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ABSTRACT

The immunomodulator AS101 has been found previously by us to
stimulate the secretion of high levels of interleukin 1 and colony stimu
lating factor (CSF) in vitro, as well as the production of CSF in vivo in
mice models. These cytokines are known to induce proliferation and
differentiation of hematopoietic progenitor cells from the spleen and bone
marrow (BM) and to protect mice from DNA-damaging agents. The
present studies were designed to evaluate the effects of prolonged treat
ment with AS101 on myelopoiesis, BIVIcellulari!), and CSF secretion in
mice treated with a sublethal dose of cyclophosphamide (CYP) and on
the survival of mice undergoing treatment with lethal doses of this
compound. In this model, the hematopoietic progenitors were suppressed
during the overbound phase of myelopoiesis resulting from the cytotoxic
effects of CYP. This allowed the detection of a significant proliferarne
effect of AS101 in vivo on BM colony-forming units granulocyte-macro-
phage progenitor cells, BM cellularity, and the secretion of CSF. More
over, AS101 protected these animals from the lethal effects of high doses
of CYP. These protective effects were demonstrable only when AS101
was administered to mice prior to CYP treatment. The only exception
was CSF secretion by spleen cells that had been reconstituted when
AS101 was administered both prior to and following CYP treatment.
AS101 was found to have a synergistic effect with CYP in the treatment
of tumor-bearing mice, suggesting that the combination of these two
modalities provides a more effective treatment of their tumors. These
results strongly suggest an immunoregulatory role for AS101 in counter
acting the chemotherapy-induced hematopoietic suppression as well as
usefulness as adjunct treatment of cancer when used in combination with
CYP.

INTRODUCTION

Chemical-induced cytoreduction is used therapeutically for
the treatment of neoplasms and also to ablate BM1 prior to

BM transplantation. The efficacy of chemotherapy against ad
vanced tumors depends on the dose intensity of the drugs
utilized (1, 2). Treatment with such agents, however, is limited
by myelosuppression, immunosuppression, and other toxic ef
fects on normal cells. In addition, chemotherapy-induced neu-
tropenia and immunosuppression makes these patients more
susceptible to infections.

Immunotherapy with cytokines or with cytokine inducers
may help to minimize the myelosuppressive effects of DNA-
damaging agents. The ability of G-CSF to significantly shorten
the period of chemotherapy-induced bone marrow hypoplasia
has been documented in cyclophosphamide-treated monkeys
(3), in 5-FUra-treated mice (4), and of chemotherapy-induced
neutropenia in patients (5). Other investigators have reported
that IL-1 can enhance the recovery of the WBC count of mice
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treated with CYP (6) or 5-FUra (7). In addition, recombinant
human IL-1 can protect and reconstitute bone marrow from
the lethal effects of CYP (6). Moreover, G-CSF and IL-1 have
been shown to act in synergy in promoting hematopoietic
regeneration after 5-FUra treatment (7).

AS 101 has been shown previously to stimulate the production
of IL-1, CSF, TNF, and other cytokines in vitro (8-12). This
compound also stimulated in vivo the production of IL-2 and
CSF in mice (8). Current phase I and II clinical trials with
cancer patients show an enhancement in the secretion of CFS,
TNF, and interferon, in vivo (13-15). Since several cytokines
have been reported to protect mice from the lethal effects of
CYP and since AS 101 has been reported to induce the release
of these cytokines, it was hypothesized that this agent might
exert chemoprotective effects via induction of cytokines.

In the present study, we examined: (a) the dual ability of
AS101 to prevent damage to bond marrow cellularity, CSF
secretion, and hematopoietic granulocyte-macrophage colony-
forming cells following treatment with sublethal doses of CYP;
and (b) to protect mice from the lethal effects of CYP. We also
examined the therapeutic activity of AS101 in conjunction with
low and high doses of CYP on mice bearing advanced solid
tumors of lung adenocarcinoma origin.

