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SUMMARY

The pharmacology of cytosine arabinoside (1-/3-D-
arabinofuranosylcytosine) is reviewed and integrated with
data on the cell kinetics of normal hematopoietic and
leukemic stem cells to form a model for the chemotherapy
of acute leukemia. The objective of the model is to produce,
by using optimal scheduling and optimal drug levels of
cytosine arabinoside, a complete eradication of the leu
kemic stem cells during a single course of therapy by
chemotherapeutic exploitation of the potential differences in
the growth fraction of the leukemic and normal stem cells.
The use of nutritional factors to increase the growth fraction
of the leukemic stem cells is discussed in the model.
Preliminary results on the effect of the model on the survival
of leukemic blast cells in a patient with acute myeloblastic
leukemia are reported. The use of the model to estimate
the cell cycle parameters of leukemic stem cells is dis
cussed.

INTRODUCTION

The improvement in the chemotherapy of acute leukemia
in the past 2 decades (48) has been the result of the use of
therapeutic regimens designed by semiempirical methods.
Such an approach was unavoidable because of the inade
quacy of the biological and pharmacological data during
this period. The recent accumulation of fundamental
knowledge in these fields suggests that perhaps other ap
proaches to chemotherapy should also be explored, such
as the use of therapeutic models that will attempt to utilize
all the available basic and clinical data (132). Such models
may serve a useful function of organizing vast amounts of
fundamental data into a more applicable form and may lead
to new approaches to cancer chemotherapy that have been
previously unexploited.

The objective of this report is to review the pharmacology
of ara-C3 and cell growth kinetics and to integrate this
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information into a model for the chemotherapy of acute
leukemia. ara-C was chosen for this study because of its
remarkable S-phase specificity (11, 71, 78, 155), specific
pharmacological properties, and the availability of extensive
data on its effect on experimental leukemia (135) and
normal hematopoietic stem cells (18, 44, 152). The model
has been tested on the survival of leukemic blast cells in a
patient with acute myeloblastic leukemia. Several mathe
matical models on the use of ara-C in cancer chemotherapy
have been published (60, 130, 148).

ara-C

The review presented here will summarize the biochemi
cal and cellular pharmacology of ara-C. Reviews on various
aspects of the pharmacology of ara-C have been published
(29, 121, 123).

Chemistry. ara-C is a nucleoside analog with a con
figuration similar to those of cytidine and deoxycytidine
(Chart 1). Dichromic studies indicate that the trans-2'-
hydroxyl"group on the pentose acts as a steric barrier to the

2-carbonyl oxygen of the cytosine of ara-C so as to inter
fere with the rotation of the pyrimidine ring about the gly-
cosidic bond (1, 88). X-ray structural analysis of ara-C
indicates that there is a strong intramolecular bond between
the 2'-hydrogen and the 5'-oxygen of ara-C (27). The opti
cal rotary dispersion of ara-C is different from the curves
observed for cytidine and deoxycytidine (37). These studies
suggest that the steric orientation of the pyrimidine ring
with respect to the pentose ring in ara-C is significantly dif
ferent than that found in cytidine or deoxycytidine. Pre
sumably, for these reasons arabinoside-containing polynu-
cleotides are more resistant to enzymatic hydrolysis by
RNase or DNase than are the naturally occurring poly-
nucleotides (106, 127). Also, ara-C mononucleotides in
hibit RNase activity (116).

Metabolism. The metabolism of ara-C is summarized in
Chart 2. In mammals ara-C is rapidly deaminated to
1-jS-D-arabinofuranosyluracil, a noninhibitory metabolite
(149), by cytidine deaminase (20 22, 30) present primarily
in the liver and kidney. This deaminase is inhibited by
terahydrouridine (105), an agent used to prolong the
half-life of ara-C in the body fluids. ara-C can cross the
blood-brain barrier (62, 135), the level of this antimetabolite
in the cerebrospinal fluid being about one-half the plasma
level during a continuous i.v. infusion of this drug (62).
Mice given an-i.t. injection of leukemic cells can be cured of
leukemia of the central nervous system by i.p. injections of
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Table I
Kinetic data for deoxycytidine kinase

Chart I. ara-C.

-dCTP
ara-CTP >-DNA (RNA)

ara-CDP

^ +dCTP
ara-CMP > ara-UMP

-dCR -dCTP

ara-C ara-U

Chart 2. Metabolism of ara-C. dCR, deoxycytidine: -, inhibition;+,
activation. ara-U, l-/3-D-arabinofuranosyluracil; ara-UMP, \-ÃŸ-n-
arabinofuranosyluridine 5'-phosphate.

ara-C, indicating that cytotoxic concentrations of this drug
can cross the blood-brain barrier (135). Approximately 10
hr after the administration of radioactive ara-C, 90% of the
radioactivity appeared in the urine (31, 39, 62), indicating
that ara-C or its metabolites are rapidly excreted by the
kidney. The plasma half-life of ara-C is about 10 to 20 min
(4, 14, 101, 105). Various assays have been used to measure
the level of ara-C in the body fluids (4, 14, 56, 101, 105).
ara-C enters the cells by a nucleoside transport system (94),
apparently by a facilitated diffusion mechanism (75). In
dividing cells ara-C is phosphorylated to ara-CMP, ara-
CDP, and ara-CTP, this latter nucleotide being the major
form of this antimetabolite in the cell (99, 128). Uridine can
increase the in vivo biological activity of ara-C (124),
presumably by stimulation of the phosphorylation of this
analog (54, 73).

