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SUMMARY

Complete remission of tumor involves the elimination or the
control of growth of the tumor cell population and is subject
to a balance of factors pertaining to the drug, tumor, and host.
Among the most notable variables which may influence the
attainment of complete remission are the extent of action of
the drug on the tumor cells, the drug toxicity for the host, the
degree of challenge represented by the number of tumor cells,
the origin and extent of tumor cell resistance, the degree of
sequestration of the tumor cells, and the pharmacologie and
immunologie status of the host.

In therapy, one or more of the factors pertaining to the
host-tumor-drug relationship may become limiting, thereby
preventing the chemotherapeutic agent from exerting
sufficient effect at a tolerated dosage to achieve complete
tumor remission. However, these limiting factors can be
manipulated in favor of a net increase in chemotherapeutic
specificity of action of the treatment against the tumor cells,
and examples are cited of specific approaches worthy of
further investigation and of potential chemotherapeutic value
for the clinic.

Complete remission of tumor implies the elimination, or
alteration to normalcy, of the tumor cell population. Con
ceptually this may be effectively accomplished in a number of
ways: (a) by direct antitumor action of the drug, employed
alone or in combination with other modalities of therapy; (b)
increasing the generation time of the tumor cells so extensively
that they are rendered essentially dormant; (c) alteration of
the characteristics of the tumor cells so that they do not
metastasize or infiltrate, and thereby lose their virulent
characteristics; (d) eradication of systemic tumor cells by
chemotherapy accompanying surgical extirpation of a local
ized tumor mass; (e) stimulation of host resistance to the
tumor (Extensive reduction in the tumor cell population may
permit the host to eliminate or control the growth of the
remaining tumor cells); (/) correction of some metabolic
dyscrasia, if such can be identified, so that the tumor cells
become subject to regulatory mechanisms in cell division or
differentiation (For acute leukemia, chemotherapeutic
destruction of leukemic cells may permit the reconstitution of
normal blood and bone marrow elements. In what manner
successful treatment, in addition to destroying leukemic cells,
may activate regulatory mechanisms for cellular replication
and maturation remains to be determined); (g) prevention of
reinduction of the disease (If a virus is the etiologic agent, this

could involve chemotherapeutic inactivation of the virus or
immunization of the host cells against the virus).

Most of the recent emphasis in the chemotherapy of
experimental or clinical tumors has been placed on the
maximum destruction of the tumor cells with a view to the
ultimate complete destruction of the neoplasm. Although
additional active drugs and improved modalities of therapy
have become available, the major limitation to successful
therapy with the available drugs in the treatment of experi
mental and clinical tumors continues to be the toxicity of the
drugs for the host. This is illustrated for Cytoxan and for
l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) (Chart 1) (I.
Kline et al., unpublished data). In this experiment the drugs
were administered as single treatments against leukemia
L1210, early in the course of the disease (Day 3 following
leukemic inoculation) but against a relatively high inoculum
level (IO7 cells). With both BCNU and Cytoxan, as the dosage

was increased the number of survivors was increased. The
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Chart 1. Experiment DL-374. Dose-response plot; comparison of the
percentage of 60-day survivors following one treatment with 1,3-bis-
(2-chloroethyl)-l-nitiosourea (BCNU, NSC 409,962) or Cytoxan
(NSC26,271) in mice with leukemia LI210. Eight BDFimice per treated
group and 16 untreated mice were inoculated subcutaneously with IO7

LI 210 splenic cells on Day 0. One subcutaneous injection was given on
Day 3. All 60-day survivors were without palpable tumor. The
untreated controls died on Days 9-11 with a median survival time of 10

days.
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number of survivors reached a maximum at an optimal dose,
beyond which dose the toxicity for the host became
dominant, and the number of survivors was diminished.
Treatment with BCNU at the optimal dosage yielded 75
percent survival, whereas Cytoxan at the optimal dose resulted
in a maximum number of survivors of 50 percent. For active
drugs, the survival time of animals that succumb also follows
the same general patterns as has been described previously (10,
33). With both BCNU and Cytoxan, had it been possible to
employ higher dosage of the drugs without concomitant
increase in toxicity for the host, both the survival rate and the
overall survival time could have been increased.