The data demonstrate a major in vivo effect of AS 101 in
promoting hematopoietic regeneration after treatment with
sublethal doses of CYP as well as in protecting mice from the
lethal effects of this compound. It seems, moreover, that suc
cessful therapy using high doses of CYP might be achieved by
use of AS 101 to protect against excessive cytotoxicity.

MATERIALS AND METHODS

Mice.Two-month-old BALB/c mice were purchased from The Jack
son Laboratory, Bar Harbor, ME, and housed 10/cage.

Treatment with AS101. AS101 was administered to mice in doses
ranging between 2.5 and 30 Â¿ig/0.2ml/injection. The compound was
supplied in a solution of phosphate-buffered saline at pH 7.4 and
maintained at 4Â°C.Before use, AS101 was diluted in PBS and the

appropriate concentrations in 0.2 ml volume were administered to
normal mice by i.p. injection. Control animals were given 0.2 ml of
PBS. Two weeks prior to CYP treatment, AS101 was injected every
other day (the last injection 24 h before CYP treatment) or after CYP
treatment every other day from the first to the ninth day. Animals were
sacrificedon day 9.

Cyclophosphamide.Cyclophosphamide (Sigma)was freshly prepared
before use by suspending the powder in PBS. For hemopoietic recovery
studies, a dose of 250 mg/kg was used. Chemotherapy for tumor-
bearing mice was given at concentrations of 150-250 mg/kg.

Recoveryof BoneMarrow and SpleenCells. Femurs and spleens were
removed and placed in PBS solution. Single cell suspensions of BM
were prepared by washingeach cavityof the femur with 5 ml PBS using
a sterile syringeand a 26-gaugeneedle.Spleen cellswere passed through
stainless steel nets, treated with hypotonie solution to lyseerythrocytes,
and washed 3 times. Cell counts were obtained using a hemocytometer.
Viability,as assessed by the trypan blue exclusion method, was >95%.

CSF Secretion. Spleen cells from treated mice were cultured at 5 x
106/mlfor 24 h with 0.5 Mg/mlof AS10I. Supernatants were collected

and tested for CSF activity using the soft agar technique described by
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Fig. 1. Effect of ASIOI injections before C'YP treatment (CT.V) on BM

cellulari!}. Mice were given injections of ASIOI or PBS every other day for 2
weeks. Nine days after CYP treatment (250 mg/kg) femurs were removed, and

PBS AS2.5ng AS30H9 CONTROL

CTX TREATED UNTREATED

Fig. 2. Effect of ASIOI injections (AS) before CYP treatment (CTX) on CSF
secretion by spleen cells. ASIOI or PBS were injected for 2 weeks, every otherecKs. :N,nc days alter | M â€¢treatment (Â¿Mlmg/kg) lemurs were removed and dav Mo[c Watmcnt with 250 mg/kg CYP. Nine davs later CSF was prepared

single Â«^suspensions were prepared and counted Colons, mean Â±SE (bars) from . ^ â€¢Â»* â€¢ exoeriments of 6
of 5 experiments of 6 mice/group/experiment. *. P < 0.05. from spleen cells. Columns, mean Â±SE (bars) from 5 different experiments of 6

mice/group/experiment. *. P < 0.05.

Plu/nick and Sachs (16). Briefly, supcrnatanls to be tested for CSF
activity were incorporated in 2 ml of hard medium in a 35-mm Petri
dish. BM cells (IO5) in 1 ml of soft agar medium (0.3%) were cloned
above the hard agar layer. After 7 days of incubation at 37Â°Cin a

humidified atmosphere of 8.5% CO2 in air, the number of granulocyte
and macrophage colonies that had grown in the soft agar was scored.

Quantitation of Colony-forming Units-Granulocyte-Macrophage. BM
from treated animals were seeded in agar cultures in the presence of rat
spleen cell-conditioned medium as a source of colony-stimulating activ
ity. This conditioned medium was obtained from the supernatant of 2.5
x IO*1rat spleen cells incubated for 48 h in the presence of 2.5 Mg/ml
concanavalin A. Colony-forming units-granulocyte-macrophage were
scored by counting the number of granulocyte-macrophage colonies
developed in the soft agar using the soft agar culture technique described
above.

