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ABSTRACT

We have evaluated the effects of chemotherapeutic agents on the
toxicity and antitumor benefit of therapy of established murine rumors
by high-dose interleukin 2 (IL-2). Cyclophosphamide (Cy), doxorubicin,
and bischloroethylnitrosourea were given to normal mice prior to IL-2
administration to test the effects of these agents on IL-2-induced toxicity.
Cy at doses of 100 mg/kg and 150 mg/kg completely protected mice from
a 100% lethal dose of IL-2, and doses of 50 mg/kg and 150 mg/kg
allowed the administration of a median of 4.5 and 10.0 more doses of IL-
2, respectively, before death from IL-2 toxicity occurred. Doxorubicin at
8 mg/kg and bischloroethylnitrosourea at 20 mg/kg did not impact on
toxicity in IL-2-treated mice. In mice bearing pulmonary mÃ©tastasesof
the weakly immunogenic MCA-105 sarcoma, IL-2 increased median
survival time from 33 (no IL-2) to >60 days for all doses of IL-2 tested
when combined with a single injection of Cy at 75 mg/kg (P < 0.002).
Increasing doses of either Cy or IL-2 produced increasing benefits on
survival which were always greater than either treatment alone. These
effects of Cy and IL-2 were also seen in mice bearing the nonimmunogenic
MCA-101 sarcoma and a murine adenocarcinoma (MCA-38). Doxorub
icin and bischloroethylnitrosourea did not consistently enhance the effects
of IL-2 treatment. Cy appears to reduce the yield of in vivo generated
lymphokine-activated killer cells, but these lymphokine-activated killer
cells are still lytic for fresh tumor targets in vitro. Thus, the mechanism
of this synergy does not appear to involve stimulation of lymphokine-
activated killer cell activity, but may in part involve reduction of tumor
burden by the chemotherapeutic agent, an increase in susceptibility of
tumor to cellular immune lysis, and/or a decrease in suppressor cell
activity mediated by the chemotherapy.

INTRODUCTION

The adoptive transfer of LAK2 cells with the concomitant
administration of the lymphokine IL-2 has recently been shown
to have therapeutic benefit in the treatment of established
metastatic lung and liver tumors in mice (1-5). LAK cells can
be generated from both murine and human lymphoid cells by
the incubation of these cells with IL-2 and have the capacity to
lyse a variety of fresh tumor cells in short-term chromium
release assays (6,7). Recently, we have shown that the systemic
administration of very high doses of IL-2 alone results in the
generation of LAK cells in vivo (8, 9). In mice, the administra
tion of high doses of IL-2 alone can mediate tumor regression
in vivo (8, 10).

Based on the above observations, we have performed studies
of the administration of IL-2 and LAK cells to patients with
advanced, metastatic cancer and have observed complete or
partial tumor regressions in 22% of these patients (11, 12). In
addition, we have described a smaller series of cancer patients
who received high-dose IL-2 alone by a variety of routes; 6 of
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these 46 patients showed a 50% or greater regression of tumor
(13). In these studies substantial toxicity, primarily due to the
administration of IL-2, was seen. This treatment-related toxic
ity often resulted in the administration of less therapy than was
planned (11-13).

We therefore have attempted to find methods to increase the
potency of this immunotherapeutic approach and abrogate the
toxicity of IL-2, without interfering with its therapeutic effect.
Recently, we have reported that a vascular leak syndrome
induced by IL-2 administration in mice can be reduced by the
concurrent administration of Cy (14). Other studies have shown
that treatment with Cy can enhance specific adoptive immu-
notherapy, presumably by eliminating tumor-induced suppres
sor cells and/or by direct tumoricidal activity (15-18). The use
of other chemotherapeutic agents in conjunction with the ad
ministration of immunotherapy needs to be studied.

Because of the concern over administering an immunosup-
pressive drug to patients on immunotherapy with IL-2, we have
undertaken laboratory studies to determine the effect of chemo
therapy administration on both the toxicity of IL-2 and on the
antitumor effects of treatment with IL-2 in mice.

MATERIALS AND METHODS

Mice. The C57BL/6 mice used in these experiments were at least 12
wk of age. They were obtained from the animal production colonies of
the NIH, Bethesda, MD.