Deoxycytidine kinase, an enzyme found primarily in
proliferating cells (35), catalyzes the phosphorylation of
ara-C to ara-CMP (35, 73, 100). The kinetic data for some
mammalian deoxycytidine kinases are summarized in Table
1. The similarities in the Km and Vmaxvalues for deoxycyti
dine and ara-C indicate the capacity of this antimetabolite
to act as a fraudulent substrate in this enzymatic reaction.
However, when both nucleosides are present in the reaction
mixture, there is a large kinetic difference as indicated by
the small KÂ¡of deoxycytidine as compared to the large K(
for ara-C. These data demonstrate that deoxycytidine is a
very potent competitive inhibitor with respect to ara-C.
dCTP is a potent feedback inhibitor of deoxycytidine

En/yme
sourceCalf

thymusL12IOcellsCalf

thymusL1210

cellsSubstrateCdR"ara-CCdRara-CCdRara-CCdRara-C(MM)14

40111755.3418.3

25K,1.3

36046001.7

3500.640vmax(pmoles/

min)140

140Ref.,0073,7435128"

CdR, deoxycytidine.

kinase, especially when ara-C is the substrate (100). ara-
CTP weakly inhibits the phosphorylation of ara-C, but not
deoxycytidine, in the reaction catalyzed by deoxycytidine
kinase (98). In the presence of its allosteric activator dCTP,
deoxycytidylate deaminase can catalyze the deamination of
ara-CMP to ara-UMP (120). ara-C nucleotides are potent
inhibitors of deoxyadenosine kinase (81); the biological
significance of this inhibition has not been elucidated. The
phosphorylation of ara-CMP to ara-CDP and ara-CTP is
catalyzed by deoxycytidylate kinase (141) and nucleoside
diphosphokinase (108), respectively. An intracellular level
of ara-CTP as high as 300 JIM can be found in L1210
leukemic cells after treatment with 10 UMara-C for 15 min
( 128). It is possible to obtain such high intracellular levels of
ara-CTP because this nucleotide analog is a weak feedback
inhibitor of deoxycytidine kinase (98) and a weak allosteric
activator of dCMP deaminase (120). The intracellular
half-life of ara-CTP appears to be about 50 min in
mammalian cells (97, 136). A pharmacokinetic analysis of
ara-C distribution and metabolism in the body fluids has
been published (32, 147).

Biochemical Pharmacology. ara-C produces a rapid and
potent inhibition of DNA synthesis in mammalian cells
(Table 2). Apparently, ara-C inhibits DNA semiconserva-
tive replication, but not repair replication (28). It takes the
cell about 6 to 8 hr to recover its full capacity to replicate
DNA after an exposure to high concentrations of ara-C (12,
109, 154). This impairment of DNA synthesis by ara-C
produces an eventual inhibition of RNA synthesis (15, 23,
107, 119) and protein synthesis (15, 118, 137). Prolonged
treatment of leukemic cells with ara-C produces a depres
sion in thymidylate synthetase activity (119).

The inhibition of the reduction of ribonucleotides to
deoxyribonucleotides in ara-C-treated cells (24) is probably
a secondary effect resulting from the ara-C-induced inhibi
tion of DNA replication, since in enzymatic studies ara-C
nucleotides have been shown to be weak inhibitors of
ribonucleotide reducÃase(102). In ara-C-treated cells the
intracellular pool sizes of dATP, dGTP, and dTTP increase
( 136); these deoxynucleotides at elevated concentrations can
act as feedback inhibitors of ribonucleotide reducÃase(103).
The intracellular pool size of dCTP is decreased by about
50% for approximately 2 hr in ara-C-trealed cells (136).
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ara-CTP is a potent inhibitor of mammalian DNA
polymerase (45, 47, 50, 95, 96, 104); the inhibition produced
by this nucleotide analog is competitive with respect to
dCTP (47, 50, 96, 104). Mammalian DNA polymerase can
catalyze the incorporation of ara-CTP into DNA (95, 96).
The kinetic data of DNA polymerase are summarized in
Table 3. The apparent Km values for dCTP and ara-CTP
are similar, indicating that these substrates bind with equal
affinity to the catalytic site of DNA polymerase. However,
the VMAXfor ara-CTP is about 10-fold less than the VMAX
for dCTP, suggesting that DNA polymerase of mammalian
cells has some difficulty in catalyzing the formation of a
phosphodiester bond between ara-CMP and the DNA
template. In contrast to the kinetic data found with
deoxycytidine kinase, the K, values of dCTP and ara-CTP
appear to be about the same order of magnitude for DNA
polymerase.

In vitro studies with purified mammalian DNA polymer
ase and ara-CTP have shown that the incorporation of this
analog into DNA produces termination of polydeoxynu-
cleotide chain growth (95, 96). Similar results have been
reported in a preliminary manner for ara-CTP and DNA
polymerase I from Escherichia coli (2). However, cellular
studies have demonstrated that ara-C is incorporated
mostly into the internal nucleotides of DNA (26, 50). The
enzymatic and cellular data on the chain termination
produced by ara-CMP are difficult to interpret because of
the incomplete knowledge of the normal mechanism of
DNA replication in mammalian cells. Chromosomal repli
cation is a complex event as shown by the synthesis and
joining together of Okazaki pieces of DNA (112, 114) and
the initiation of DNA replication with short fragments of
RNA (43, 140). These results and the recent report that
ara-C is incorporated into only DNA when the nucleic acids

Table 2
In vitro inhibition of DNA synthesis by ara-C

Cell line

ara-C
concen- Duration
tration of exposure

GÃ•M) (hr) Isotope
Inhibition

' Isotope added after drug exposure.
' Dialyzed serum used.

Table 3
Kinetic data for DNA polymerase

' nmoles/ml/hr.
' RNA-dependent DNA polymerase of Rauscher murine leukemia virus.

