ¢f adriamycin. The preliminary result of
this experiment in terms of survival time was that rats receiving éx
ara=-C lived for more than 200 days, while both the group receiving 6x
ara~C/1x adriamycin and the group on the schedule lx adriamycin alone
died after a mean survival time of 103 + 36 and 92 + 7 days, respect-—
ively. The cause of death is so far unknown, but further histolegical
and biochemical 1investigation is certainly reguired. The question
whether the long term survivors in the treated leukaemic rats (Fig.
5.4) eventually died from a relapse or from the effects of adriamycin
after a possibly effective cure of the leukaemia still remains to.be
settled.

The wariation in the therapeutical response is also expressed in
the two bioassays. The bone marrow suspension of bicassay number 2"
clearly contained bone marrow of one or more rats which will have been
rather less responsive to therapy. In both bicassays in which liver
cells had been injected, a number of rats (4 out of 8 and 2 out of 9)
developed leukaemia after 60.5 and 61.5 days. It can be concluded from
these figures that a very small number of leukaemic cells, probably
less than + 10, were present per 10 cells of the original liver sus-
pensions. In contrast, both bicassays of the spleen suspensions con-
tained no leukaemic cells in the injected cell suspensions. Although
in the first assay one rat died, no macroscopical signs of leukaemia,
e.g. increase of spleen and liver weight, c¢ould be observed.

It can be c¢oncluded from these bicassays that a relapse origi-
nating from the bone marrow is a distinct possibility, more so than
from the liver, while a relapse originating from the spleen is un-
likely.

The reason why repeated ara-C treatment was not continued to the
point at which the leukaemic <cell leoad should be totally eradicated.,
was a practical one. The rats which had been treated with the sche-~
dule 6x ara-C/lx adriamycin had to be anaesthesized 11 times, and,
since their condition deteriorated, it could be expected that addi-
tional pericds of anaesthesia would result in nonspecific mortality.
Besides, it was very difficult to perform intravenous injections into
the tail veins for more than 1l times in the same animal.
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Summarizing the results, it is shown that very effective tumour
load reduction was obtained by means of recruitment and synchroniza-
tion ©of the leukaemic cells, by repeated treatment with ara-C. The
final injection of adriamycin proved necessary because it does not
have the characteristic of recruitment, and recruited cells are ob-

viously unwanted at the end of treatment.

a3






CHAPTER 6

THE NORMAL HAEMOPOIETIC COMPARTMENT

6.1 INTRODUCTION

6.1.1. Quantification of normal haemopoietic stem cells

The quantitative assays for colony forming cells, either in
vivo (CFU-s) or in vitro (CFU-c), are powerful tools for studying the
cell renewal capacity of normal haemcopoietic tissue.

Considerable knowledge o©f the haemopoietic system has been gained
from studies in the mouse. By combining the CFU-s assay (Till and
McCulloch, 1961} with haemopoietic stem cell (HSC) identification by
electron microscopy, the existence of the HSC has been both gualita-
tively and guantitatively substantiated {Van Bekkum et al., 1971).

A similar CFU-s assay has been developed for the BN rat (Van Bek-
kum et al., 1976): firstly, in the isolecgous system by injecting bone
marrow suspensions intec lethally irradiated BN rats; and, secondly, by
using lethally irradiated Fl hybrid mice of C57Bl/LiRij x C3E/LwRij as
recipients. Unfortunately, no assay for menitoring the human bone mar—
row for CFU-s content is yvet available.

However, the clonogenic capacity of haemopoietic cells can be de-
termined in many species (mouse, rat, dog, menkey), including man, by
use of an in wvitro culture system in semisolid medium which monitors
precursor cells of the granulocytic sgeries (CFU-¢) (Pluznik et al.,
1965; Bradley and Metcalf, 1966; Ichikawa et al., 1966). Extensive
studies in the mouse have demonstrated a good correlation between the
numbers of CFU-s and the numbers of CFU-c in haemopoietic cell popula-—
tions (see also l1.2). Several other culture systems have been devel-
oped to detect erythropeoietic progenitors, BFU~E (Axelrad et al.,
1974; Wagemaker, 1978}, CFU-E (Stephenson, 1%71) andé megakaryocyte
precursors, CFU-M (Nakeff, 1972; Metcalf et al., 1975). Colonies com~
posed of B and T lymphocytes can be induced in culture (Metcalf et
al., 1975; Rozenszajn et al., 1975); however, these colonies seem to
originate from relatively mature cells, 1in contrast tc colonies a-
rising from haemopoietic progenitor cells.
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6.1.2. Quantification of the leukaemic clonogenic cells

One of the advantages of studying animal models is the possibili=~
ty of guantification of the «c¢lonogenic capacity of the leukaenmic
tumour load in vivo. For the BNML, the numbers of clonogenic leukaemic
cells in a suspension c¢an be determined with the LCFU-s assay {Van
Bekkum et al., 1976} as described in Chapter 2. This has been shown to
be a sensitive parameter for evaluating the leukaemic cell 1load down
to approximately 5 x 10 in the rat, which corresponds to a detection
level in leukaemic bone marrow of 0.1 % leukaemic cells.

A similar cloncgenic assay is available in the L1210 leukaemia for
comparing tumour load differences (Edelstein et al., 1974; 1977).

Because of the high costs of in vivo cloning assays, tissue cul-
ture systems which allow a guantitative estimate of clonogenic leukae-
mic cells in vitrc have been developed for certain transplantable leu-
kaemias. Despite numerous efforts, no such system is availakle for AML
models at present; the BNML cells ¢do not grow in any of the several
culture systems investigated.

Much confusion has arisen concerning the colony forming capacity
of bone marrow from patients with AML, probably due to differences in
culture systems, number of days of incubation, handling and colony
size criteria.

The culture system for growing haemopoietic precursor cells of the
mouse has been modified for the human system (Robinson et al., 1971).
Moore et al. (1973) found that leukaemic «cells from patients with
acute or chronic myeloid leukaemia proliferate in agar and form clus—
ters or, more rarely, ceclonies. In some samples, karyvotypic studies of
those clusters and colonies showed that they originated from the leu-~
kaemic cell population of the patient. Because of the general similar-
ity between normal and leukaemic colonies, it was assumed that the
leukaemic cells initiating in vitro colonies were neoplastic equiva-
lents of normal celeony forming cells (CFU-c). However, no evidence
has been provided to show that the numbers of coleniegs or clusters can
be considered to be representative of the number of c¢lonegenic leukae-
mic cells in the test suspensions. In 1975, Dicke et al. described a
culture system in whicﬁ marrow from AML patients formed c¢olonies. The
essential stimulator phytohaemagglutinin (PHA) induced colonies, the
leukaemic origin of which has been proved by ultrastructural morpho-
logy and cytogenetics. However, this method reguires the removal of T
cells prior to culturing, since PHA induces T cell cclony formation
under the same conditions. Park et al. (1977) developed a gquantitative
assay for colony forming human leukaemic cells where the essential
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factor was daily feeding with conditioned medium containing L-as-
corbic acid and glutathione. McCulloch (1978) described an assay for
colony formation in which blast cells from patients with AML could be
stimulated with phytchaemagglutinin and leukocyte conditioned medium
{PHA-LCM}.

Bone marrow and peripheral blood of patients with CML easily give
rise to a large number of colonies in the conventional agar culture
system for detecting normal human CFU-c (Robinson, 1971; Moberg et
al., 1974). 1In CML, the granulocytes are produced from stem cells
cggtaining the Ph' abnormality (Nowell and Hungerford, 196C) of the
G autosome (O'Riordan et al., 1971) which persists in busulphan in-
duced remission, in relapse and in the acute +transformation phase
(blast crisis) of the disease (Moberg et al., 1974).

6.1.3. Normal haemopoiesis during progression of the leukaemia

One of the major problems in AML is the severely suppressed
haemopoiesis in the terminal phase of the disease, which results in
anaemia, thrombocytopenia and granulocytopenia. This is reflected in
many patients by the fact that CFU=-c¢ are abnormally low in number or
completely absent in the bone marrow.