Splenocytes. Splenocytes were prepared as described previously (1).
Briefly, spleens were removed aseptically and crushed with the hub of
a syringe in HBSS (Biofluids, Rockville, MD). The cell suspension and
spleen fragments were passed through a single layer of 100 gauge nylon
mesh (Nitex; Lawshe Industrial Co., Bethesda, MD), and the erythro-
cytes were osmotically lysed with buffered ammonium chloride solution
(NIH Media Unit) at room temperature for 2 min. The cells were then
centrifugea and washed 3 times with HBSS.

Recombinant IL-2. As previously described, the gene for human IL-
2 was isolated from a high-producer Jurkat cell line, expressed in
Escherichia coli, and the resulting IL-2 was purified to apparent ho
mogeneity (19, 20). This human recoin hinan t IL-2 was kindly supplied
by the CETUS Corporation (Emeryville, CA) and had a specific activity
of 3 to 4 x IO6units/mg. When reconstituted, this preparation contains
5% mannitol and 131 ^g of sodium dodecyl sulfate per mg of IL-2. The
endotoxin level in the purified preparation was less than 0.1 ng/106
units of recombinant IL-2 as measured in a standard Limulus assay.

Generation of LAK Cells. LAK cells were generated as described
previously (1). Briefly, fresh Splenocytes were incubated in culture flasks
containing 175 ml of CM and 175,000 units of recombinant IL-2 per
flask. CM contained RPMI 1640 (Biofluids) with 10% fetal calf serum
(Biofluids), 0.3% fresh glutamine, 100 /Â¿g/mlof streptomycin, 100
units/ml of penicillin (all from the NIH Media Unit), 0.1 mM nones-
sential amino acids, 0.1 mM sodium pyruvate (all from Bioproducts,
Walkersville, MD), 50 Mg/ml of gentamicin (Shearing, Kenilworth,
NJ), and 0.5 Â¿Â¿g/mlof Fungizone (Flow Labs, McLean, VA). The flasks
were incubated for 72 h at 37Â°Cin a moist atmosphere with 5% CO2.

The LAK cells were then harvested, passed over Ficoll (Lympholyte-
M; Cedarlane Laboratories, Ltd., Hornby, Ontario, Canada) to remove
dead cells, and washed 3 times with HBSS before resuspending in CM.
Aliquots of LAK cells were tested for cytotoxicity in vitro in a standard
4-h 51Crrelease assay against a standard LAK cell target, a fresh MCA-

102 sarcoma, as described previously (1,6).
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Tumors. The MCA-101, -102, -105, and -106 sarcomas and the
MCA-38 colon adenocarcinoma used in these experiments are synge-
neic to C57BL/6 mice. MCA-101, -102, -105, and -106 sarcomas were
induced in our laboratory by the i.m. injection of 0.1 ml of 1% 3-
methylcholanthrene in sesame oil (21), and these tumors were cryopre-
served in the first passage generation. These tumors are then thawed
periodically, passaged s.c. in C57BL/6 mice, and used within the first
six transplant generations only. The MCA-105 and -106 tumors are
weakly immunogenic, and the MCA-101 and -102 tumors are nonim-
munogenic (9, 10).

MCA-38 is a murine colon adenocarcinoma that was induced by the
s.c. injection of dimethylhydrazine in C57BL/6 mice (22). This tumor
has been repeatedly passaged s.c. and has undergone sarcomatous
morphological changes. It is weakly immunogenic with adjuvants by
amputation-challenge testing (data not shown), but as with all tumors
used, it harbors no viral pathogens by repeated mouse antibody pro
duction screening (Animal Health Diagnostic Laboratories, Frederick,
MD). Its use was not restricted to early passage generations.