Ref.

L-cellL-cellL-5I78YL-5178YHeLaK

BcellsRabbit
kidneyHuman

chronicmyeloblasticleukemia
cellsHuman

acutemyeloblasticleukemia
cells0.36303.31.28100.320100.52.06.01.01.51.53.03.00.5Thymidine-3HÂ°Thymidine-3HThymidine-3HÂ°Uridine-3HThymidine-3HtapThymidine-14CÂ°Thymidine-3HCytidine-3HÂ°85"9545809945708376491312524777086531

Enzyme
sourceCalf

thymusCalf

thymusL-cellsLSI

78YcellsEhrlich

ascites
tumorcellsRausher

murine
leukemia virusSubstratedCTP

ara-CTPdCTP

ara-CTPdCTP

ara-CTPdCTP

ara-CTPdCTP

ara-CTPdCTP

ara-CTPKm(MM)2.0

2.04.09.021.67.117.319.3"KÂ¡

'mas(JIM)
(pmoles/min)7.0

340
2.0400.78.718.47.3

7.3Â°
3.67.2"0.09"Ref.96475010445104
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were fractionated by CsCl centrifugation (156) make the
data on the incorporation of ara-C into RNA (23, 26, 31,
50, 131) difficult to interpret.

It has been proposed that the cytotoxic effects produced
by ara-C are due only to the inhibition of DNA polymerase
(50). The blocking of the cytotoxic action (97), chromatid
breakage (67), and growth inhibition (53) produced by
ara-C with various inhibitors of DNA synthesis is inconsist
ent with this proposal. It appears that the incorporation of
ara-C into DNA along with the inhibition of DNA synthesis
and changes in nucleotide pools play an important role in
the production of the cytotoxic effects by this antimetabo-
lite.

Chromosome Breakage. ara-C can produce extensive
chromosome damage in mammalian cells (5, 16, 17, 68, 69).
The late S and early G2 phases are the most sensitive parts
of the cell cycle with respect to the production of ara-C-
induced chromatid breaks (5). Deoxycytidine can prevent
the production of ara-C-induced chromatid breaks if deoxy
cytidine is given simultaneously or within 30 min after the
start of ara-C treatment. There is an excellent correlation
between the number of chromatid breaks produced by ara-C
and the cytotoxic activity of this analog; 5 or more
chromatid breaks are lethal to the cell (69). Prior treatment
of mammalian cells with UV radiation, at a level that
produces some inhibition of DNA synthesis, can block the
production of ara-C-induced chromatid breaks (6). Under
certain conditions ara-C can transform fetal hamster cells
(7, 66), even at concentrations of this antimetabolite that
produce no inhibition of DNA synthesis (7). There appears
to be specific chromosome changes in the ara-C-trans-
formed cells (7). It has been reported that ara-C is
mutagenic to mammalian cells (64).

S-Phase Specificity. ara-C is cytotoxic primarily to cells
in the S phase of the cell cycle ( 11, 71, 78, 155). This S-phase
specificity is due to an increase in the phosphorylation of
ara-C which results from an increase in deoxycytidine
kinase activity (98) and to the effect of ara-C on DNA
replication. ara-C does not block the movement of d cells
into the S phase (72); thus, this antimetabolite is not
self-limiting with respect to its cytotoxic activity (134).
However, ara-C does block the transit of S cells into the G2
phase (72), trapping these cells in the S phase.

Cytotoxic Activity. Exposure time and drug concentra
tion are 2 important parameters with respect to the

cytotoxic activity of ara-C (Table 4). ara-C is cytotoxic
primarily to proliferating mammalian cells. For a 2-hr
exposure, the minimal cytotoxic concentration of ara-C is
about 10 to 36 Â¿IM.For a long exposure of 16 to 24 hr, the
minimal cytotoxic concentration of ara-C is about 0.3 to 3
fiM. At high concentrations of ara-C and short exposures,
there is an excellent correlation between the percentage of
cells killed and the percentage of cells in the S phase during
the exposure; for long exposures at low concentrations of
ara-C the correlation is variable. Theoretically, for an
S-phase-specific agent that is not self-limiting the percent
age of cell kill should equal [(To + length of exposure
time)/rc] x 100 (Refs. 10 and 109). This formula appears
to describe adequately the in vitro cytotoxicity data for high
doses of ara-C (26, 49, 149), indicating that under these
conditions this analog is not self-limiting. However, at low
doses of ara-C the percentage of cells killed is less than
calculated by this formula and less than observed with
3H-labeled thymidine (49, 149), an S-phase non-self-limiting
agent, as illustrated by the extended shoulder on the ara-C
survival curve (49, 149). Under these conditions of low-dose
ara-C therapy, this antimetabolite appears to be self-limit
ing for a limited duration of time. However, a block in the
transit of G! cells into S phase does not occur at these low
doses of ara-C since the 7S(72, 144) and the DNA content
(144) of the cohort of cells entering S phase increases.
Apparently, with low doses of ara-C the cells in this cohort
are trapped in early S phase and are able to repair the
ara-C-induced chromosomal damage for limited period of
time. However, if instead of a low continuous dose an
intermittent low-dose exposure of ara-C is used, an en
hanced antileukemic effect against L1210 cells is observed
(10, 109). The interval required for maximal cell kill
correlates well with the time required for maximal recovery
of DNA synthesis (10, 109). These results suggest that
intermittent dose exposures of ara-C permit the cohort of
cells trapped in early S phase to progress to another part of
S phase where they become more sensitive to the cytotoxic
effects of a 2nd dose of ara-C. The cytotoxic activity of
ara-C can be blocked by deoxycytidine when this latter
nucleoside is given simultaneously with or shortly after
ara-C treatment (26, 49). The mechanisms by which deoxy
cytidine blocks the cytotoxic activity of ara-C are summa
rized in Table 5.