The in vitro growth characteristics of cells from patients with
untreated acute leukaemia have been shown to be of prognostic value
(Moore et al., 1974; Van Oosterom and Van Bekkum, 1974; Spitzer et
al., 1976) (Table 6.1). A similar therapeutic response was observed by
the three groups of authors in patients whose bone marrow gave rise to
large or small clusters. However, their results show several discre-
pancies. Firstly, Moore et al. {1974} observed colony formation in a
number of patients, while Van Costerom and Spitzer never observed this

TABLE 6.1

COMPARISON OF THE PROGNOSTIC VALUE OF THE NUMBER OF CFU-c
OBSERVED IN PATIENTS WITH AML

Moore .et al. Van Oosterom Spitzer et al.
(1974) (1974} (1976)
Coleony forming cells CR 39 % not observed not observed
{ > 40 cells) in AML in AML
large cluster forming
cells (€ 40 cells) CR 12 % pooxr progn.- CR 21 &
small cluster forming
cells (1~20 cells) CR 53 % good progn. CR 75 %
no growth CR 15 % peor progn. CR 76 %
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in any of their AML bone marrow samples. The explanation is probably
that the series studied by Moore et al. included samples of peripheral
blocd, sinc¢e the collections were done by others. Secondly, the prog-
nosis of patients when bone marrow produced no clusters or colonies
was different in the series of Moore and Van Oosterom as compared to
the series o©f Spitzer; this is most likely due to the fact that the
investigations of Moore and Van Costerom were carried out with pa-
tients who received no intensive supportive care during treatment,
while the patients of Spitzer at the M.D. Anderson Hospital in Houston
did. The absence of any in vitre growth in the bone marrow strongly
suggests that this group of patients had a very small reserve haemopo-
ietic capacity. In addition, the remission induction therapy employed
for treating the patients in the Houston study was more advanced than
that in the earlier studies in Australia and The Netherlands.

6.1.4. Normal haemopoiesis during progression of the BNML

In the BNML, all differentiated end cells of normal haemopo-—
iesis (erythrocytes, thrombocytes, granulocytes and lymphocytes) de-
crease during the last 10 days of the disease (Hagenbeek, 1l977a). A
decrease in the progenitor cells as measured as CFU-c was observed by
Van Bekkum et al. (1976} as early as 10-15 days after inoculation of

.10 leukaemic cells.

The fate of the pluripotent stem cells as determined by ascer-
taining the numbers of CFU-s in the haemopoietic tissues (bone marrow,
blood, spleen and liver) dJuring the development of the disease has
been described elsewhere (Colly et al., 1977a}. These results, as pre~
sented in Fig. 6.1., show a similar decline in bone marrow as was pre-
viously found for CFU=-c.

The shape of the CFU-s curves suggests, but does not prove, a mi-
gration of the HSC from the bone marrow to the blood as the marrow
cells are being replaced by leukaemic cells. In the second week after
inoculation of 10 cells, extensive signs of extramedullary haemopo-
iesis is observed in the spleen and the liver (Hagenbeek, 1%977a). The
reason why leukaemic¢ rats were not able to maintain their normal hae=-
mopoiesis while still possessing considerable numbers of CFU-s has not
been discovered {see also 6.3.5).

The suppression of normal haemopoiesis in the leukaemic bone mar-
row might be due to several mechanisms:

l. Direct cell=to-cell inhibition of normal cells by leukaemic cells.
This possibility has been ruled out by performing mixed culture
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Figure 6.1

Changes in the number of ccolony forming units spleen [CFU-s) in the bone marrow, the
blood and the spleen during progression of the BMML. Each point represents means (4
SE) of 2~3 experiments with 8-10 recipient mice per spleen colony assay. Day 0: non—
levkaemic controls.

studies on leuvkaemic and normal bone marrow c¢ells ({Van Bekkum,
1976} ;

The production by leukaemic cells of humoral factors that inhibit

proliferation of normal CFU-s. Diffusion chamber experiments did
not support this hypothesis (Van Bekkum, personal communication).
HEence, no evidence was found in the BNML for the presence of
humcral inhibiting facters similar to those reported to be present
in human AML cells (Broxheyer et al., 1978a; 1978b; Chiyoda et al.,
1976). This does not necessarily mean that the BNML differs in this
respect from human AML. BApparently, the pathophysioclogical pro-

cesses of severe suppression of haemopoiesis are operative in both
the BNML and human AML. It is unlikely that totally different me-
chanisms would be responsible for this phenomenon in the BNML and
human AML. Therefore, reinvestigation of this gquestion is regquired
before any conclusions can be drawn;
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3. Competition between leukaemic cells and normal haemopoietic cells

for specific sites. Studies of Prins and Van Bekkum (1979) have

shown that BNML cells tend to concentrate at sites near the endo-
steum following i.v. inoculation. These are exactly the locaticns
identified by Shackney (1975) and Lord et al. (1%72; 1975) as the
optimum microenvironment for stem cell proliferation. According to
Shackney, the haemopoietic cells at those sites migrate to the cen-
tral parts of the bone marrow as they differentiate, although this
is disputed by Maloney et al. (1978). The observations of Prins and
Van Bekkum could explain why a severe suppressicn of haemopoiesis
occurs relatively early in aML. Apparently, the leukaemic clono-
genic cells tend to occupy sites required by HSC. Since the leukae-
mic cells do not differentiate, they will not migrate to the cen-
tral part of the bone marrow. This results in rapid blocking of all
available sites for ncrmal stem cells. The distribution pattern of
BNML cells is different from that of the «c¢ells of a lymphocytic
leukaemia model (the L4415) in the rat which was recently developed
in the Radiobiological Institute. 1In this lymphocytic leukaemia,
the malignant c¢ells are randomly distributed over the bone marrow
following i.v. inoculation (Prins, personal communication). These
observations, if applicable to human leukaemia, could adeguately
explain the difference in suppression of normal haemopoiesis be-
tween AML and ALL.

The fate of CFU-s during the progression of the disease is not the
same in the variocus transplantable leukaemia meodels. In the myeloge-~
neous leukaemia in RFM mice, a decrease in the number of CFU-s is ob-
served in bone marrow and spleen when the leukaemia progresses, al-
though to a lesser extent than in BNML (Husseini, 19876). Hoelgzer
{1974) found in the L5222 leukaemia a reduction te less than half of
normal values by determining CFU-c in bone marrow and no increase in
CFPU~c in peripheral blood. In the AKR transplantable leukaemia of
mice, no changes in the numbers of CFU~s and CFU-¢ in the bone marrow
have been observed at any stage of the leukaemia (Nakeff and Valeri-
ote, 1978;.
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6.2 CFU-s REDUCTION AFTER i.v. ARA~C INJECTION COMPARED
TO CONTINUOUS i.v. INFUSION

6.2.1. Introducticn

In Section 5.2, different routes of ara-C administration were
evaluated with respect to tumour load reduction. The myelosuppressive
side effect of the two most effective schedules and routes of ara-C
administration will be described in this section. These studies were
initially performed in normal rats, since the normal haemopoiesis in
leukaemic animals is already very severely depressed at the time the
chemotherapy studies are started (in general, day 15 after inocula=~
tion}). Further reduction cannot be estimated with an acceptable degree
of accuracy. Nevertheless, measurements were also performed in treated
leukaemic animals (see 6.3) and compared with the results of the
present experiments in normal rats. The reduction in the total femoral
cellularity as well as the changes in the numbers of the haemopoietic
stem cells have been monitored by using the CFU-s assay. The chemo-
therapeutic schedules studied were: 1) treatment with two i.v. ara-C
injections (200 mg.kg* ) with a 12~h intergil; 2) 24-h continuous
ara~-C infusion with a total dose of 400 mg.kg -

6.2.2. Results

The reductions in the number of nucleated cells per femur and
in the CFU-s during and after ara~C infusion are shown in Fig. 6.2.
buring the 24 hours that the rats received ara-C infusion, <the
total cell number shows a smooth decline (Fig. 6.2). The CFU-g curve
also shows a declining pattern; at 10 hours after termination of in-
fusion, the total reduction in CFU-s is found to be 70%.