Tumors. Madison 109, a spontaneous, transplantable lung adenocar-
cinoma of BALB/c origin, was obtained from s.c. growths and dispersed
as described (17). Tumor cells (2 x 10s) were inoculated Â¡.p.into

syngeneic mice.
Chemotherapy. Therapy with cyclophosphamide was initiated 12-14

days after tumor implantation, at which time i.p. growths had reached
palpable size. ASIOI was given either by daily injections before CYP
treatments starting from day 1 after tumor implantation or after treat
ment every other day until the end of the experiment.

Statistical Analysis. The DÃ¼nnetprocedure (18) for comparisons of
mean values of the different ASIOI concentrations versus PBS was
used. Survival curves were tested both by comparing the cumulative
percentage of survival and the percentage of survival at the termination
of the trial. For the first method we used the Gehan-W ilcoxon test and
for the second method the x2 lest for proportions.

RESULTS

Effect of ASIOI on BM Viability. In order to examine the
effects of ASIOI administration on BM hypoplasia induced by
cytotoxic agents, CYP at a sublethal dose of 250 mg/kg was
administered i.p. to normal mice after ASIOI injections. Fig. 1
demonstrates that 9 days after CYP treatment, ASIOI injec
tions resulted in an earlier recovery of BM cellularity. At that
time, 2.5 ug ASlOl/mouse increased the number of BM cells
from 33 to 50 x IO6 in comparison to PBS (P < 0.05), an

increase of 51.5%, almost bringing it back to normal levels [52
Â±3 (SD)]. At 10 fig a smaller although significant increase
occurred (P < 0.05). Higher concentrations of ASIOI did not
significantly increase the number of BM cells.

When ASIOI was administered after CYP treatment, no
significant effect was noted at any dose of ASIOI used.

Effect of ASIOI on CSE Secretion. Fig. 2 shows that 9 days
after CYP treatment, CSF secretion by spleen cells was only
32% that of normal nontreated mice (54.3 Â±9.1 versus 157 Â±
13 colonies in control animals). However, continuous injections
of ASIOI 2 weeks prior to CYP treatment completely prevented
the decrease in CSF secretion. Increased CSF secretion exhib
ited a dose-dependent response. At 2.5 ug ASlOl/mouse, CSF

secretion by spleen cells increased greatly compared to controls,
from 54.3 Â±9.1 to 156.5 Â±25.7 colonies/IO5 BM cells (P <

0.05). At 10 i/g/mouse, the number of colonies was 137.3 Â±
27.6 (P < 0.05), while the increase in colonies at 30 ^g/mouse
was not significant (101.4 Â±14.7).

In contrast to BM viability that did not improve, when ASIOI
was injected after CYP treatment, an increase in CSF secretion
by spleen cells was observed using that protocol of injections.
At 10 ug ASIOI, the number of colonies increased by 53% (P
< 0.05), and at 30 ^g ASlOl/mouse it increased by 66% (P <
0.05) (Fig. 3).
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Fig. 3. Effect of ASIOI injections (AS) after CYP treatment on CSF secretion
by spleen cells. ASIOI or PBS were injected on days I. 3. 5, 7. and 8 followingC'YP treatment (250 mg/kg). On day 9 mice were sacrificed and CSF was prepared

from spleen cells. Columns, mean Â±SE (bars) from 5 different experiments of 6
mice/group/experiment. *, P < 0.05.
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PBS AS2.5H9 AS1ÃœH9 AS 30ug

Fig. 4. Effect of ASIOI injections (AS) before CYP treatment on the number
of CFl'-C" in the bone marrow. ASIOI or PBS was injected 2 weeks before CYP

treatment (250 mg/kg). On day 9 following CYP treatment, bone marrow cells
were seeded in scmisolid agar cultures containing rat spleen-conditioned medium
as a source of CSF. Control CSF values amounted to 120 Â±11 colonies/IO' BM

cells. Columns, mean Â±SE (han) from 5 experiments of 6 mice/group/experi-
ment. *. P < 0.05.
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Fig. 5. Protective effects of ASIOI from lethal effects of cyclophosphamide.
Mice were treated with 300 nig/kg CYP after being given injections of different
concentrations of ASIOI (2.5-30 ng/mouse/injection) or PBS every other day
for 2 weeks. The rate of survival was monitored for 43 days. Results represent 3
experiments with a total of 30 mice. *. P < 0.01 by x2 test compared to control
PBS; +,P< 0.01 by Gehan-Wilcoxon test compared to control PBS.