Toxicology. The acute LD50 of ara-C for rodents, dogs,

Table 4
In vitro cytotoxicity produced by ara-C

CelllineL-5178YL-5I78YL-cellsL-cellsL-1210L-1210V-794HeLaara-C
concen

tration(fiM)103363.6300.30.71.5Duration
of

exposure(hr)261160.5122420Cells
in

S phase"(%)801005010070100100100Cell8093505082952050Ref.2626494915013513778

1Percentage of cells in S phase and that enter S phase during exposure to ara-C.
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Table 5
Mechanisms of antagonism of ara-C activity by deoxycylidine

A. Competition for catalytic site of deoxycytidine kinase (35, 73, 100, 129)
B. Feedback inhibition of deoxycytidine kinase by dCTP (100)
C Allosteric activation of dCMP deaminase by dCTP (120)
D. Competition for catalytic site of DNA polymerase by dCTP (45, 47,

50, 96, 104)

and monkeys is about 1000 to 4000 mg/kg (87). The major
toxic effects produced by ara-C are bone marrow depression
(44, 85) and ulcÃ©rationof the intestinal mucosa (85, 146).
The intestinal mucosa appears to have a remarkable
capacity to recover from the toxicity produced by ara-C
(146). The subacute LD50of ara-C in mice is about 30 to 50
mg/kg daily for 15 days (134).

Using the spleen colony assay in mice, Bruce et al. (18)
demonstrated that during a 24-hr course of ara-C therapy
the survival curve of murine hematopoietic stem cells
decreased with the dose of ara-C until a plateau was reached
where further increase in drug dose produced no additional
decrease in survival. Similar results were obtained by
Wodinsky et al. ( 152) and suggest that during a 24-hr course
of ara-C therapy the lp of the murine hematopoietic stem
cells does not reach 1.0. A certain fraction of these stem
cells were in a nonproliferative state that was insensitive to
the cytotoxic effects of the S-phase-specific drug, ara-C.
Apparently, a similar phenomenon occurs for human hema
topoietic stem cells (44).

ara-C is a potent immunosuppressive agent (40, 51, 52,
93). Maximal inhibition of antibody formation by ara-C
occurs when this drug is administered 48 hr after injection of
the antigen into animals (52, 57, 93). ara-C completely
suppressed the secondary immune response to antigen
injection but did not decrease preexisting antibody titers
(52). Administration of ara-C 72 hr after transplantation of
cells produced a marked suppression of cellular immunity
(51).

Resistance. The various possible mechanisms by which
mammalian cells manifest resistance to the inhibitory
effects of ara-C are presented in Table 6. The normal natu
ral frequency of resistance to ara-C by murine L5178Y leu-
kemic cells is about 1 cell in a population of 10" cells (41).
Genetically, resistance to ara-C appears to be a recessive
trait (137). There are probably different levels of resistance
to ara-C dependent on the amounts of deoxycytidine kinase
(34, 80, 129), cytidine deaminase (92, 139), or dCTP in the
cells (99). In general, resistance to ara-C in the L1210
murine leukemia system develops more rapidly with low-
dose therapy than with high-dose therapy (126).

Antitumor and Antileukemic Activity. In 1961 the 1st
report was published on the antitumor and antileukemic
activity of ara-C in mice (38). This observation was
confirmed and extended to a number of rodent transplanta-
ble neoplasms (33, 79, 151).

The initial studies suggested that the antileukemic activity
of ara-C was schedule dependent (79). Skipper et al. (135)
studied intensively the ara-C schedule dependency in mice
with LI210 leukemia. An analysis of their important data
will be discussed here. Following an i.p. injection of IO5

Table 6
Mechanisms of resistance to ara-C

A. Decrease in deoxycytidine kinase activity (34, 72, 129)
B. Increase in the intracellular pool size of dCTP (99)
C. Increase in cytidine deaminase activity (92, 139)
D. Modification of DNA polymerase (3)

leukemic cells into mice, a dose schedule of 15 mg/kg i.p. of
ara-C every 3 hr for 24 hr on Days 2, 6, and 10 produces
"cures" in more than 80% of the mice. The estimated

average plasma level of ara-C for 2 hr after an i.p. injection
is about 1 to 10Â¿IM.At the start of ara-C therapy there were
about IO6leukemic cells in the mouse. The strategy behind

the therapy was to expose the leukemic cells to intermittent
cytotoxic levels of ara-C for a duration longer than the Tc of
these cells, to permit the mice to recover from the toxic
effects of ara-C for 3 days, and to recommence ara-C
therapy when the number of leukemic cells is low. These
remarkable data demonstrate the vast antileukemic poten
tial of ara-C when adequate cytotoxic concentrations of this
drug are administered over a period greater than the Tc of
the leukemic cells.

Some results obtained from the clinical use of ara-C to
treat acute leukemia are summarized in Table 7. For both
acute lymphoblastic leukemia and acute myeloblastic leu
kemia, the 5-day continuous i.v. infusion of ara-C gave a
higher percentage of complete remissions than the single
daily i.v. push of ara-C for 10 days. The estimated plasma
level of ara-C during the continuous infusion was about 0.2
/ÃM,and after a single i.v. injection the level was about 0.5 to
lOjiM for 30 min. For each of these modes of administration
of ara-C, the plasma level of this antimetabolite was very
close to the minimal cytotoxic concentration for this drug
(Table 4).