Single cell suspensions of the MCA-101, -105, and -106 sarcomas
and the MCA-38 colon adenocarcinoma were prepared as described
previously (1). Briefly, fresh tumors were excised, minced with scissors,
and stirred in a triple enzyme solution of deoxyribonuclease, hyaluron-

idase, and collagenase (Sigma, St. Louis, MO) for 3 h at room temper
ature, filtered through 100 gauge nylon mesh (Nitex), washed 3 times
in HBSS without calcium and magnesium, and resuspended at the
appropriate cell concentration for injection in HBSS. MCA-102 tumor
targets were prepared for MCr release assay by brief trypsinization of

minced tumor fragments.
Chemotherapeutic Agents. Cy (Cytoxan), Dox (Adriamycin), and

BCNU were the Chemotherapeutic agents used in this study. The first
two agents were reconstituted in sterile water, and the latter agent in
ethanol, and all were then diluted to the proper concentration with
HBSS. The dose of Cy varied (25, 50, 75, or 150 mg/kg) with the
experiment. This range of Cy doses was used because of the wide
variation in doses (50 to 240 mg/kg) reported in the literature (15-18,
23, 24). Dox was given at 8 mg/kg (doses reported in the literature
range from 5 to 10 mg/kg) (25, 26). BCNU was used at 20 mg/kg (27).
All agents were administered i.v. via tail vein injection.

Chemoimmunotherapy Model. In order to establish pulmonary mÃ©
tastases, mice were given injections i.v. on Day 0 with a single-cell
suspension of tumor cells in 1 ml of HBSS via the lateral tail vein. The
following concentrations were used: MCA-101, -105, and -106 sarco
mas, 3 x 10s cells/ml; and MCA-38 adenocarcinoma, 5 x IO5cells/ml.

Prior titration experiments had shown that these inoculations provided
optimal numbers of mÃ©tastasesfor use in therapy experiments.

Ten days later, tumor nodules of 1 to 2 mm in diameter were present
in the lungs. At this point, HBSS, Cy, BCNU, or Dox was injected i.v.
in various doses. Twenty-four h later, IL-2 injections or control injec
tions of HBSS were given i.p. 3 times a day for Days 11 to 16.
Occasional doses were skipped in all mice if some mice appeared toxic
due to IL-2 injections. Animals were then followed on a daily basis for
survival. At least six mice were included in each treatment group.

Recovery of in Vivo Generated LAK Cells from Lungs of Mice. l.AK
cells were generated in vivo by high-dose IL-2 administration (100,000
units i.p. 3 times daily) to normal mice for 4 days. Some of these mice
also received chemotherapy 24 h prior to beginning IL-2 as described
above. Lungs were removed on Day 4 and enzymatically digested at
room temperature for 3 h using three enzymes as described above for
tumor preparation. The cell suspensions were then washed, red cells
osmotically lysed, and lymphoid cells were isolated by passing the cells
over a discontinuous Ficoll gradient, all as described above. The result
ing cells were used as effectors in 4- or 18-h chromium release assays
against MCA-102 targets to evaluate LAK activity.

Cytotoxicity Assay. The cytotoxicity of LAK cells was assayed using
4-h and 18-h chromium release assays. Various numbers of effector
lymphocytes were added to 1 x IO4tumor targets (MCA-102) in round-
bottomed microtiter plates (No. IS-MRC-96; Linbro Scientific Co.,
Hamden, CT) in CM and incubated for 4 or 18 h at 37Â°Cand 5% CO2.
Target cells (IO7 were prepared by brief trypsinization of tumors and
were labeled with 200 pCi of Na"CrO4 (Amersham Corp., Arlington

Heights, IL) for 60 min. Supernatants from the cultures were harvested
with the Skatron-Titertek system (Skatrun. AS, Lierbyon, Norway) and
counted for y particle emission. Maximal isotope release was produced
by incubation of targets with 0.1 N hydrochloric acid. Spontaneous
isotope release was produced by incubation of targets with medium
alone. The percentage of lysis was calculated by

experimental cpm â€”spontaneous cpm
maximal cpm â€”spontaneous cpm x 100

All determinations were made in triplicate, and data were reported as
means of these determinations.

Statistical Analysis. The significance of differences in survival be
tween groups was determined by the Wilcoxon rank sum test (28).
Two-tailed P values are presented in all experiments.