After ara-C interval treatment, the number of cells per femur alsoc
shows & decrease (Fig. 6.3). The number of CFU=-s is reduced by about
25% two hours after each ara~C injection but no further decrease oc~
curs during 4 to 12 hours thereafter. The maximum CFU-s reduction ob-
served is about 50 % after two injections of ara-C.

6.2.3. Discussion

Both the continuous ara-C infusion and the interval treatment
result in an equal reduction in the femoral cell number of about 50 %.
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Changes in the femoral cellularity and number of CFU~-s during and after ara-C in-

fusion of 400 mg-kg-! during 24 h. Different symbols represent means of three differ—
ent experiments (4 SE).

In normal haemopoietic bone marrow cells, ara-C exerts its cytotoxic
action on preliferating cells of the stem cell compartment and the im-
mature stages of the erythroid, myelocytic and megakaryocytic cell
lines.

As previously discussed (see Section 1.2}, a very small fraction
of the reduction in the number of femoral cells is due to stem cell
Joss. Since the stem cell compartment has to restore the total haemo-
poietic organ after intensive cytostatic therapy, the relatively small
differences observed after one day of treatment are important. It can
be expected that these differences become more pronounced when the
treatment is continued for longer pericds of time.

1oz



7y
B
e a—

©
. 10.04 *
< i
5 8.01 \+
5 J \\\\\*
a \__—__-
= 6.04 + >
[+
- J
é 4.0+
2 E hd
£
2.04
ara = C i arc:--C_1
200 mg.kyg 200 mg kg
i
1
100 4
- p
=2
5% 1
E =
22 E
5= !
D.‘-h
w3
:_é = 50 4
U oo _
]
a 4
0
o e e e e e e e e s e e B e ma see
1] & 12 18 24 30 34
time after firzt ara - C injection { hours )
Figure 6.3

Changes in the femoral cellularity and number of CFU-s during interval treatment with
ara=-C 200 mg.kg~! per injection. Different symbols represent either one or means (%
SE} of 2-4 different experiments.
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Frei et al. (1969) have described a steep dose response curve for
marrow toxicity in humans when ara-C was given as a continuous infu-
sion. Toxicity increased if the duration of the infusion periocd was
prolonged. No severe Egne marrow toxicity was observed (even at doses
as high as 4200 mg.m } when the drug was given as a rapid i.v. in-
jection.

Taking into account the more pronounced reduction in tumour load
by interval treatment as described 1in Chapter 5.3, all available evi-—
dence indicates that rapid i.v. interval treatment is therapeutically
supericr in terms of both antitumour activity and less haemopoietic
toxicity.

6.3 QUANTIFICATION OF CFU-s AND FEMORAL CELLULARITY AFTER
TREATMENT WITH ARA-C AND ADRIAMYCIN

6.3.1. Introduction

In Chapter 5, it was shown that 6x ara-C followed by cne injec—
tion of adriamycin had a remarkable effect on the leukaemic cell load:
a reducticn from 5x10 to 10 c¢ells could be calculated. As far as the
effect of this intensive chemotherapy on the total number of CFU-s is
concerned, it appeared that the normal haemopoiesis could be complete-
ly restored by the surviving stem cell fraction. The aplastic period
after treatment could be alleviated by only four blood transfusions.
Since the number of CFU-s in the transfused blood from normal rats is
negligible (Fig. 6.1), it follows that a sufficient number of CFU-s
must have been preserved in the treated animals to allow autoregenera-
tion of haemopoiesis.

In this section, the individual effect of the twop cytostatic drugs
on the stem cell pool will first be desc¢ribed. The reduction in the
number of C(FU-s calculated from these results will be compared with
the observed survivihng CFU-s fraction in normal and leukaemic rats
treated with the complete schedule.

6.3.2. Effect of ara~-C on CFU-s and femoral cellularity

The effect of increasing ara-C doses on femoral cellularity and
the number of CFU-s in normal rats is illustrated in Fig. 6.4. The
animals were sacrificed two hours after drug injection. This interval
was based on the time course of changes in CFU-s numbers after ara-C
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Effect of different single doses of ara=C on femoral cellularity and number of CFU-s.

Bach point represents means + SE of 2 experiments. The animals were sacrificed 2 h
after drug injection.

as shown in Fig. 6.3. The CFU-s curve shows a plateau for increasing
druyg dose; this shape is characteristic for cell cycle phase specific
drugs (Bruce et al., 1966; 1968; Van Putten, 1974; Hill et al., 1975).
Maximii CFU-35 reduction 1is achieved with ara-C doses as low as 25
mg.kg . A reduction of 20-30 % in the CFU-s population has been ob-
served. This plateau curve was not obtained when the effect on femoral
cellularity was measured.

6.3.3. Effect of adriamycin on CFU-s and femoral cellularity

The adriamycin dose applied in this study was extrapolated from
the clinical dose used in BML protocols, specifically the AJd-0AP sche-
dule (Fig. 3.2). From the pharmacokinetic data (see Chapter 2.9.2.4),
it was expected that adriamycin would exert its activity for 24 h
after administration. For this reason, the animals were killed 24 h
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Effect of different single doses of adriamycin on femoral cellularity and number of
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24 h after drug injecticn.

after injection. The dose response curve (Fig. 6.5} indicates a dose
dependency for CFU-s reduction: increasing the dose results in more
pronounced CFU-s kill. This general nature of the relationship is not
clear for the effect on femoral cellularity.

Changes in CFU~s numbers determined between Z to 30 h after injec-
tion of the "standard 7.7 mg.kg_ " dose adriamycin show a two-phase
response (Fig. 6.6): an initial steep decline during the £first two
hours, resulting in a 60 % CFU-s reduction, and a much slower decline
in the feollowing 28 h. At 30 h after injection, only 10 % of the ini-
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tial number of CFU~-s is left in the bone marrow. The reduction in fe-
moral cellularity iIs much less pronounced; at 30 h after injection,
about 50 % of the initial cell number wag preserved.
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Figure 6.6
Effect of a single injection of adriamycin (7.7 mg.kg~*) on femoral cellularity and

number of CFU-z during 2 to 30 h after injection. Each point represents means + SE of
2 experiments,

6.3.4. CFU-s reduction after repeated ara—C injections followed by
adriamycin in normal and leukaemic rats

The pattern of the CFU~g reduction after +two injections of
ara~C separated by a l2-h interval (Fig. 6.3} suggests that each ara-C
injection results in a constant fractional CFU-s reduction of 25% per
injection. PFig. 6.7 shows the decline in CFU-s after 6 injections of
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Reduction of the number of CFU-s after 6 injections of ara-C (200 mg.kg" each) given
with 12 h interval. The animals were sacrificed 4 h after the last drug injection.

ara-C given 12 h apart in normal rats. Four hours after the last in-
jection, only 3 % of the original CFU-s was left.

To evaluate the effect of therapy on the total numbers of stem
cells, calculations were made in which the number of CFU~-s determined
in the several tissues was used to ascertain the total number of HSC
per tissue. The initial total number of H3C per female rat can be
calculated by using Fig. 6.1, which gives the number of CFU-s in nor-
mal rats (day 0) in bone marrow, blood and spleen. The ¢ells per femur
(8.5 x 10 ) represent 2.3 % of the total 7number of bone marrow cells
per rat (P. Sonneveld, 19%80). For every 10 nucleated cells, 750 CFU~-s
are detected. To calculate the absolute number of stem cells in the
bone marrow, one has to make a correction with the f factor, which has
been determined for the rat (Van Bekkum, 1977a} to be 0.007. Total
number of CFU~-s in bone marrow:

8.5 x 107 x 202 , 220, 1000 _ 0 o8

2.3 107 7

168



The number of CFU-s circulating in the bloocd can be calculated as fol-
lows: 13 CFU-s were detected per 10 nucleated cells. The blood wvolume
of a female rat is & ml, with a nucleated cell count of 10 x 10 .ml_l.
Total number of CFU-s in bloecd:

B x 10x106x—1—§-7—x—1999=o.15x105

10 7
In the normal rat spleen weighing 0.4 gram (1 gram o¢f tissue contains
10 cells), B8 CFU=-s were determined per 10 spleen cells. The total

number ¢of CFU-s in the spleen is calculated a% follows:

0.4 x 109 x 8 x

':'L"Q'.?—D'= 0.46 =x 105

These values are listed in Table 6.2.