Antiviral Activity. ara-C has been demonstrated to inhibit
the proliferation of certain DNA viruses in mammalian cells
(113). In cells infected with herpes simplex, a short exposure
to ara-C produced a marked decrease in plaque-forming
units, suggesting that this antimetabolite can be lethal to the
replicating virus (113). Under certain conditions ara-C has
been shown to inhibit the proliferation of some RN A viruses
(61). The nucleotide form of ara-C, ara-CTP, has been
demonstrated to be a very potent inhibitor of the reverse
transcriptase of RNA tumor viruses (104).

MODEL FOR CHEMOTHERAPY

In this report a model for the chemotherapy of acute
leukemia with ara-C is formulated by integrating the
pharmacological data on ara-C with the growth kinetic data
on leukemic and hematopoietic cells. The objective of the
model is to produce a complete eradication of the leukemic
stem cells during a single course of ara-C therapy. The
strategy of the model is to exploit the difference in the IP of
the hematopoietic stem cells and the le of the leukemic stem
cells. Theoretically, if the /,. of the leukemic stem cells
attains a value of 1.0 during the ara-C therapy it should be
possible to eradicate all of these cells. The ara-C therapy is
supplemented with nutritional factors in an attempt to
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Table 7
Chemotherapy of acute leukemia with ara-C

Estimated ara-C
plasmalevelDiagnosisALL"

ALL

AML

AM L, ALLDrug

administration3

mg/kg/day for 10days,
rapid i.v.

200 mg/sq m/day for 5 days,
continuous i.v.

3 mg/kg/day for 10days,
rapid i.v.

10mg/sq m/day for 1day,
continuous i.v.Concentra

tion(fiM)0.1-2

0.20.1-2

0.01Duration

(hr)1

120

1

24Complete

remission
(%)5

25

13

16Ref.63

13

110

36

1ALL, acute lymphoblastic leukemia; AML, acute myeloblastic leukemia.

increase the IP of the leukemic stem cells to 1.0. In order to
avoid fatal bone marrow toxicity the duration of ara-C
therapy should be limited so that the Â¡pof the hematopoi-
etic stem cells does not reach a value of 1.0 during this
interval. This same consideration should be given to the
intestinal crypt stem cells. The ara-C model is discussed
with respect to dosage, duration of treatment, mode of ad
ministration, stage of administration, and nutritional ther
apy.

Dosage

The high acute LD50 for ara-C permits the use of high
doses of this antimetabolite which have chemotherapeutic
advantages that can be summarized under the following
categories: pharmacokinetics, cytotoxic effectiveness, and
drug resistance.

Pharmacokinetics. In order to eradicate all the leukemic
stem cells, cytotoxic concentrations of ara-C must be
obtained in all anatomical compartments. The pharmacoki-
netic distribution of ara-C in the body fluids is dependent on
the rate of blood flow to and the size of each anatomical
compartment (32). In certain anatomical compartments
that receive a low rate of blood flow, the concentration of
ara-C may be below the cytotoxic level even though
adequate cytotoxic concentrations of this analog may be
present in most other anatomical compartments. For this
reason high doses of ara-C should be used so that the levels
of this analog will be above the minimal cytotoxic concen
tration in all anatomical compartments.

Cytotoxic Effectiveness. The cytotoxic concentrations of
ara-C are summarized in Table 4. On the basis of the
biochemical mode of action of ara-C, it appears that the
most effective cell kill produced by this antimetabolite
occurs when the intracellular ratio ara-CTP/dCTP is at its
maximal level. In order to obtain the highest possible
intracellular level of ara-CTP, the cells should be exposed to
a concentration above the Km value of ara-C for deoxycyti-
dine kinase, the rate-limiting enzyme in the conversion of
ara-C to ara-CTP (100, 108, 141). The concentration of
ara-C that gives close to the maximal rate of phosphoryla-
tion by deoxycytidine kinase is estimated to e about 200 to
400 /Â¿M,which is about 5 to 10 times the Km value of ara-C

for this enzyme. In addition to obtaining maximal phospho-
rylation of ara-C by the leukemic cells, these high concen
trations of ara-C should overcome the antagonism of the
phosphorylation of this analog produced by deoxycytidine
(K| = 2 /Ã•M),the naturally occurring deoxynucleoside which
may be present in the body fluids from the diet, tissue
breakdown (55), or leukemic cell death (84, 117, 138). Since
the survival of a single leukemic cell can produce a relapse
in the disease (46), a dosage that produces maximal
leukemic cell kill should be used.

Drug Resistance. The naturally occurring frequency of
resistance of leukemic cells is about 1 in IO6 (41). Since
there are about IO9 to 10" leukemic cells present in a

patient with acute leukemia, before the start of therapy
there will be a significant fraction of ara-C-resistant leu
kemic cells present. In general, the resistance to ara-C is not
absolute but relative, depending on the levels of deoxycyti
dine kinase (34, 80, 129), dCTP (99), or cytidine deaminase
(92, 139) in the cell. In order to eradicate these partially
ara-C-resistant cells, concentrations of ara-C above the
minimal cytotoxic concentrations for the wild-type cells
should be used. Also, the resistance to ara-C develops more
slowly with high-dose rather than low-dose ara-C therapy
(126).

Duration of Therapy

In general, the major factors that determine the duration
of ara-C therapy are the growth kinetics of the leukemic and
normal cells. For a more comprehensive analysis of neoplas-
tic cell growth kinetics, there are excellent reviews on this
subject (9, 76, 82 84, 89 91, 153).