The limitation of host toxicity is illustrated diagrammatically
in Chart 2 using the general procedure employed by Skipper et
al. (30, 31). The estimated number of surviving leukemic cells
is plotted at various dosages for both Cytoxan and BCNU. The
estimates of surviving leukemic cells are based on the Poisson
distribution law at dose levels where animals survived for 60
days. When there were no survivors, but an increase in survival
time, the estimate is made by relating the median survival time
of the treated group to a concurrent tumor cell inoculum-
survival time curve for untreated controls. In the initial
portion of these curves there is logarithmic tumor cell kill for
both Cytoxan and BCNU. As previously stressed by Skipper et

ioÂ»-,

IOT-

E

IH

I08-

10*-

I02-

io'

I-

â€¢Inoculum Level

Cytoxan

0.1-

Cytoxon 8Expected

if no hoit/

toxicity4

120BCNU
12 17V\

Single Treatment" Day3172

24524
34mg/kg3504950070

Chart 2. Estimation of the number of surviving cells following one
treatment with l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) or
Cytoxan. Treatment occurred at 3 days after the subcutaneous
inoculation of IO7 LI210 splenic cells. The relationship between

dosage and surviving leukemic cells is shown until host toxicity
interferes with the assay. The calculations in this experiment (DL-374),
are based on a generation time of 0.9 days.

al. (30), failure to take drug deaths into account may interfere
with the estimate of surviving leukemic cells. Although,
theoretically, increasing the dosage would continue the
logarithmic destruction of the leukemic cell population, the
observation of this phenomenon is masked by the toxicity of
the drug for the host and ensuing earlier death.

The percent survivor assay may be employed to measure the
therapeutic capability of a drug as the inoculum level is
increased. This is considered important since a serious com
plication in the treatment of neoplasia is the general decrease
in the effectiveness of a drug as the number of tumor cells is
increased. The limitation imposed by an increase in the
number of tumor cells is shown in Chart 3 where it may be
seen that, as a single treatment, BCNU was less effective in
producing complete remissions in animals inoculated with IO7
cells as opposed to animals inoculated with IO6 or 10s cells.
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Chart 3. Experiment DL-374. Influence of the size of the leukemic
inoculum on the ability of l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU)
to produce survivors.

It is possible to rank drugs with respect to their ability to
yield survivors. This can be done by obtaining dose-response
curves for different drugs at a single inoculum level or, more
comprehensively, over a series of inoculum levels. The latter is
illustrated in Chart 4 where, for a series of drugs, the
maximum percentage of sixty-day survivors, at each optimal
dose, is plotted against a range of inoculum levels (I. Kline et
al., unpublished data). On single treatment of early leukemia,
BCNU and Cytoxan were most effective in producing survivors
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for animals with leukemia LI 210. Cytosine arabinoside
(ara-C), 6-mercaptopurine, and Methotrexate (two treatments)
showed lesser orders of activity.
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Chart 4. Drugs are compared with respect to their ability to produce
survivors. Data are from separate experiments. l,3-Bis(2-chloroethyl)-
1-nitrosourea (BCNU) and Cytoxan (Experiment DL-374) were given
subcutaneously on Day 3 only after subcutaneous inoculation of L1210
splenic cells; cytosine arabinoside (ara-C) (Experiment DL-476) and
6-mercaptopurine (6-MP) (Experiment DL-519) were given sub

cutaneously on Day 3 only after subcutaneous inoculation of LI 210
ascites cells. Methotrexate (MTX) (Experiment DL-531) was given

But the schedule of therapy has been demonstrated to play a
most important role in influencing drug effectiveness. Drugs
that are relatively ineffective in destroying tumor cells on
short-term massive therapy may be quite efficacious if
employed on more prolonged schedules. Conceptually, barring

other factors, such as cumulative drug toxicity or the origin of
tumor cell resistance, eradication of tumor cells may occur
regardless of how long it takes for the process to be
completed. This is illustrated in Chart 5 which is a modifi
cation of a model of Skipper et al. (30) involving idealized
tumor cell kill and population regeneration. It is postulated
that there is a lag phase of two days following leukemic
inoculation and a generation time of 0.55 days. Starting with
an inoculum of 10s cells, a 71.64 percent kill of leukemic cells

at each daily treatment starting two days following leukemic
inoculation would result in stasis of the leukemic cell
population. A 78 percent leukemic cell kill daily would yield
survivors in 56 days.