RESULTS

Toxicity of IL-2 in Mice Pretreated with Cy. Non-tumor-
bearing, normal mice were pretreated with varying i.v. doses of
Cy, and 24 h later IL-2 was begun at 100,000 units i.p. 3 times
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Fig. l. Effect of cyclophosphamide preadministration on the toxicity of high-

dose IL-2. Top, Cy in varied doses was administered i.v. to normal mice who then
received 100,000 units of IL-2 i.p. 3 times daily, beginning 24 h later. IL-2 was
continued until all mice had succumbed to IL-2 toxicity and survival was recorded.
Bottom, normal mice were given an LO,,Â«,of IL-2 (18 doses of 100,000 units 3
times daily i.p.) 24 h after pretreatment with varying doses of Cy and survival
measured. High-dose Cy pretreatment permitted the administration of signifi
cantly more doses of IL-2 (75 mg/kg and 1SOmg/kg, /' < O.OS)before eventual
death and completely protected mice from an II"),,Â«,of IL-2 (at 100 mg/kg and

150 mg/kg).
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No Chemo

Fig. 2. Survival of mice bearing MCA-105
pulmonary mÃ©tastasesfollowing therapy with
a variety of chemotherapeutic agents combined
with IL-2 in replicate experiments. MCA-105
sarcoma single cell suspensions were injected
i.v. on Day 0 to establish pulmonary mÃ©tas
tases, and a single injection of Cy, Dox,
BCNU, or HBSS was given i.v. on Day 10. IL-
2 was given i.p. 3 times daily in various doses
from Days 11 to 16. Six mice in each group
were followed for survival. Left, Experiment 1;
right. Experiment 2.
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daily. This was continued until all mice had expired from IL-2
toxicity, and survival in days (and by total IL-2 doses) was
recorded. Mice given 50 mg/kg of Cy were able to tolerate a
median of 4.5 more doses of IL-2 than mice given no Cy, and
150 mg/kg of Cy permitted a median of 10.0 more IL-2 doses
prior to death (Fig. 1). To examine the effect of Cy pretreatment
on an 1.1)|(K>of IL-2, normal animals were given differing doses
of Cy followed by an LDioo of IL-2 which was 18 doses in this
experiment. Pretreatment of mice with 50 mg/kg of Cy reduced
this to an LD57, and both 100 mg/kg and 150 mg/kg of Cy i.v.
resulted in no deaths after 18 doses of IL-2. Thus these latter
two doses of Cy given once i.v. prior to IL-2 were able to protect
all animals from an LDioo of IL-2 (Fig. 1).

Treatment of Tumor-bearing Mice with Chemotherapy and
IL-2. The antitumor benefit of chemotherapy plus IL-2 com
pared to treatment with either therapy alone was evaluated in

Days

mice bearing advanced pulmonary mÃ©tastases.Mice bearing
pulmonary mÃ©tastasesof MCA-38, -101, or -105 tumors were
treated on Day 10 (when tumors were macroscopically visible
in the mouse lung) with either HBSS or a single i.v. injection
of a chemotherapeutic agent (Cy, Dox, or BCNU at doses of
75, 8, and 20 mg/kg, respectively) in conjunction with a 5-day
course of IL-2 at varying doses started 24 h, after the chemo
therapy dose.

In mice bearing MCA-105 tumor mÃ©tastases,the administra
tion of IL-2 alone at 50,000 or 100,000 units 3 times daily
improved survival slightly [increased MST, 9 and 7 days, re
spectively (P < 0.002)] (Fig. 2). Similarly, treatment with Cy,
Dox, or BCNU alone increased the MST by 11, 1, or 8 days,
respectively. However, treatment with Cy in conjunction with
IL-2, at IL-2 doses of 7,500, 50,000, and 100,000 units i.p. 3
times daily, resulted in substantial improvement of survival and
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No Chemo

Fig. 3. Effect of chemotherapy and IL-2
treatment on survival of mice with pulmonary
mÃ©tastasesfrom the nonimmunogenic sar
coma MCA-101 (left) and the weakly immu-
nogenic murine adenocarcinoma MCA-38
(right). Six mice per group were treated with
chemotherapy and increasing doses of IL-2
exactly as in Fig. 2 and then followed for
survival.
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long-term cures of these mice bearing advanced pulmonary
tumors (MST > 60 days for all IL-2 doses and a cure rate of
31 of 36 mice for all combinations of IL-2 and Cy; P < 0.02
compared to Cy alone or IL-2 alone).