For determining the number of HSC at day 20 after inoculation of
10 leukaemic cells, similar calculations were made by using the num-
bers of CFU-s determined in the various tissues (Fig. 6.1).

The results of CFU-s determinations in bone marrow of normal and
leukaemic rats which were treated with the schedule 6 x ara-C/lx
adriamycin are presented in Table 6.2. The number of stem cells de~
tected in normal rats after treatment with this complete schedule
agrees well with the calculated additive effect of 6x ara-C (3% resi-
dual CFU-s) and of one injection of adriamycin (a reduction of 90%),
namely, 0.1 x 0.03 x 400 x X0 = 1.2 x 10 .

During the 5 days o©of treatment with the schedule 6x ara-C/1lx
adrianmycin, the HSC in the leukaemic animals almost disappeared from
the bBlood (reduction factor 7000} and the spleen (reduction factor
820), while the number of HSC in the femur was similar to that in un-
treated animals at day 20. It may be assumed that the number of CFU-s
at day 15 was substantially higher. Thus, some reduction of CFU-s in
the beone marrow was induced by the chemotherapy.

In normal rats, the treatment schedule reduces the HSC in bone
marrow by a factor 400, in blood by a factor 200 and no HSC can be
detected in the spleen after treatment.

For 100 % protection of a lethally irradiated rat, the transplan-
tation of 3 x 10 injected bone marrow cells.kgul is needed {Van Bek-~
kum, 1977a). For a female rat of 200 gram, this amounts to 6 x 10
bone marrow cells containing 4 x 10 stem cells. The number of stem
cells left in both normal and leukaemic rats after the schedule 6x
ara=C/lx adriamycin 1is about a factor 2 or 3 more than the numbers
needed for restoration by grafting after lethal irradiation.
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TABLE 6.2

NUMBERS OF HSC IN NORMAL AND LEUKAEMIC RATS {DAY 20 AFTER INOCULATION) AND NUMBERS OF HSC LEFT AFTER THE SCHEDULE
6x ARA-C/lx ADRIAMYCIN

Bone marrow

Blood

Spleen

Bone marrow

Blood

Spleen

untreated groups

total
stem cells

CFU~s detected

NORMAIL RATS

one femur, 750 per 107 cells 400 x 10°
7 5
13 per 10" cells (1 ml) 0.15x 10
8 per 0.4 x 109 0.45x 10s
400,56 x 10°
LEUKAEMIC RATS (day 20)

one femur 6 per 107 cells 1.3 x 105
7 5

1000 per 107 cells 70 x 10
230 per 107 cells 82 x 10°
153.3 % 107

The numbers of HSC in the

text).

The treated rats were sacrificed 24 h after the last drug injection.

untreated normal and leuvkaemic

after treatment with é6x ara-C/lx adriamycin

total
stem cells

CFU-s detectegd

NORMAL RATS

one femur, 19 per 7.3 x l(J6 1.2 X 105
0.6 per 3.0 x 10% cells (1 mt) 6.007 x 10°
not detectable
1.2 x 10°
LEUKAEMIC RATS (treatment started at day 15}
one femur, 16 per § x 10% 1,0 x 10°
1.0 per 1.2 x 106 cells (1 ml) 0.0 x 10%
54,6 per 18.2 x 10° cells 0.1 x 10°
1.t x 10%

rats were calculated from the CFU-s numbers given in Fig. 6,1 (see



6.3.5 Discussion

The bone marrow is the most critical noyrmal tissue during re-
rission induction with ara-C and adriamycin. The damage to normal hae-
mopoiesis is best evaluated by determining the number of CFU-s. Be-
cause of its S5 phase specificity, ara~C can be expected to cause rela-
tively less damage to CFU-s, since a larger proportion of those cells
are in G .

Ara-C has been shown to be a very effective drug for the treatment
of the BNML hecause it induces recruitment of the leukaemic cell popu-—
lation. As discussed earlier, this effect is of advantage only when
the normal haemopeoietic stem cells are not recruited to the same
extent.

The observed reduction in CFU-s after increasing ara-C injections
as shown in Fig. 6.7 is compatible with a constant reduction after
each injection. If recruitment had occurred, the fractional kill would
have increased upon increasing the number of injections and this
should have resulted in a downward bending of the regression line. The
slope of the calculated linear regression 1line indicates a fractional
reduction of 43% + 3.4 (mean * S.E.) after each ara-C injection. This
is significantly (p ( 0.01) different £rom the reduction determined
after one injection (25% + 6; Fig. 6.3) whereas the reduction after
the second injection (38 + 4%) does not differ significantly (p )0.05)
from that after the first (25 + 6%). Even if the fractienal reduction
of 43% indicates that some recruitment of CFU-s occurs, it is much
less than the degree of recruitment observed in the leukaemic popula-
tion as described in the previous Chapter.

The time course of the effect of adriamycin on the CFU-s shows a
contintous slow restoraEiOn during the period between 2 and 30 h after
injection of 7.7 mg.kg adriamycin {Fig. 6.6). This can be explained
on the basis of the pharmacological characteristics of the drug. The
long half~life of adriamyvecin results in persisting tissue levels, with
the consequence of prolonged cytotoxic activity. For this reason, the
animals were always sacrificed 24 h after drug injection in experi-
ments invelving adriamycin administration. The dose dependency deter-
mined under these conditions is characteristic for cycle specific
drugs. This suggests that adriamvein has similar toxicity for normal
CFU-s and leukaemic cells. This has to be taken into special consider-—
ation when the haemopoietic compartment is already critically reduced.

During the development of the leukaemia, the total number of HSC
decreases from 400 x 10 to 153 x 10 in the terminal phase of the
disease, which is a reduction of only a factor of 2.5 (Table 6.2).
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Yet, haemopoiesis is already severely suppressed relatively early in
the development of the disease, resulting in anazemia, thrombocytopenia
and low numbers of normal white blood cells {Hagenbeek, 1977a). This
suggests that extramedullary haemopoiesis is a very ineffective pro-
cess, possibly because the microenvironment cutside the bone marrow is
less favourable.

From the results presented in Table 6.2, it can be seen that a
considerable number of HSC is preserved in the bone marrow of the
treated leukaemic rats, whereas the number of HSC in the extramedul-
lary tissues is greatly reduced. To what extent migration from these
extramedullary sites to the bone marrow occurred during the five days
of treatment is not known. It is likely that the empty bone marrow
shaft = due to leukaemic cell kill = is an optimal microenvironment
for restoration of the normal haemopoiesis.
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CBAPTER 7

GENERAL DISCUSSION

The suitability of the BNMIL as a model for human AML has been des-
cribed by Hagenbeek (1977a; see 1.3). In this study, it has been shown
that, from a chemotherapeutic point of view, the BNML is much more
responsive to a therapy schedule which is successfully applied in AML
than to an ALL schedule (Chapter 3). The beneficial effect of the AML
schedule has been attributed to the drugs ara-C and adriamycin (see
3.4). For these reasons, the efficacy of these agents were further
investigated. To gain insight into the properties of the drugs, the
effect of the single agents on cell kinetics, their tumour reduction
capacity and toxic effects en normal haemopeciesis were investigated.
The results of these studies have been discussed in detail in Chapters
5 and 6. In this Chapter, the two drugs ara~C and adriamycin will be
compared with each other with respect to their efficacy in tumour load
reduction and their toxic effects on normal haemopoiesis.

The effect of ara-C and adriamycin on the leuvkaemic population and
normal haemopojetic tissue is shown in Table 7.1. BAs discussed
earlier, phase specific drugs are characterized by a plateau curve for
dose effect relationships. It can be concluded that both ara—~C and
adriamycin act as phase specific drugs as far as the femoral cellular-
Lty is concerned. However, when the effect of these drugs on normal
haemopoiesis is studied, there are differences depending on the end-
point employed: CFU~s or femur cellularity. The characteristics of
ara~-C fit those of a phase specific agent with both endpoints, but the
action of adriamycin resembles that of cycle specific agents for the
CFU-s endpoint. On the other hand, adriamycin seems to behave in a
phase specific manner when the femoral cellularity is concerned. How-
ever, it should be realized that the CFU-s assay is a more sensitive
parameter for measuring haemopoietic toxicity as compared with moni-
toring femoral cellularity.