Effect of ASIOI on Early Recovery of CFU-C after CYP
Treatment. Although mice treated with a single injection of 250
mg/kg CYP sruvived >2 months, there was a marked effect on
the number of CFU-C in the bone marrow. At 9 days, the
number of progenitors was decreased from 120 Â±11 in control
mice to 14.8 Â±2.5 in PBS-treated mice. Administration of 2.5
Mg AS101 prior to CYP treatment increased the number of
CFU-C by approximately 200% (P < 0.05). A similar increase
in CFU-C was observed after injections of 10 pg ASlOl/mouse
(P < 0.05). At 30 MgAS101, a smaller, yet significant (110%,
P < 0.05), enhancement in CFU-C was noted (Fig. 4). No
statistical difference was noted by direct statistical comparison
of the 3 doses. Alternate day administration of all doses of
ASIOI from day 1 through day 9 following CYP treatment did
not alter the number of CFU-C in the BM of CYP-treated mice
(data not shown).

Effect of ASIOI on Survival following Lethal Doses of CYP.
Based on the results described above showing that ASIOI
administration prior to CYP treatment accelerates hemato-
poietic recovery in sublethal CYP-treated mice, we analyzed
the biological importance of the prevention of cytotoxicity by
ASIOI on the increase in survival of mice treated with lethal
doses of CYP. Mice received ASIOI every other day for 2 weeks
prior to receiving a lethal dose of CYP. This schedule of
administration significantly increased the survival of mice
treated with 300 or 400 mg/kg CYP (Figs. 5 and 6).

Ninety % of animals treated with 2.5 ng AS 101/injection
before receiving 300 mg/kg CYP survived 40 days following
CYP treatment, while only 20% survived in the PBS control
group (P < 0.0001). At 10 and 30 ng AS 101/injection, 80% of
the mice survived after the same period (P < 0.002 and P <
0.01, respectively) (Fig. 5). When analyzing the cumulative
percentage of survival by Gehan-Wilcoxon test, it was found to
be significant for all 3 doses (P < 0.001 for 2.5 ÃŸgASIOI, P <
0.01 for 10 MgASIOI, and P < 0.001 for 30 MgASIOI). No
significant change between the three doses was observed. A
similar effect on survival, although of smaller intensity, was
noted in mice subjected to a higher dose of CYP. As can be
seen in Fig. 6, mice given injections of ASIOI 2 weeks prior to
a dose of 400 mg/kg CYP displayed a bell-shaped dose-response
curve in their percentage of survival. Seventeen days after CYP
treatment, an increase in the percentage of survival was ob

served with the increase in ASIOI concentration from 2.5 ng
(28.5% survival versus 0 in PBS-injected mice, P < 0.011) to
10 /jg ASIOI (40% survival versus 0, P = 0.02). At 30 Mg, the
percentage of survival was smaller yet significant (20% survival,
P = 0.05). The cumulative increase tested by Gehan-Wilcoxon
test was significant only at 30 ng ASIOI (P < 0.05). ASIOI,
administered every other day from day 1 following CYP treat
ment, did not increase the percentage of survival (data not
shown).