Growth Kinetics of Leukemic Cells. Theoretically, in
order to produce a complete eradication of the leukemic
stem cells during a single course of ara-C therapy, the Â¡Pof
these cells must be 1.0 and the duration of therapy mustequal the 7"G,+ TM + 7"<;2value of the leukemic stem cells

(134). The TCand Ts values for human leukemic cell in vivo
have been estimated with radioactive thymidine-labeling
studies to be 20 to 60 and 10 to 20 hr, respectively (76, 133).
From these data the duration of ara-C therapy should be
anywhere from 10 to 50 hr (Tc - 7"svalue), which is quite a

wide range.
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Growth Kinetics of Normal Cells. Since ara-C is an
S-phase-specific agent, the toxic effects of this drug are
exerted only on those normal tissues with a high 1P, such as
the hematopoietic stem cells and intestinal crypt stem cells.
Since adequate data on hematopoietic stem cells are
available, only this tissue will be discussed here in detail.
However, it is inferred that the same general principles that
apply to this tissue also apply for the intestinal crypt stem
cells.

Since the Tc of hematopoietic stem cells are equal to or
shorter than the Tc of leukemic cells (133), the ara-C
therapy discussed here will produce a severe bone marrow
depression. However, under most conditions there will be a
significant fraction of nonproliferating hematopoietic stem
cells (Ip less than 1.0) that are insensitive to the cytotoxic
effects of ara-C (18, 44, 152). After the termination of the
ara-C therapy these cells will enter the proliferative phase
and repopulate the bone marrow. Only when the duration of
ara-C therapy extends well beyond 24 hr is there the danger
that the //> of the hematopoietic stem cells will reach 1.0
during the therapeutic interval and result in a fatal bone
marrow depression (18, 44, 152). Unfortunately, adequate
toxicity data for humans given high doses of ara-C for short
durations are not available to permit an estimate of the
upper limit in the duration time for this form of therapy.

Mode of Administration

For pharmacokinetic and cytotoxic efficiency reasons,
the ideal way to administer ara-C appears to be by
intermittent i.v. infusions.

Pharmacokinetics. A continuous i.v. infusion gives an
excellent pharmacokinetic distribution of ara-C in the body
fluids since during this interval there is adequate time for
concentrations of this analog to equilibrate in all anatomical
compartments. Since ara-C has a short half-life of 15min in
the body fluids (4, 14, 101, 105, 147), the chemotherapist
can easily regulate the plasma levels of this antimetabolite
by adjusting the rate of infusion. At the start of the i.v.
infusion, a loading dose of ara-C should be administered
rapidly so that the proposed levels of this drug in the body
fluids are obtained immediately. The rate of the ara-C
infusion should then be decreased so that the infusion rate of
this drug is equal to the rate of its deamination and urinary
excretion in order to obtain a constant drug plasma level.
The plasma level of ara-C should be monitored during the
i.v. infusion using a rapid assay method (4, 101) so that the
proper infusion rate can be used. One problem with using a
continuous high-dose infusion of ara-C is that an overac-
cumulation of this drug may occur in certain anatomical
compartments, producing some nonspecific toxic effects.
Since ara-C can produce its cytotoxic effects in 2 hr (Table
4), the duration of each i.v. infusion need not be greater than
2 hr.

Cytotoxic Efficiency. The interval between infusions
should be short enough to prevent any Gt cells from passing
through the S phase unexposed to ara-C and long enough to
permit the ara-C-treated S cells to recover their capacity to
synthesize DNA so that they will be more sensitive to the
cytotoxic effects of subsequent exposure to ara-C (10, 109).

Since the minimal 7"sfor human leukemic cells is about 10

hr (76), the duration between ara-C infusion should be less
than 10 hr. After an exposure to ara-C, it takes leukemic
cells about 6 to 8 hr to recover their capacity to synthesize
DNA (10, 109). Using this type of analysis, it appears that
the interval between ara-C infusions should be about 8 hr.
Theoretically, optimal scheduling of the intermittent ara-C
infusions should eventually trap all the proliferating leu
kemic cells in S phase where repetitive exposures to ara-C
will have a greater probability of killing these cells.

Stage of Administration

The ideal stage to use the intensive ara-C therapy as
proposed here for the treatment of acute leukemia would be
when the IP of the leukemic stem cells is equal to 1.0 and the
/P of the hematopoietic stem cell is less than 1.0. Perhaps
the ideal stage for the ara-C therapy would be during com
plete remission as part of a "late intensification" regimen

as described by Bodey et al. (12) or at the early stages of
relapse when the 7S of the leukemic blast cells is high (42,
125). During complete remission or early relapse there
should be a significant fraction of hematopoietic cells in a
nonproliferative state (1P < 1.0) which will survive the
intensive ara-C therapy. During a stage of severe bone
marrow depression produced by either leukemic cell infiltra
tion or chemotherapy would not be the proper time to use
the intensive ara-C therapy, since the /,. of the hematopoi
etic stem cells may have increased to 1.0 in order to produce
adequate numbers of normal blood cells to maintain
homeostasis.

Nutritional Therapy

The microenvironment of leukemic cells should not be
neglected by the chemotherapist since this parameter can
dramatically influence the growth kinetics of these cells. In
general, at high cell densities the growth rate of neoplastic
cells decreases with time as reflected by an increase in the Tc
(59, 82, 138) and a decrease in the /P (59, 82) of these cells.
Several lines of evidence suggest that this decrease in growth
rate may be due to a gradual depletion of essential nutrient
factors from the microenvironment of these cells: (a) the
omission of essential amino acids from the growth medium
of neoplastic cells blocks the progression of these cells from
G! phase into S phase of the cell cycle (19, 86, 145); (b)
neoplastic cells located close to blood vessels have a higher
7S, than those located more distantly (142); (c) the
administration of folie acid to patients with leukemia
produced an exacerbation of this disease (58); (d) the
administration of L-asparaginase can produce a remission in
acute lymphoblastic leukemia (111).