Summarizing the effect of ara-C on leukaemic and normal cells, it
can be concluded that this is a strictly phase specific drug. Due to
the increased reduction in the number of leukaemic cells by means of
recruitment, the therapeutic index of ara~{ interval treatment is } 1.
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TABLE 7.1

COMPARISON OF THE EFFECTS OF ARA-C AND ADRYAMYCIN ON LEUKAEMIC AND NORMAL HAEMOPOIETIC TISSUE

leukaemic bone marrow cellis normal bone marrcw cells
femur counts femur counts
treatment nature of per cent nature of per cent nature <of
the curve reduction the curve reduction the curve

Ara-C 200 mg.kg_i plateau 30 platean 20 plateau
time course
Ara-C dose-pgffect plateau 20 * no reduction plateau
relationship
50 - 300 mg.kg
Adriamycin 7.7 mg.kg_l plateau 30 linear 55 biphasic
time course regression
Adriamycin dose-effect plateau 25 * plateau 33 linear
relationship_, regression

2 - 10 mg.kg

*unpublished observation

CFU-s

per cent
reduction

25

27

90

85



The effect of adriamycin on a leukaemic population previously re-
cruited and synchronized by ara-C is identical with that of ara-C,
namely, a 1 decade reduction. However, the cell killing effect of
adriamycin to normal stem cells is also 1 decade, so that the thera-
peutic index for this drug is about 1. These findings indicate that
attempts at eradication of AML by using high doses of adriamycin
should be made only when its toxicity to the haemopoietic stem cells
can be moderated by haematologic supportive care or bone marrow trans—
plantation.

7.1 RELEVANCE OF THE BNML STUDIES FOR CLINICAL AML

Several results presented 1in the previous chapters seem to justi-

fy further clinical evaluations. These are:

1) the rationale ¢f using prednisone in combination schedules for re-
mission induction in AML;

2) the differential therapeutic value of various routes of ara-C ad~
ninistration;

3} the capacity of ara-C to induce recruitment of resting leukaemic
cells in human AML.

The first two points have received extensive comment in Chapter 3

{3.4) and Chapter 5 (5.2) respectively, and only general impressions

emerging from these studies will be digcussed here.

In general, remission induction schedules can be divided inte pro-
tocols with prednisone (McCredie et al., 1976; Spiers et al., l1l9%977a;
OChno et al., 1975) and protocols without predniscne (Gale et al.,
1977; Preisler et al., 1977). The clinical results obtained with the
first mentioned protocols do not seem to be consistently different
from those of the second (without prednisone). Since the results in
the BNML have shown that this drug causes an accumulation of leukaemic
cells in the liver, & clinical reevaluation of prednisone is indi-
cated.

Concerning the route of ara-C administration, our experiments have
shown that s.c. and i.m. administration are inferior to the i.v.
route. Besides, rapid i.v. injection was more effective than a contin~
uwous infusion over 24 h. Subsequent cell kinetic analysis provided a
s0lid biological basis for this observation.

The problem in the chemctherapy of AML is that a substantial pro-
portion of the leukaemic cells are in G and therefore not suscept-
ible to the cytotoxic action of phase specific agents. Ara-C has heen
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shown to possess the particular property of recruiting cells from GO
into cell cycle. This recruitment can be exploited to bring resting
leukaemic cells into cell cycle and thereby make them susceptible to a
subsequent dose of ara-C or other phase specific drugs. When second
and subseguent ara-C injections are given at the right time interval,
that is, during the peak of recruited and synchronized S phase cells,
an optimal cell kill is cobtained. However, the time interval between
ara-C administration and the peak of & phase c¢ells cannot be extrapo-
lated easily from the rat model to the human patient, in view of dif=-
ferences in cell cycle parameters between the BNML and human AML. The
most simple approach to solve this problem is to analyze leukaemic
cell populations by means of flow cytometry at repeated intervals
after high dose i.v. ara-C_injection. The generally applied ara-C dose
in the BNML was 200 mg.kg— which eqguals 30 mg.kg— for humans ({Frei-
reich et al., 1966). Although recruitment has alsc been observed for a
lower ara-C dose of 100 mg.kg_ (for the ara-C dose of 50 mg.kg— ; re=
cruitment was Questionable), the general tendency in this study was
{(Table 4.1) that the higher the ara-C dose, the more pronounced the
recruitment phenomencon. The commonly applied ara-C dose in leukaemic
patients is 100-200 mg per square meter; this eguals 3-5 mg.kg—l_ This
dose may be far too low to induce recruitment.

Data from the literature concerning the cell cycle parameters in
human AML have shown substantial wariations in the cell cycle time.
Values between 20-152 h have been reported in different studies
{Greenberg et al., 1972; Killmann, 1968; Ogawa, 1967; Ota, 1964}. Some
of these variations may be due to inadeguacies of the methods emploved
such as overestimation of ¢ycle times by using mean grain count dis-
appearance curves (Greenberg et al., 1972). This method is valid only
if all the daughter cells are in cell ecycle, as is the case in a
rapidly preliferating cell population. This reguirement does not seem
to be fulfilled in AML. By using the double labelling technique, the
variations observed in cell cycle time were much less: 30-50 h (Gavos-
to et al., 1968; Greenberg et al., 1972). These values are slightly
longer than those observed for the cell cycle time of nermal myelo—
blasts: 30-38 h (Cronkite et al., 1960; Todo, 1968). The latter
values are perhaps somewhat overestimated, since they were based on
the rate of decrease in the mean grain counts.

The variations in cell cycle time of human AML cells are largely
due to the variations in duration of the G_ phase, i.e. 12-30 h in the
patients studied by Greenberg and Gavosto. The duration of 5 phase was
14-16 h in the same studies. One approach to determine the optimal
interval between successive ara-C injections for AML is to assume that
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recruitment of GO cells in human AML occurs at comparable cell cycle
related intervals as in the BNML. Using the results published for hu-
man AML with the double labelling technique, the minimal time interval
necessary for cells to move from G teo half $ is: Gl + 1/2 8: 12 + 7 h
= 19 h. The maximal periocd will be 30 + 8 = 38 h. When the same calcu-
lation is made for the BNML, the time interval G to half S is: G
+1/2 8 = 0.8 + 5 h = 5.8 h. Howgver, our experiments have shown that
12 h was the optimal interval in the rat leukaemia. Therefore, the
above assumption does not prove to be useful. A better approach might
be to relate the length of the optimal interval with the total length
of the cell cycle. In the BNML, the optimal interwval of 12 h is com—
pared with the total cyele time of 14 h. Using this ratio, the calecu-
lated optimal interval for human BML lies between 12/14 x 30 h = 26 h
and 12/14 x 50 h = 43 h. In clinical practice, it may be difficult to
exploit recruitment most effectively in wview of this variation in
optimal intervals. Therefore, repeated bone marrow examination by
means of flow cytometry after ara-C administration will be necessary,
firstly, to reveal whether recruitment occurs and, secondly, to obtain
more information on the optimal interval for administration of the
second ara—~C dose.

Our experience with the BNML has shown that this model lends it-
self excellently to the experimental approach of chemotherapy in AML
becausc a number of dependable methods have been developed which allow
accurate measurements of several interacting parameters of the leukae-
mic as well as of the normal haemopoietic c¢ell population. Thus, the
disturbances in each cell population caused by chemotherapeutic inter-—
vention c¢an be guantitatively evaluated. The experiments described
above were limited to two agents: ara-C and adriamycin. A number of
observations werxe made which cast doubt on the way these drugs are
being wused in the c<linic. Some possibilities of improved leukaemic
cell kill have been postulated 1if the principles investigated can be
applied to human AML. A systematic analysis of the action of other
agents on cell cycle parameters and on c¢ell population kinetics of the
BNML may be expected to provide rationales for a more effective c¢li-
nical use of current antileukaemic chemotherapy.
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SUMMARY

In Chapter 1, the present situation concerning the treatment of
human acute myeloid levkaemia (AML) is briefly described. Although
complete remission is achieved in 60-75% of the patients, about 80% of
these remissions result in a relapse within one year, which proves
to be more difficult to treat therapeutically. The experimental ap-
proach to this problem was difficult, because the known leukaemia mo-
delg in animals differ widely from human AML as far as the pattern of
growth and some other factors are concerned. In recent years, a rat
model for AML was developed in the Radiobiological Institute, Rijs-
wijk, The Netherlands. It shows a much greater similarity te the human
disease. The research described in this thesis was aimed at developing
in this leukaemia model a rational basis for effective remission in-
duction schedules.