As the number of cells is increased, the same daily percentage
tumor cell kill (71.64 percent) would continue to result in
equilibration of the number of leukemic cells, and the cell kill
of 78% would still be capable of eradicating the leukemic cell
population. The latter would merely take a longer period of
treatment. If therapy is withheld until Day 7, when the
leukemic cell population is 5.45 X IO7 cells, leukemia-free

survival would obtain by 86 days. Thus a drug such as cytosine
arabinoside which is of limited effectiveness on single treat
ment may yield extensive increases in survival time and totally
eradicate leukemic cells on multiple therapy schedules. When
treatment was initiated relatively early following leukemic
inoculation, cytosine arabinoside was capable of eliciting a
high percentage of 65-day survival over a wide range of
prolonged treatment schedules (Chart 6) (20). The extended
therapy, although somewhat less effective against advanced
leukemia, nevertheless continued to result in a significant
percentage of survivors.

Methotrexate, essentially ineffective in yielding survivors of
leukemia L1210 as a single treatment, was more effective on
multiple treatment schedules (11, 13, 14). 3',5'-Dichloro-

IO 20 SO 40 50 6O 70 80 90 100 110 120 130 140 ISO 160 170

Days After Tumor Inoculation

Chart 5. Calculated relationship of the number of surviving tumor cells with varying percentage kill on daily therapy. It is assumed that there is
a two-day lag phase following tumor inoculation, and the generation time of the tumor cells is 0.55 days. Daily treatment is initiated on the second
day following tumor inoculation.
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Chart 6. Influence of day of treatment initiation and schedule of
treatment on the ability of cytosine arabinoside (ara-C) to produce
survivors. BDFi male mice, 8 per treated group and 16 untreated
controls, were inoculated subcutaneously with L1210 splenic cells.
Subcutaneous injections were terminated on Day 63. In the early
treatment experiment (DL-475) the untreated controls died on Days
10-15; the median survival was 11 days. In the delayed treatment
experiment (DL-483), the untreated controls died on Day 11 and 12;
median survival was 11 days.

methotrexate (DCM), similar in activity to Methotrexate as a
single treatment, displayed marked activity on multiple
therapy. On prolonged daily treatment with DCM against
systemic leukemia LI210, it was possible to achieve a high
incidence of survivors (Chart 7) (9).

Where the chemotherapeutic action of a drug is limited to a
specific phase of the mitotic cycle, synchronization of the
tumor cell population with subsequent application of the
chemotherapeutic agent at the appropriate time may increase
therapeutic effectiveness. Cytosine arabinoside has been
reported to exert its antileukemic activity by blocking DNA
synthesis (S phase) of actively dividing cells (3, 32).
Synchronization of leukemia LI210 cells with colcemid
followed by administration of cytosine arabinoside when the
cells were observed to be in S phase (15 hours after colcemid),
resulted in therapeutic potentiation (36).

Cytoxan has also been demonstrated to be schedule
dependent in its therapeutic effectiveness (21, 38). Inter
mittent treatment with Cytoxan (two treatments spaced 4 or 7
days apart) resulted in increased effectiveness in providing
survivors of leukemia LI210 (Chart 8). On the other hand,
multiple daily therapy schedules (Days 5,6,7,5-9, and Day 5

to death) led to progressive decreases in the number of
survivors (I. Kline et al., unpublished data). The diminished
effectiveness on daily treatment is attributable to limiting
cumulative toxicity for the host.