In treating mice bearing lung mÃ©tastasesfrom the MCA-38

colon adenocarcinoma (Fig. 3), Cy alone had no significant
effect on survival, but survival in Cy-treated animals was in
creased by the addition of IL-2 at doses of 7,500 units or greater

(P < 0.002 compared to untreated mice or mice treated with

IL-2 alone or Cy alone; 16 of 18 animals cured). Using therapy

with Dox alone, no benefit was seen compared to control mice,
but significant increases in survival were seen by adding IL-2 at
doses of 7,500, 50,000, or 100,000 units (P < 0.02 compared
to control for all cases). Treatment with BCNU alone resulted
in survival benefit over control mice (P < 0.01) which appeared
to be slightly increased by IL-2 administration, but the substan

tial effect of BCNU alone made it difficult to evaluate any small
benefit from the further addition of IL-2.
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Fig. 4. Effect of increasing doses of Cy and
IL-2 on survival of mice with MCA-105 pul
monary mÃ©tastases. Mice harboring 10-day-
old MCA-IOS pulmonary mÃ©tastases were
treated with increasing doses of Cy followed
24 h later by various doses of IL-2 given i.p. 3
times daily for 5 days and then followed for
survival. There were six mice in each group.
At doses of Cy at or above 75 mg/kg, the
addition of IL-2 therapy (which had negligible
survival benefit alone) resulted in a dramatic
increase in mean survival and the long-term
cure of the majority of animals. Cy alone could
prolong survival at the highest dose but re
sulted in no cured mice. Left, Experiment 1;
righi. Experiment 2.
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When mice bearing the completely nonimmunogenic tumor
MCA-101 were treated with Cy alone (Fig. 3), they showed an
increase of only 3 days in MST (P < 0.05). Similarly, IL-2
alone showed a small benefit over control mice (MST increased
4 days, P < 0.01). These effects were further increased by the
combination of Cy and higher doses (50,000 units i.p. 3 times
daily or greater) of IL-2, although the differences are small
(maximum increase in MST of 9 days). Dox treatment of the
MCA-101 tumor had no impact on survival, whereas BCNU
treatment had impact attributable to the chemotherapy alone

with no added benefit of even 100,000 units of IL-2.
Dose Response of Cy and IL-2 in Tumor-bearing Mice. Be

cause the greatest effects were seen when IL-2 was combined
with Cy, this interaction was studied in more detail. The doses
of Cy and IL-2 were independently varied in order to determine
the optimal dose of each. IL-2 doses of 0, 7,500, 50,000, and
100,000 units i.p. 3 times daily were used with Cy doses of 0,
25, 75, and 150 mg/kg. Cy was given on Day 10, and IL-2 was
given on Days 11 to 16. Fig. 4 shows the results of two
experiments using MCA-105. In mice bearing 10-day MCA-
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Table 1 Effect of increasing doses ofCy and IL-2 on survival of mice with
experimentally induced pulmonary mÃ©tastases

Tumor'

MCA-106 MCA-101 MCA-38

Cy dose IL-2 dose % % %
(mg/kg)Â° (units)* MST* cured MST cured MST cured

02575ISO07,50050,000100,00007,50050,000100,00007,50050,000100,00007,50050,000100,00025282730*25273Sf24TSfiff>54/:Â«'SS'42^00000000033660050212023182124^242VVf2gf3*33fVf3lfy)f33/0000000000000000252629*29Â«2644'Â«f(ft3*tifÂ»(/>9</60f>9(/>90^>90^000001616SO03350100166610083

" Cy was given i.v. on Day 10.
* IL-2 in varying doses was given i.p. 3 times daily from Days 11 to 16.
' Tumor cells injected i.v. via tail vein on Day 0. There were six mice per

group.
'' Median survival time for all mice in days. Cured mice were alive without

tumor at Day 120.
' Group survival significantly different from no IL-2 control group (/' < 0.05).
' Croup survival significantly different from that of no Cy group receiving the

same dose of IL-2 (P < 0.05).