The origin of the leukaemia in the BN rat and the generally used
experimental procedures are discussed in Chapter 2. The evaluaticn
criteria and the technigue used for studying the cell kinetic para-
meters (flow cytometry) are extensively discussed. Thexe follows a
description of the bioclogical and pharmacokinetic properties of the
drugs investigated in this study (ara—-C and adriamycinj}.

In Chapter 3, the sensitivity of the BNML to chemotherapeutic
treatment is shown by comparing the effect of a clinical schedule for
remission induction applied to patients with AML (the AJ4-AOP regimen
consisting of adriamycin, vincristine, ara-C and prednisone) with the
effect of the remission induction schedule generally applied to pa-
tients with ALL {vincristine and prednisone}. From the reduction in
the numbers of c¢ells in the peripheral blood, the weights of the liver
and spleen and the survival time, the ceonclusion is made that the ALL
schedule has little or no effect on the leukaemia. On the other hand,
treatment with the AJd-OAP regimen resulted in a remarkable leukaemic
cell reduction. In this respect, the response of the BNML is similar
to that of AML. Because this schedule includes adriamycin and ara-C in
addition to vincristine and prednisone, the favourable effect of the
treatment must be attributed to the former drugs. Ara-C is known to
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exert its specific toxic effect on the DNA synthesis phase (S phase)
of the cell eycle. Because of this characteristic, the influence of
ara-C on the distribution of the cells over the cell cycle was inves-
tigated in the BNML.

The thecoretical background of cell kinetics and the methods a-
vailable for studying cell kinetic parameters are reviewed in Chapter
4. Flow cytometric studies of bone marrow cells after 200 mg.kg_
ara-C i.v. in the rat showed an initial decrease of cells in $ phase.
This was followed by an 1increase, reaching a plateau value of about
50% cells in § phase during 8-14 h after injection. The subsequent in-
crease in cells in the G_,M compartment indicates that the S phase
cells continue the cell cycle in a synchronous way. The LI and MI
studies after 200 mg.kg_ ara—-C agreed gqualitatively and guantitative-
ly with the flow cytometric measurements. This phenomenon was ex-
plained as follows. The initial decrease in cells in S phase is a re-
sult of the cytotoxic activity of ara=C on S phase cells. <Calculation
showed that the subseguent increase in these cells was due to an in-
creased migration of cells from G0 into the cell cycle (recruitment).

Analogous flow cytometric measurements after increasing ara-C
doses ranging from 30-300 mg.kg- suggested that the recruitment phe-
nomenon was most pronounced at the highest ara-C dose. In a subseguent
studyil it was investigated whether second and third injections of 200
mg.Xkg ara-C at the time of maximal accumulation of cells 1in S phase
would again induce recruitment. BAn acgcumulation of about 45% of cells
in § phase was observed after the second ara-C dose at 12 h after in-
jection. However, after a third ara-C injection, no additional in-

crease of cells in S phase was measured. This is explained by the fact
that the total number of leukaemic blast cells in the bone marrow had
been reduced by about cne decade by the previous ara-C injections;
therefore changes in the percentage of blasts in a cell cycle phase
coulé not be detected by flow cytometry.

In contrast to the very pronounced changes in the distribution of
the cells over the cell cycle phases after ara-C injection, no cell
cycle perturbations were observed in the DNA histograms of leukaemic
bone marrow cells after injection of 7.7 mg-kg“ adriamycin. However,
the total number of leukaemic blast cells per femur was reduced by 30%
after this injection. From this observation the conclusion could be
drawn that adriamycin should be considered as a cycle specific drug,
but later experiments showed that it acts on leukaemic blasts as a
phase specific drug.
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The effect of various routes of ara~C administration on leukaemic
cell load is discussed in Chapter 5. The s.c. and i.m. routes of
administration resulted in only a small tumour cell reduction, while
i.v. interval treatment was the most effective. On comparing ara-C
interval treatment with continucus ara-C i.v. infusion, the i.v. in-
terval treatment was significantly more effective. In addition, it was
investigated whether the observed recruitment and synchronization in-
duced by one i.v. injection of ara-C resulted in increased leukaemic
leukaemic <ell kill when the second ara-C injection was given at the
time of maximal accumulation of cells in § phase. By means ©of the sen-
sitive LCFU-s technigue the optimum interval for the second ara-C
injection was determined; this proved to be 12 h, which ceincides with
the measured maximum of accumulated cells in S phase. The second ara-C
injection given at that time results in a 90% reduction (cne decade).
The optimum interval and seguence for the combination ara~-C and adria-
mycin were determined by means of +the same LCFU-s assay. The most
pronounced reduction in the number of LCFU~s was found when adriamycin
wag given 12 h after ara-C administration, namely, 90% or 1 decade.
This study has alsco shown that adriamycin does not have a recruitment
effect on leukaemic blast cells in GO. Applying these data (i.e., in-
terval between subseguent ara-C injections and for the combination
ara-C/adriamycin: 12 h), schedules in which the specific property
of ara—-C, i.e., recruiting G0 cells into cycle, was used to the utmost
were established. The increasge in the survival time was directly pro-
porticnal to the number of ara-C injections. However, it must be em~
phasized that the final injection should not consist of ara-C, because
of its very characteristic of recruiting cells. The theoretical cal-
culation of <the increase in survival +time while assuming that each
ara—-C injection reduces the tumour load by 1 decade was in agreement
with the observed survival time of 60 rats treated with the schedule
6x ara—-C/1lx adriamycin, all at intervals of 12 h. The number o% leu~
kaemic c¢ells is reduced from 5 x 10 before treatment to 10 . The
short period of aplasia at the end of the treatment could be overcome
with £our blood transfusions given on alternate days.

Chapter 6 is concerned with how the normal stem cell (measured as
CFU~s) is affected during the progression of the BNML. It was observed
that, at the end of the second week after inoculaticn, the number of
stem cells in the bone marrow was drastically reduced and that greatly
increased numbers of CFU-s appeared at the same time in the blood and
spleen. The total number of stem cells in bone marrow, spleen and
blood was reduced from 400 x 10 +to 150 x 10 in the terminal phase of
the leukaemia. :
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Because of the drastic reduction in stem cells in the bone marrow
at the very time that chemotherapy is normally started in the BNML (on
day 15 after inoculation}, it is impeossible to evaluate the detailed
effects of the cytostatics in leukaemic rats. Therefore, the effect of
the individual drugs on the stem cells of normal rats was investi-
gated. It was studied whether the normally applied routes of adminis—
tration of ara-~C, i.e., infusion and i.v. interval treatment, would
have a different effect on the reduction in the number of stem cells.
It proved to be impossible to infuse rats for more than 24 h. The
reduction at h 34 after the start of a 24-~h infusion of 400 mg.kg—
aranc_lis 70%, while the reduction at the same time after 2x dd
mg.kg , g =12 h, 1is 50%. Although the changes in CFU-s numbers
during these 34 h periods do not differ significantly in .-the two
treatments, the pattern still strongly suggests a higher toxicity of
the ara-{ infusion which increases with the duration of the infusion.

Because the recruiting effect of ara-C on leukaemic blast cells
yields a therapeutic gain only if the stem cells are not affected or
are so to a much lesser extent, the number of stem cells was deter-
mined after a progressive number of ara-C injections up to 6x ara-~C,
g =12 h. The reduction in the number of stem cells per ara—-C injec~
tion calculated from the linear regression line is 43%. This is just
significantly above the reduction after one injection (25 %}. However,
the reduction resulting from the second injection (38%) does not dif-
fer significantly from either of these values. The conclusion was
drawn that ara-C possibly has a weak recruiting effect on normal stem
cells, whereas it has a strong recruiting effect on leukaemic blast
cells.