Treatment of early leukemia every 4 days with Methotrexate
was considerably more effective than daily treatment in
increasing survival time and destroying leukemic cells (12).
With the intermittent treatment schedule, host recovery,
without proportionate recovery of the tumor cell population,
apparently permitted the employment of higher concen-
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Chart 7. Comparison of Methotrexate (MTX) and 3',5'-dichloro-

methotrexate (DCM) in the treatment of advanced leukemia LI 210.
Subcutaneous daily treatment was started on Day 7, or 3 days prior to
the median day of death of the untreated controls.

5Â«I05 10*
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Chart 8. Influence of the treatment schedule and size of inoculum
on the ability of Cytoxan to produce survivors in mice with leukemia
L1210. Data from two experiments (DL-427 and 605). Subcutaneous
treatment, subcutaneous L1210 inoculation.

trations of the drug with the resultant increase in therapeutic
effect. This observation has been extended to remission
maintenance therapy in acute leukemia in children with
attendant improvement in therapeutic efficacy (29).

Differential protection may be afforded to the host relative
to the tumor cell population by the employment of a
metabolite in conjunction with an antimetabolite. With such a
procedure, it is necessary to determine the optimal temporal
relationships. A single treatment with Methotrexate at the
optimal dose yielded a low percentage of survivors of leukemia
LI210, and this was not improved by the application of
citrovorum factor simultaneously with the Methotrexate.
However, when the administration of citrovorum factor was
delayed for 12 hours following the Methotrexate,.there was an
increase in the percentage of survivors (Chart 9) (15). The
improved effectiveness apparently resulted from the ability of
the delayed citrovorum factor to protect the animals against
drug toxicity without a concomitant decrease in the anti-
leukemic effectiveness of the Methotrexate. Thus, with
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delayed citrovorum factor, more animals were able to survive
drug toxicity at dosages that could destroy the leukemic cell
population.
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Chart 9. Comparison of Methotrexate (MTX) alone, Methotrexate
plus simultaneously administered citrovorum factor (CF), and
Methotrexate plus citrovorum factor administered 12 hours after the
Methotrexate; 250 mg/kg Methotrexate; 200 mg/kg citrovorum factor.

Combinations of two or more drugs with differing funda
mental mechanisms of action may yield additive effects or
elicit therapeutic synergism in treatment by virtue of exerting
a greater effect against the tumor cells without a corre
sponding increase in toxicity for the host (6, 27, 37). An
example is provided in Table 1 where, on a daily treatment
schedule, the combination of BCNU and Methotrexate, drugs
with differing mechanisms of action, was more effective
against systemic leukemia L1210 than either drug alone in
giving sixty-day survival (39).

Combination chemotherapy may also provide a therapeutic
advantage where it is important to employ drugs which may
have effects at different anatomic sites. This procedure may be
useful, for example, in the treatment of meningeal leukemia.
Drugs such as Methotrexate have reduced effectiveness against

intracranial leukemia since they are incapable of effectively
crossing the blood-brain barrier (25, 34, 41). On the other
hand, nitrosoureas such as BCNU can cross the blood-brain
barrier and retain considerable effectiveness against intra
cranial disease (4, 28). Chemotherapy with such combinations
might be useful in the prevention of meningeal infiltration of
leukemic cells or in the treatment of more advanced disease
where meningeal disease has become florid. The therapeutic
advantage obtained with the combination of BCNU and
Methotrexate in the experiment cited above (Table 1) may be
attributable, at least in part, to differential action of the drugs
with respect to systemic and meningeal leukemia. Such
differential exposure to two drugs is in essence accomplished
in the treatment of clinical meningeal leukemia when Metho
trexate or aminopterin is administered intrathecally during
treatment of systemic disease with a primary modality of
therapy (26, 29,41).