105 pulmonary mÃ©tastases,treatment with Cy alone at doses
of 75 mg/kg or greater had some impact on survival (MST =
25 days in Experiment 1 and 31 days in Experiment 2; P <
0.002 compared to no treatment), but all animals were dead by
58 days unless IL-2 was also used. IL-2 alone had some survival
benefit at the highest dose (MST = 26 days for 100,000 units
of IL-2 in Experiment 1 and 22 days in Experiment 2, P <
0.002 compared to controls), but again so long-term survivors

were seen. At each dose of Cy, the addition of increasing doses
of IL-2 resulted in an increasing benefit on survival. Following
Cy doses of 75 mg/kg and 150 mg/kg the addition of IL-2 at
all doses resulted in the cure (animals alive at 120 days) of the

majority of mice (P < 0.002 compared to Cy alone for each IL-
2 group).

Similar effects were seen in MCA-106- and MCA-38-bearing
animals (summarized in Table 1), with long-term survivors seen
only when Cy and higher doses of IL-2 were combined. In
treating mice bearing MCA-101 sarcoma, the best survival
resulted when the highest dose of each agent was administered,
although no long-term survivors were seen (Table 1).

PBL Yield and Corresponding LAK Activity in Mice Receiving
Both Chemotherapy and IL-2. The yield and cytotoxicity of
lymphocytes in the peripheral blood, spleen, and lungs of mice
receiving both chemotherapy and IL-2 were determined. A
single dose of chemotherapeutic agent (at the doses previously
described) was given i.v., and animals subsequently received IL-
2 (100,000 units i.p. 3 times daily) from Days 1 to 6. On Day
4, and again on Day 7, mice were bled to harvest fresh PBLs
and then sacrificed for removal of spleens and lungs. Lympho
cytes were isolated from either peripheral blood or organs as
described in "Materials and Methods," counted, and tested for
lysis against MCA-102 targets in 4-h chromium release assays.

As shown in Table 2, PBL counts on Day 4 were lowered by
each chemotherapeutic agent and were decreased further by the
combination of chemotherapy plus IL-2. IL-2 alone is known
to rapidly cause a disappearance of PBLs from the circulation
(29, 30). When combined with the direct lymphotoxic effects
of chemotherapy, it is not surprising that a greater decrease in
lymphocyte counts occurs. One day after completion of IL-2
administration (Day 7), a "rebound" of lymphocyte counts was

observed [also seen in patients (II)], with a blunted rebound
response seen when chemotherapy was also given. Cell yields
per spleen were also reduced on Day 4 by chemotherapeutic
agents in both IL-2- and HBSS-treated groups.

Day 4 splenocytes from animals receiving IL-2 showed in
vivo generated LAK activity by chromium release assay (Table
2). Although cell yields were lower when chemotherapy was
given, in vitro lysis of tumor targets (i.e., LAK activity) on a
per cell basis was preserved. Similar results were seen in lung-
derived lymphocytes from IL-2-treated animals (data not
shown).

In vitro LAK cell generation was also evaluated after Cy.
Splenocytes from mice receiving Cy only were incubated in vitro

Table 2 Effect of chemotherapy and IL-2 treatment in vivo on the yield and lytic activity of PBLs and splenocytes
Cell yield (xIO"4)PBL'Chemotherapeuticagent*NoneNoneDoxDoxBCNUBCNUCyCyCycycyCyDose(mg/kg)88202075752525ISOISOSyst^rnk"IL-2*

Day43.1

Â±O.O'+

1.4 Â±0.02.7
Â±0.3+

0.8 Â±0.01.7
Â±0.2+

0.6 Â±0.11.3
Â±0.0+

0.7 Â±0.1NO1+

NDND+

NDDay?5.3

Â±0.58.0
Â±0.34.1
Â±0.26.1
Â±0.43.8
Â±0.33.6
Â±0.23.0
Â±0.24.4
Â±0.3NDNDNDNDSpleenDay

4'83

Â±11*101
Â±946Â±
157
Â±235

Â±138
Â±256
Â±665

Â±1069
Â±1083

Â±637
Â±749

Â±7%

oflysisofMCA-102by

splenocytes.Day
4'7Â±3*23

Â±1-1
Â±222
Â±10Â±313Â±

11
Â±125

Â±1NDNDNDND

Â°Cy, Dox, or BCNU was given i.V.on Day 0.
* IL-2 (100,000 units) was given i.p. 3 times daily from Days 1 to 6.
'"Three mice per group were exsanguinated via tail artery on Days 4 and 7, and peripheral blood lymphocytes per mouse were separated and counted.
d Three spleens per group were harvested on Day 4, splenocytes recovered and counted, and results expressed.
' Fresh splenocytes recovered on Day 4 from treated mice were tested as effectors in a 4-h chromium release assay against fresh murine sarcoma targets (MIA