In order to eradicate all the leukemic stem cells with a
single course of very intensive ara-C therapy, the /,. of these
cells must be 1.0. Cells with a low IP are very insensitive to
the cytotoxic effects of ara-C (115). Since some patients
with leukemia have decreased plasma levels of essential
amino acids (122), the administration of essential amino
acids and vitamins during the ara-C therapy is included in
the model in order to increase the IP of the leukemic stem
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cells. Such nutritional therapy should be administered only
simultaneously with the ara-C therapy because prior admin
istration of nutritional factors may, by stimulating leukemic
cell growth, increase the leukemic cell burden for the
patient.

TEST OF ARA-C MODEL

The ara-C model was tested in a 19-year-old male patient
with acute myeloblastic leukemia during the terminal stages
of this disease when the leukemic cells were unresponsive to
conventional chemotherapy including cyclophosphamide,
prednisone, methotrexate, daunomycin, 6-mercaptopurine,
ara-C (100 mg/sq m/day, i.v. push), or the vincristine,
methotrexate, 6-mercaptopurine, and prednisone regimen
(48). The patient (45 kg) had a WBC of about 300,000/cu
mm consisting of 90% leukemic blast cells; about 99% of the
cells in the bone marrow were also leukemic blast cells. The
i/i vitro /s of the leukemic cells in the blood after a 1-hr
pulse with 3H-labeled thymidine was about 0.2. The pa
tient's medications included prednisone (60 mg/day p.o.),

allopurinol, and Maalox. The hemoglobin and platelet
count were 6.8 g/100 ml and 56,000/qu mm, respectively.

The effect of the ara-C therapy on the survival of the
blood leukemic cells is shown in Chart 3. ara-C was given as
a 2-hr continuous i.v. infusion for 5 times over a total
duration of 34 hr. There was a 6-hr interval between the 2-hr
ara-C infusions. For each infusion a loading dose of about
600 mg of ara-C (20 mg/ml) was given over a period of 15

: io4

â€¢¿�'Â» C 2hr I.V. infusions 45Kg male AMI

1.5g 2g 2g 2g 2g

0 24 48 72 96

Hours
Chart 3. Effect of ara-C therapy on the number of myeloblastic

leukemic cells in blood. A 19-year-old male patient (45 kg) with acute
myeloblastic leukemia (AML) was given 2-hr continuous i.v. infusions of
ara-C as indicated. The interval between infusions was 6 hr. The average
plasma level of ara-C during the infusions was 10 to 20 ^M (101).

min, followed by a slower infusion of approximately 1400
mg of ara-C over a period of 105 min. Due to the presence
of anemia and thrombocytopenia, the dosage of ara-C was
reduced in this patient so that the plasma levels of ara-C
were 10 to 20 MM(101) instead of 200 to 400/Â¿Mas proposed
by the model.

Nutritional therapy consisting of 5% Amigen (casein
hydrolysate; Baxter Laboratories, Morton Grove, 111.),folie
acid (10 Mg/ml), vitamin B12(1 Mg/ml), and Vi-Cert C5000
(1 vial/liter, vitamins B and C; Baxter Laboratories) in a
solution of 5% dextrose was given as a slow i.v. infusion (30
to 40 ml/hr) 3 hr before the start of the 1st ara-C infusion
and only during the 6-hr intervals between the ara-C
infusions.

From the linear part of the curve in Chart 3, the survival
half-life of the leukemic cells can be estimated to be about
12 hr. The ara-C therapy appeared to produce about a 99%
eradication of the blood leukemic cells. Morphological
analysis of the bone marrow on the 6th day after the start of
ara-C therapy showed a reduction of greater than 99% in the
leukemic blast cells.

Some interesting insight into the potential usefulness of
the ara-C model and human leukemic stem cell growth
kinetics can be made by an analysis of the leukemic cell
survival curve in Chart 3. From these data one can estimate
that the TGl + TM + TGl of the leukemic stem cells was
equivalent to or less than 34 hr ( 134). If the Ts of these cells
were about 10to20hr(76, 133), then the maximal Tc can be
estimated to be about 44 to 54 hr, which is similar to some
of the TC values reported for human leukemic cells (133,
153). Using these estimated Tc and Ts values, the 7Sfor the
leukemic cells can be calculated to be about 0.2 to 0.3,
which is close to the actual /s value found for these cells.
The data in Chart 3 also suggest that the /,. of the leukemic
stem cells was very close to 1.0 as shown by the greater than
90% reduction in the number of leukemic cells produced by
the 34-hr course of ara-C therapy.

In a different form of analysis based on the shape of
survival curve (Chart 3), the steepness of the curve and rapid
decrease in cell number suggest that the Tc of the leukemic
stem cells may actually have been less than 44 hr. The
exponential decrease in cell number and the absence of any
shoulder on the survival curve during the decrease indicate
that the leukemic stem cell population was uniform with
respect to its proliferative state and had an IP close to 1.0.

DISCUSSION

In this report a model for the chemotherapy of acute
leukemia has been formulated by integrating the key
pharmacological properties of ara-C with the growth ki
netics of normal and leukemic cells. The objective of the
model is to produce a complete eradication of the leukemic
stem cells during a single course of ara-C therapy. The
ara-C model was tested on a patient with acute myeloblastic
leukemia who was unresponsive to conventional chemother
apy, and it was found to produce a 99% reduction in the
leukemic blast cells in the blood (Chart 3) and bone
marrow. From this observation it is interesting to speculate
whether the currently used regimens in which ara-C is used
for the treatment of acute leukemia are using this antime-
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taboulÃ©under the most optimal conditions. All these
regimens give low plasma levels of ara-C (Table 7) which
apparently are not completely effective in killing proliferat
ing neoplastic cells in vitro (Table 4) and possibly give a
poor distribution of ara-C in the body fluids. In order to
produce maximal leukemic cell kill with ara-C the chemoth-
erapist must exploit the full chemotherapeutic potential of
this antimetabolite.