The reductien in the number of stem cells was subsequently de-
termined in normzal and leukaemic rats, both groups treated with the
schedule 6x ara—~C/lx adriamycin, g = 12 h. It appeared that about the
same number of stem c¢ells remalned in the bone marrow ©f the normal
and leukaemic rats, while the numbers in blood and spleen were reduced
to nearly zerco. The number of stem cells (ca. 1.2 x 10 ) remaining
after this schedule was 2~3 times greater than the number which gives
the BN rat 100% protection ({i.e., 4 x 10 ) after lethal beody irra-
diation.

Chapter 7 compares the effect of ara-~C and adriamycin on the leu-
kaemic pepulation and on the normal haemopoietic stem cells. Ara-C
acts on both leukaemic cells and normal stem cells as a phase specific
drug. On the other hand, adriamycin acts as a phase specific drug on
leukaemic cells, while affecting normal stem cells as a cycle specific
agent {this is evidenced by the linear dose—effect relationship).
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Furthermore, the Chapter deals with the clinical relevance of the
BNML studies to AML. Three findings which need further clinical eval-
vation are successively discussed:

1. prednisone proved +to be an ineffective agent in the remission in-
duction schedule in the BNML;

2. the s.c. and i.m. routes of administration for ara~C appeared to
have little effect as compared with the i.v. administration.

3. ara-C was found to induce recruitment in the BNML.

Clinical investigation of the recruiting property of ara-C requires

repeated bone marrow punctures.

According to the literature, there is a wide variation in the cell
cycle times in human AML. Therefore, individual therapeutic treatment
is possibly reguired. By means of the recently developed flow cyto—
metric technique, the optimum interval between ara~C injections could
be determined. In the BNML, this interval proved to be 12 h. The com—
bination of this fact with the data on the cell cycle times in BAML
reported in the literature, makes the interval ¢f 12 h, which is gene-
rally applied in <¢linical treatment, suspect. An interval of 24 1
might be more adequate.

123






SAMENVATTING

In hoofdstuk 1 woxdt in het kort de huidige situatie beschreven
betreffende de behandeling van acute myeloide leukaemie (AML) bij de
mens. Ondanks het bereiken van c<omplete remissie in 60-75% van de pa-
tienten blijft het feit dat 80% van de remissies binnen een jaar reci-
diveert en vervolgens slechter therapeutisch is te beinvliceden. De ex-
perimentele benadering van dit probleem werd belemmerd doordat de
gangbare leukaemie modellen bij proefdieren sterke verschillen verto-
nen met de humane AML onder meer wat betreft het groeipatroon.

In de afgelopen jaren is in het Radiobioclogisch Instituut een mo-
del voor AML in de rat ontwikkeld, dat een veel betere overeenkonst
met de ziekte bij de mens vertoont. In het hier beschreven onderzoek
is getracht met behulp van dit leukaemie model een rationele basis te
vinden voor effectieve remissie inductie schema's.

De ontstaanswijze van de leukaemie in de BN rat wordt besproken in
hoofdstuk 2, alsmede de algemeen gebruikte experimentele procedures.
Er wordt uitvoerig ingegaan op de gebruikte criteria voor evaluatie,
en de technieken voor het bestuderen van celkinetische parameters
(flowcytometrie}. De biologische en farmacokinetische eigenschappen
van de in deze studie toegepaste farmaca (ara-C en adriamycine) worden
beschreven.

In hoofdstuk 3 wordt de gevoeligheid van de BNML voor chemothera-
peutische behandeling ondexzocht door het effect van een klinisch
schema gebruikt voor remissie inductie bij patienten met AML, het Ad-
OAP schema bestaande uit adriamycine, vincristine, ara-~C en prednison,
te vergelijken met het effect van het bekende schema gebruikt voor re-
missie inductie bij patienten met ALL, vincristine en prednison. Op
grond van celaantallen in het perifere bloed, het gewicht van lever en
milt en de overlevingsduur, werd geconcludeerd dat het ALL schema be-
staande uit vineristine en prednison, weinig ©of geen effect had op de
leukaemie. Daarentegen had behandeling met het AJd-OAP schema een dui-
delijk effect op reductie wvan de leukaemische cellen. Ock in dit op-
zicht blijkt de BNML zich dus als een AML te gedragen. Cmdat dit sche-—
ma naast vineristine en prednison bestaat uit ara-C en adriamycine is
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het gunstige effect toegeschreven aan deze laatst genoemde farmaca.
Van ara-C is bekend dat het een zeer specifieke toxische werking heeft
op een phase van de celcyclus, de DNA synthese fase (S phase). Deze
eigenschap leidde tot het bestuderen van de invloed van ara-C op de
celcyclus bij de BNML.

In hoofdstuk 4 wordt ingegaan op de theoretische achtergronden van
celkinetische begrippen, alsmede op de methodieken die gebruikt kunnen
worden om deze grootheden te bepalen.

Flow cytomegiische metingen in beenmergcellen na een dosering van
ara-C 200 mg.kg i.v. injectie in de rat hebben aangetoond dat na de
initiéle daling van cellen in S phase, er een stijging optreedt die
gedurende 8-14 uur na injectie een plateau waarde heeft van + 50% cel-
len in § fase. De hierop volgende stijging in het Gz,M compartiment
laat zien dat de cellen synchroon de CEIS{CluS vervolgen. Met behulp
van LI en MI studies na ara-C 200 mg.kg is zowel kwalitatief als
kwantitatief een overeenkomst waargenomen met de flowcytometrische me-
tingen. Dit verschijnsel is als veolgt verklaard. De initiéle daling
van de celien in 8 fase wordt verocorzaakt door cytotoxische werking
van ara~C op cellen in $ fase. Dat de hierna waargenomen stijging van
cellen in 8 fase berust op een verhoogde migratie van cellen uit G in
de celcyclus (recruitment) is aangetoond door berekening. Analoge flow
cytomg&rische metingen na oplopende ara=C doses van 50 mg.kg— ~300
mg.kg suggereerden dat het recruitment effect het meest uitgesproken
is bij de hoogste ara-C doses.

Vervolgens is nagegaan of een tweede en derde injectie ara-C 200
mg.kg_ toegediend op het moment van maximale accunulatie wvan cellen

in § phase opnieuw in staat is recruitment te induceren. Een stijging
van het aantal cellen in S phage tot ongeveer 45% werd gezien op 12
uur na het injiceren van de tweede ara—~C doses. Echter, na een derde
ara=C injectie werd geen stijging van cellen in § fase meer gemeten.
Dit wordt verklaard door het feit dat het totaal aantal blasten in het
beenmerg door de voorgaande ara-C injecties met ongeveer 1 decade is
gereduceerd; hierdoor is met behulp van flow cytometrie geen verander-—
ing in het percentage hlasten in een celcyclus fase meer aantoonbaar.
In tegenstelling tot de zeer ultgesproken veranderingen in de ver-
deling van de cellen over de celcyclus compartimenten na ara=C injec—
tie, werden na een i.v. injectie van adriamycin 7.7 mg.kg-l geen ver-
anderingen waargenomen in de DNA histogrammen van leukaemische been—
mergcellen. Daarentegen was het totaal aantal blasten per femur na
adriamycine injectie gereduceerd met 30%. Hieruit zou de conclusie ge-
trokken kunnen worden dat adriamycine als een cyclus specifiek farma-
con beschouwd moet worden; echter uit later onderzoek is gebleken dat
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het op leukaemische blasten als een phase-specifiek middel werkt.