102) to assess LAK activity.
'Mean Â±SE of PBLs per mouse.
* Mean Â±SE of splenocytes per mouse.
* Mean Â±SE of the percentage of lysis of triplicate wells at a 100:1 effectortarget ratio.
' ND, not determined.

127

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/1/122/2430954/cr0480010122.pdf by guest on 19 M

ay 2023



CHEMOIMMUNOTHERAPY WITH IL-2

with IL-2 (1000 units/ml) for 3 days, and the resulting cells
were tested for cytotoxicity against MCA-102 in 4-h chromium
release assays (Table 3). Lower yields of LAK were obtained
from cultures of these splenocytes compared to control (no Cy)
cultures. However, lytic activity on a per cell basis was compar
able in all groups.

DISCUSSION

Therapy with large doses of IL-2 alone can cause the regres
sion of both murine and human tumors of various histologies
and at several different sites (8-10, 12, 13). This therapy is
associated with marked toxicity which is the prime limitation
to therapy (11-13). This toxicity is expressed primarily as a
capillary leak syndrome and appears to be immunologically
mediated as nude mice and other immunosuppressed mice show
decreased toxicity to IL-2 (14). Previous studies using 125I-

albumin to measure capillary permeability showed that Cy was
able to decrease the toxic effects of IL-2. This prompted us to
undertake the present study. We have demonstrated that the
pretreatment of animals with Cy followed by high-dose IL-2
not only decreased the toxicity of IL-2, but contributed to
enhanced antitumor effects when compared to either modality
alone. Although we have also previously described the success
ful immunotherapy of murine tumors with adoptively trans
ferred LAK cells and lower doses of IL-2 (1-5), early experi
ments showed no survival benefit of Cy and LAK cells with
low-dose IL-2 in micrometastatic models (data not shown).
Kedar et al. (15) also showed no difference in antitumor effect
of IL-2 and Cy when these agents were added to LAK cells (IL-
2-propagated lymphocytes). Therefore, we have emphasized
studies of the impact of adding chemotherapeutic agents to
treatment with high-dose IL-2 alone.

The mechanism of the decrease in toxicity and increase in
cure rates of animals with tumors remains unresolved. The
mediators of IL-2 toxicity are likely to be products of immune
cells as there is a delay of several days after beginning IL-2 in
the appearance of toxic manifestations, and these effects are
further delayed by immunosuppressive measures (14). Studies
are underway to determine what cells are responding to IL-2
and which toxicity-mediating substances are elaborated in re
sponse to IL-2. The fact that toxicity to IL-2 is reduced by Cy
but the antitumor effects are enhanced suggests that different
cell populations are responsible for these two phenomena.

The possible mechanisms by which Cy yields greater survival
and cure rates when combined with IL-2 are numerous. Most
simply, IL-2 and Cy may be independently exerting direct
antitumor effects, and the net result is merely the additive result

Table 3 Lytic activity of LAK cells generated in vitro from splenocytes treated
with cyclophosphamide in vivo

Chemotherapeutic Dose
agent"(mg/kg)None

Cy
Cy
Cy25

75
150Splenocyte

yield(x10-Â«)*46

Â±17"
42 Â±10(91)'

12 Â±12(26)
19 Â±6(41)%

of lysis
at the following

E:Tratios'100:162

Â±8
52 Â±1
50 Â±9
44 Â±920:135

Â±1
31 Â±1
38 Â±7
41 Â±10

" Cy is given i.v. on Day 0 and spleens harvested 24 h later.
* Yield of splenocytes per mouse.
' Splenocytes were incubated for 3 days in 1000 units/ml IL-2 in CM and then

tested for lysis of the MCA-102 fresh tumor target in a 4-h "Cr release assay.