Several of the pharmacological properties of ara-C make
this drug ideal to use under the conditions proposed in the
model: (a) ara-C is S-phase specific (11,71,78, 155), giving
this drug a high acute LD50 and permitting the use of large
doses which result in an excellent distribution of ara-C and a
more effective leukemic cell kill; (b) since ara-C traps the
cells in S phase (72), repetitive exposures properly spaced
will have a greater probability in producing leukemic cell
death (10, 109); (c) the cytotoxic action of ara-C when given
in high doses is not self-limiting (49, 149) because this
analog does not block the transit of GÃŒcells into S phase
(72), making it easier for the chemotherapist to design more
effective schedules for drug administration; (d) the phar-
macokinetic properties of ara-C are almost ideal since there
is an excellent distribution of this antimetabolite in the body
fluids, including the cerebrospinal fluid (62, 135), and the
short half-life of ara-C (4, 14, 101, 105) permits the
chemotherapist to modulate the plasma levels of this drug
(101) and terminate therapy with precision.

In order to produce a complete eradication of the
leukemic cells with intensive chemotherapy and not produce
fatal host toxicity, there must be a chemotherapeutically
exploitable difference between the normal and leukemic
stem cells. Theoretically, ara-C has the potential to produce
a complete eradication of the leukemic cells if the Â¡Pof the
leukemic stem cells attains a level of 1.0during the course of
therapy. Presumably, the neoplastic change in the leukemic
stem cells has endowed these cells with the potential of
attaining an 1Pof 1.0. The microenvironment probably has a
very important influence on the 1P of the leukemic stem
cells. For this reason nutritional therapy was included in the
ara-C model in an attempt to increase the //>of the leukemic
stem cells since deprivation of certain essential amino acids
has been demonstrated to reduce the //>of neoplastic cells in
vitro (19, 86, 145).

On the other hand, the //> of the normal hematopoietic
stem cells under most conditions is less than 1.0, permitting
a certain fraction of the nonproliferating hematopoietic
stem cell to survive the intense ara-C assault and repopulate
the bone marrow after completion of therapy. These
differences in the sensitivity between normal and neoplastic
stem cells was elegantly demonstrated by Bruce et al. (18)
using the spleen colony assay and showed that a 24-hr
course of ara-C therapy in mice produced a 5-log reduction
of the lymphoma colony-forming units while producing only
a 1-log reduction of the hematopoietic colony-forming
units. In order to obtain comparable results in man, the
chemotherapist must know the cell cycle parameters of the
hematopoietic and leukemic stem cells in order to determine
the optimal dose schedule for ara-C.

From growth kinetic data on human leukemic cells
obtained by thymidine-3H-labeling techniques, the average
TC has been estimated to be very long (76, 133). However,

the interpretation of these data is difficult because both the
nonclonogenic and clonogenic cells are labeled with thymi-
dine-3H (132). The chemotherapist is primarily interested in

the cell cycle parameters of only the clonogenic leukemic
cells (9) because there eventually will be a relapse in the
disease if any of these cells survive therapy. As demon
strated in this report, the ara-C model can be used in an
operational way to determine the cell parameters of the
leukemic stem cells. By determining the duration of ara-C
therapy that produces a greater than 90% eradication of the
leukemic blast cells, the chemotherapist can estimate the
T'G,+ TM + rG2 interval for these cells. Such data are of

vital importance because they will be utilized to design more
effective chemotherapeutic regimens, not only for ara-C but
also for other antineoplastic agents.

In the development of chemotherapeutic models the
initial effort should be to find the most optimal dose
schedule for a specific agent. At a later stage combination
chemotherapy should be introduced into the model in order
to overcome the problem of absolute drug resistance to the
agent. For these reasons combination chemotherapy is not
discussed in the ara-C model at this time. Drug combina
tions to be used with ara-C must be very carefully evaluated
because various agents have been demonstrated to antago
nize the action of this nucleoside analog (53, 97).

Immunological and viral factors may also play an
important role in the ara-C model, and relevance of these
factors to chemotherapy should be mentioned. The dose
schedule as proposed in the ara-C model should produce
only a temporary immunosuppressive effect (52, 93) because
the Ip of the antileukemic immunocytes during the course of
ara-C therapy will most probably be less than 1.0. After the
completion of therapy the surviving immunocytes will
restore to the host any antileukemic immunosurveillance
activity that existed prior to therapy. With respect to viral
agents, it may not be possible to eradicate completely the
leukemic cells with chemotherapy in a host that contains
viruses capable of reinducing the disease. It is possible that
the antiviral activity of ara-C on DN A viruses (113) and the
inhibition by the nucleotide form of ara-C of the reverse
transcriptase of RNA tumor viruses (104), an enzyme that
may play an important role in viral oncogenesis (143), may
suppress the reinduction of leukemia by certain viral agents.
This is an area of investigation that should be studied
further.

The advantage in studying chemotherapeutic models is
that they can organize vast amounts of experimental data
into a more useful form and they can direct research into
certain areas that merit further investigation. Such studies
can lead to a better understanding of the action of
antineoplastic agents and the leukemic disease. By making
use of all the available basic and clinical data, chemothera
peutic models may prove to be powerful tools that can open
new and more effective approaches to treatment of neoplas
tic diseases.
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