In hoofdstuk 5 is eerst nagegaan wat het effect van andere toe—
dieningsroutes van ara-C op de hoeveelheid tumer c¢ellen is. De s.c. en
i.m. ara-C toediening resulteert in slechts een geringe reductie
van de leukaemische cellen. De i.v. interval behandeling was het meest
effectief. Ock vergeleken met een ara-C infuus, is het effect van in-
terval behandeling significant gunstiger. Vervolgens is nagegaan of de
waargenocmen recrultment en synchronisatie geinduceerd deoor een i.v.
injectie van ara-C kan resulteren iIn versterkte leukaemische celaf-
braak als de tweede injectie wvan ara-C op het juiste tijdstip van
maximale accumulatie in S fase wordt gegeven. Met behulp van de gevoe-
lige LCFU-s methode is het optimale interval voor de 2e ara—C injectie
bepaald, dit bleek 12 uur te ziin. Dit komt overeen met het gemeiten
maximum voor de accumulatie van cellen in S fase. Met behulp van de—
zelfde techniek 2zijn de optimale volgorde en het optimale interval
voor de combinatie ara-C en adriamycine bepaald. De grootste reductie
in the LCFU-s, n.l. 90% of 1 decade, is gevonden als adriamycine 12
uur na ara—-C wordt gegeven. Tevens heeft dit onderzoek aangetoond dat
adriamycine geen recruterende eigenschap heeft op leukaemische blasten
in G0 fase. Op basis van deze gegevens, i.e. optimale interval wvoor
opeenvolgende ara-~C injecties en voor de combinatie ara-C/adriamyceine,
is het effect op de hoeveelheid leukaemische cellen nagegaan, waarbij
de recruterende eigenschap van ara-C optimaal werd gebruikt, i.e.,
herhaalde ara-C injecties met 12 uur interval. De overleving nam even=
redig toe met het aantal ara-{ injecties. Met nadruk moet worden ge-—
steld dat de laatste injectie niet uit ara-C mag bestaan, juist van—
wege 2zijn recruterende eigenschap. De theoretische berekening van de
verlenging van de overleving wanneer elke ara-C injectie 1 decade leu-
kaemische cellen doodt komt overeen met de waargencomen overleving van
60 ratten behandeld met het schema 6x ara-C/lx adriamycine, alle in-
tervallen tussen de injecties: 12 uur. gierbij is de hoeveelheid leu-
kaemische cellen gereduceerd van 5 x 10 v&dr behandeling tot 10 . De
kort durende periode van aplasie na deze behandeling kon worden over-
brugd met 4 bloedtransfusies toegediend om de andere dag.

In hoofdstuk 6 wordt beschreven wat er gebeurt met de normale
stamcel {(gemeten als CFU-s) tijdens de ontwikkeling van de BNML. Hier—-
bij is geconstateerd dat de stamcellen halverwege het ziekteproces in
het beenmerg tot =zeer geringe aantallen afnemen, en tegelijkertijd
sterk verhoogde CFU-s aantallen worden gemeten in het bloed en de
milt. Het totaal aantal stamcellen in beenmerg, milt en bloed is gere-
duceerd wvan 400 x 10 tot 150 x 10 in het eindstadium van de leu-
kaemie. Omdat in het stadium wvan de BNML waarin begonnen wordt met
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chemotherapie, de stamcellen julst drastisch verminderen in beenmerg,
is het niet mogeliik gedetailleerde effecten van cytostatica te evalu-
eren in leukaemische ratten dag 15 na inoculatie. Het effect van de
individuele farmaca op de stamcel is daarom gemeten in normale ratten.
Onderzocht is of er verschil is in de reductie van het aantal stamcel~
len voor de meest gebruikte toedieningsroutes van ara~C: ara-C infuus
en i.v. intexrval behandeling. Het was niet mogelijk de ratten langer
dan 24 uur aan het infuus te leggen. De reduczie op tijdstip 34 uur na
de start van een 24 uurs infuus van 400 mg.kg ara-C is 70%, terwijl
de reductie na 2x dd 200 mg.kg* , g = 12 uur op hetzelfde tijdstip na
de start van de therapie gemeten, 50% is. Ofschoon het CFU=-s verloop
gedurende deze periode onderling niet significant verschillend is, is
het patroon zeer suggestief voor de verhoogde toxiciteit wvan ara-C
infuus, dat groter wordt als de duur van het infuus langer is.

Omdat het recruterende effect wvan ara-{ op de leukaemische
blasten alleen therapeutisch voordeel heeft als de stamcellen niet of
in veel mindere mate gerecruteerd worden, is het aantal stamcellen ge-
meten gedurende oplopende ara~C injecties tot 6x ara=-C, g = 12 uur. De
uit de lineaire regressielijn berekende reductie wvan het aantal stam-
cellen per ara—-C injectie is 43%; dit is juist significant meer dan de
reductie na 1 injectie ara-C (25%). Echter ge reductie van de Ze in-
jectie ara-C (38%) is met beide waarden niet significant verschillend.
Geconcludeerd is dat ara~C mogelijk een geringe recruterende werking
heeft op de normale stamcellen, maar juist een sterke recruterende
werking op leukaemische blasten.

Vervolgens 1Is nagegaan wat de reductie wvan het aantal stamcellen
is in normale en leukaemische ratten die behandeld zijn met het schema
6x ara=C/lx adriamycine, gq = 12 uur. Hierbij is gebleken dat in het
beenmerg wvan de normale en de leukaemische ratten ongeveer hetzelfde
aantal stamcellen zijn overgebleven, terwijl het aantal stamcellen in
bloed en milt in de leukaemische rat bijna verdwenen zijn. Het aantal
stamcellen dat over is gebleven na dit schema (+ 1,2 x 10 ) is een
factor 2 a 3 meer dan het aantal dat 100 % bescherming geeft na letha-
le lichaamsbestraling (4 x 10 ) wvoor de BN rat.

In hoofdstuk 7 is de werking van ara-C en adriamycine op de leu-
kaemische populatie en op de normale haemopolietische stamcellen verge-—
leken. Ara-C werkt zowel op leukaemische cellen als op normale stam-
cellen als een fase specifiek middel. Adriamycine daarentegen werkt
als een fase sgpecifiek middel op leukaemische cellen, terwijl het
cyclus specifiek werkt op de normale stamcellen, blijkens de lineaire
dose—effect relatie.

128



Vervolgens is in dit hoofdstuk uitvoeriq ingegaan op de klinische
relevantie van de BNML studies voor AML. Achtereenvolgens worden een
drietal bevindingen kesproken éie een nadere klinische evaluatie be-
hoeven:

1. Prednison bleek in the BNML een niet effectief agens in het remig-
sie—inductie schemas;
2. de s.c. en i.m. toedieningsroutes van ara—-C bleken slechts weinig
effectief in vergelijking met i.v. toediening van ara-C;
3. ara—-C bleek in the BNML recruitment te induceren.
Klinische studies om dit laatste te onderzoeken vereisen herhaalde
pbeenmerg puncties. Uit de literatuur is bekend dat de celcyclustijden
bij menselijke AML varieert. Dit resulteert mogelijkerwijs in een in-
dividuele therapeutische benadering. Met behulp van de recentelijk
ontwikkelde flow cytometrische techniek zou het optimale tijdsinterval
voor de volgende ara—-C injectie bepaald kunnen worden. In de BNML
bleek het optimale tijdsinterval 12 uur te zijn. Dit feit gecombineerd
met de uit de literatuur bekende gegevens omtrent de celcyclustiiden
bij AML maakt de huidige klinische toepassing wvan het 12 uurs interval
suspect. Op grond van voornoemde gegevens lijkt een 24 uvurs interval
meer op zijn plaats.
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ALL
AML
ara-~C
BM
BNML
CFU~c
CFU-3
CML
CNS

PLM

s.c.
SD
SE

ABBREVIATIONS

acute lymphocytic leukaemia

acute myelocytic or myeloid leukaemia
l—ﬂS—D—arabinofuranosyl~cytosine

bone marrow

myelocytic leukaemia in the Brown Norway rat
colony forming units in culture
colony forming units spleen

chreonic myelocytic leukaemia

central nervous system

complete remission

coefficient of variation

growth fraction

hour(s}

haemopoietic stem cell(s)

tritium labelled thymidine
intramuscular

intraperitoneal

intravenous

leukaemic colony forming units spleen
dose of the drug which killed 50% of the animals
labelling index

mitotic index

per cent labelled mitosis

interval

subcutanecus

standard deviation

standard error

cell cycle time
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