When the disease is systemic, as in the case of advanced
leukemia L1210, a sequential therapy procedure may also be
attempted. The principle involves the use of priming therapy
to decrease the number of tumor cells; this in turn permits the
drug which is used sequentially to be more effective. In one
study (Chart 10) (35) a single dose of BCNU was administered
against advanced leukemia LI 210 in order to drastically
reduce the number of leukemic cells. When this priming dose
of BCNU was followed by daily treatment with cytosine
arabinoside, an increase in the percentage of survivors was
observed. With this type of sequential therapy, it is possible
that following the priming dose, resting cells may begin to
undergo active mitosis and become more sensitive to the
second drug.

A similar principle pertains to surgery plus adjuvant chemo
therapy. Extirpation of the tumor mass diminishes the
population of tumor cells, rendering the remaining smaller
number of metastatic and circulating tumor cells more
susceptible to total eradication (5,18).

A severe limitation to therapy is presented by the appearance
of a resistant tumor cell population arising as the result of
mutation and selection pressures (2, 7, 19, 22). The use of
combinations of drugs may delay the origin of resistance (37).
If the therapy is primarily with a single drug such as
Methotrexate, it may be desirable to use a low level of a highly
cytotoxic agent such as BCNU in an effort to destroy the
chemotherapeutically resistant cells as they appear. This type

Table 1

Single drag treatment Combination drug treatment
MTXDose

(mg/kg)3.0

1.5
0.75
0.375%

60-day
survivors00

0
0BCNUDose

(mg/kg)12.0

6.0
3.0
0%

60-day
survivors0

0
200BCNU,

dose
(mg/kg)6.0

3.0
1.5MTX,

dose
(mg/kg)1.5

0.75
0.375%

60-day
survivors0

60
0

Effect of combination chemotherapy on the percentage of survivors of advanced leukemia L1210.
Subcutaneous daily treatment was started on Day 7 and continued until the termination of the experiment.
MTX, Methotrexate; BCNU, l,3-bis(2-choroethyl)-l-nitrosourea.
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Chart 10. Experiment DL-469. Effect of treatment with a priming
dose of l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) followed by daily
injection of cytosine arabinoside (ara-C) in increasing the number of
survivors of advanced leukemia LI210 as compared with treatment
with the drugs individually.

of approach may be particularly important as illustrated by
the observation that a low incidence of leukemic cells (1% of
the population) interfered with the ability of Methotrexate to
increase the survival time of leukemic animals (37).

Congeners of chemotherapeutic agents do not necessarily
have the same mechanism of action and may be effective
against tumor cells resistant to the parent compound. For
example, tetrahydrohomofolate was effective against an
amethopterin-resistant line of leukemia LI 210 which has a
high level of dihydrofolate reducÃase(23). It is of interest that
tetrahydrohomofolate has an inhibitory effect on thymidylate
synthetase but not against dihydrofolate reducÃase. Since
resistance to Iherapy may occur in a variety of ways (16), the
possibilities for effective Iherapy wilh congeners is encour
aging.

Il has been demonslraled experimenlally lhat resislance lo
one drug may resull in increased Iherapeulic response (collat-
eral sensilivily) lo a second drug (16). One example involved a
subline of leukemia LI 210 resistant to 6-mercaptopurine and
azaserine. Relalive lo Ihe parent sensitive line of leukemia
L1210, this subline showed increased sensitivily lo Melho-
Irexale (37). This phenomenon is worthy of furlher explo-
ralion.

There are olher faclors which may influence the outcome of
therapy. The roule of drug adminislralion may markedly alter
its dislribulion and aclivily (40). Hosl immunily to lumor
anligen may augmenl Ihe chemolherapeulic aclion of a drug
(8). Drug dislribulion and melabolism (24) and phenomena
such as lelhal synlhesis and allosleric inhibition (17) may
influence drug effectiveness. The occurrence of associated
virus which may transform lumor cells lo malignancy adds an
addilional dimension of chemolherapeulic variables (1).

The emphasis in Ihe above discussion is on Ihe inlerplay of
drug, hosl, and lumor faclors in chemolherapy. The range of
chemolherapeulic aclivily of a drug is in large measure
proportionale lo knowledge pertaining lo ils use. Only a
beginning has been made in a basic underslanding of ihese

relalionships, and, even so, considerable progress has been
made in Iherapy.
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