E:T ratio, effector cell:target cell ratio.
* Mean Â±SE (for three spleens).
' Numbers in parentheses, splenocyte yield as a percentage of that from

untreated spleens.

of two highly effective modalities. The reason that these mo
dalities appear synergistic (supraadditive) is that Cy may reduce
tumor bulk to a level low enough to enable therapy with IL-2
to eliminate all residual tumor. With the end point of survival,
these modalities could thus appear to be synergistic. Evans has
described a prominent tumor-debulking effect of Cy in murine
tumors (16), but states that this is only transient, not resulting
in cured animals. One way to separate the direct cytocidal
effects of Cy from the effects of Cy on the tumor-bearing host
would be to identify tumors which are resistant to Cy (in the
pulmonary metastasis model used here) yet are amenable to
therapy with IL-2. Efforts are underway to identify such a
tumor system.

One attractive explanation for the enhanced antitumor effects
of the combination of Cy and IL-2 is that Cy is preferentially
eliminating a suppressor cell population, thus allowing in
creased IL-2-driven antitumor responses to occur. Suppressor
cell populations have been demonstrated in other highly im-
munogenic tumor models, but not in conjunction with in vivo
IL-2 therapy. Some reports have shown a requirement for high
doses of Cy (similar to those effective here) to eliminate sup
pressor cells (18), but most designate lower doses as appropri
ate. Another possible argument against the role of suppressor
cells in IL-2 therapy is that IL-2 itself can augment a variety of
suppressor activities in vitro (31) and thus could serve to reverse
the effects of suppressor elimination by Cy when given after
Cy. Ultimately, the existence of Cy-sensitive suppressor cells in
these tumor systems can only be convincingly demonstrated by
the transfer of suppressor cell populations to Cy-treated animals
with the subsequent reversal of the effects of Cy. We have thus
far failed to demonstrate this using suppressor populations from
mice bearing late autologous tumors, but this work is continu
ing.3

The greater effectiveness of Cy on tumors with some degree
of immunogenicity suggests that a portion of the effect of Cy
alone may be immune mediated. Although immunogenicity and
response to Cy are not absolutely correlated in murine tumors
(32), these two features do seem to be frequently associated.
Furthermore, immunosuppression has been reported to de
crease the effectiveness of Cy against some tumors (33, 34). If
this is the case with the sarcomas used here, IL-2 may be
enhancing a component of the Cy effect which depends on a
host immune response. Alternatively, Cy may either select for
tumor cells which are more susceptible to IL-2 therapy or
actually alter the immunogenicity of surviving tumor cells as
seen with other mutagenic agents (35). All of these mechanisms
would depend on a direct effect of Cy on the tumor, but also
require an intact host immune response in order to fully mani
fest the benefits of Cy and IL-2 therapy.

The possibility that Cy is inflicting nonspecific, sublethal
damage on tumor cells, thus rendering them more susceptible
to lysis by cytotoxic lymphocytes, is not conclusively excluded
here and requires further study.

Because LAK cells constitute one known effector mechanism
by which IL-2 can mediate the regression of tumors (9), we
examined the effects of Cy on LAK cell generation in vivo and
in vitro. The ability of splenocytes to respond to IL2 by the
generation of LAK activity is unchanged (on a per cell basis),
but the total yield of cells per organ or per animal is reduced
by Cy. Therefore, Cy effects on LAK cell generation do not
provide a satisfying explanation of the increased antitumor
effects of chemoimmunotherapy. The impact of Cy on other

3Unpublished data.
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immune responses and other IL-2-induced antitumor activities
is being investigated.

We have demonstrated a decreased toxicity and an increased
antitumor efficacy of IL-2 following treatment with single-dose
i.v. Cy. This effect was most prominent in two tumors which
demonstrate a low degree of immunogenicity. Treatment was
initiated when the tumor burdens were quite large, with
hundreds of macroscopic pulmonary nodules visible. Despite
therapy-limiting toxicity in the treatment of human tumors
with IL-2 alone, we have seen both complete and partial re
sponses in patients with melanoma and renal cell carcinoma.
The decreased toxicity of IL-2 following Cy provides a rationale
for human trials using these two agents. These trials, currently
underway, will also evaluate Cy for possible enhancement of
the antitumor effects of IL-2 in humans.
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