Chemoimmunotherapy of M109 Lung Carcinoma Tumors. In
order to examine whether ASIOI could protect mice from the
adverse effects of chemotherapy and improve the survival rate
of experimental tumor-bearing animals treated with CYP, mice
were implanted i.p. with Madison lung carcinoma tumor cells
and treated 12 days later with 150 or 250 mg/kg CYP. ASIOI
at 10 /jg/mouse was given i.p. 3 times weekly, starting 1 day
after tumor implantation. The results shown in Fig. 7 demon
strate a clear survival advantage in the group treated with
cyclophosphamide at 150 or 250 mg/kg in combination with
ASIOI. Forty-three days following tumor implantation, 50%
of CYP (150 mg/kg)-treated mice survived as compared to

80-

60

PBS

AStOng
AS2.5pg

18

DAYS

Fig. 6. Protective effects of ASIOI from very high doses of CYP. Mice were
treated with 400 mg/kg CYP after being given injections of ASIOI or PBS.
Results represent 3 experiments with a total of 30 mice. *, P < 0.05 by x2 test
compared to control PBS; +. P < 0.05 by Gchan-Wilcoxon test compared to
control PBS.
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Fig. 7. Chemoimmunotherapy of BALB/c mice with i.p. Madison 109 tumor.
Mice were given injections of ASI01 or PBS. every other day, starting on day 1
after tumor implantation. Twelve days later, mice were treated with (A) 150 mg/
kg or (B) 250 mg/kg of CYP (CTX). Survival was monitored for 45 days. Results
represent .1experiments with a total of 20 mice. *.P< 0.05 by x2 test compared
to control PBS; +, P < 0.01 by Gehan-Wilcoxon test compared to control PBS.

control PBS-injected mice. However, mice treated with the
combination of AS 101 and CYP increased their rate of survival
to 75% (P = 0.0026). When mice were treated with CYP at a
dose of 250 mg/kg, their rate of survival was lower than that
of control untreated mice. However, the combination of AS101
and CYP at that concentration increased the percentage of
survival from 12.5% to 87.5% (Fig. IB) (P = 0.0014). When
analyzing the survival curves by the Gehan-Wilcoxon test, CYP
at 150 mg/kg (Fig. 1A) did not significantly increase the rate
of survival whereas the cumulative increase of AS 101 at 10 /ug
+ CYP was very significant (P < 0.01) compared to PBS.
Moreover, the combination of ASI01 + CYP at 150 mg/kg
was found to increase significantly (P< 0.02) the rate of survival
compared to CYP alone. The combination of CYP at 250 mg/
kg and AS101 (Fig. IB) has also resulted in a very significant
increase in the rate of survival (P < 0.0004) when compared to
PBS or to CYP alone (P< 0.0001). In another protocol, AS 101
given to mice 3 times weekly starting 1 day after treatment with
150 mg/kg CYP increased significantly the survival at 43 days
(P = 0.0091) and the cumulative survival (P < 0.001) (Fig. 8).

DISCUSSION

In the present study we demonstrate the ability of AS101 to
protect mice from the adverse effects of the alkylating agent.
CYP. We show that administration of AS101 2 weeks prior to
a sublethal dose of CYP increases BM cellularity, CSF produc
tion by spleen cells, and the frequency of CFU-C in the bone
marrow. In addition, treatment of mice with AS101 before
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Fig. 8. Chemoimmunolherapy of BALB/c mice with i.p. Madison 109 tumor.
Mice were treated with CYP (CTX) at 150 mg/kg 12 days after tumor implan
tation. One day later and on every other day. mice were given injections of either
AS101 (AS) or PBS. Results represent 3 experiments with a total of 20 mice. *,
P < 0.01 by x2 test compared to control PBS: +. P < 0.01 by Gehan-Wilcoxon

test compared to control PBS.

administration of lethal doses of cyclophosphamide signifi
cantly prolongs survival of treated animals in a dose-dependent
manner. Enhanced recovery from myelosuppression caused by
CYP, as measured by survival and biological activity, is de
pendent on the dose and timing of AS101 administration.
Injections of AS101 2 weeks prior to CYP administration, with
the last injection given 24 h prior to CYP treatment, decreases
the mortality associated with the cytoreductive therapy and
increases progenitor cell activity and CSF secretion above the
level seen in animals given CYP alone. However, when high
doses of AS 101 were injected after CYP treatment, significant
changes were observed in spleen cell CSF secretion.

We previously found that AS 101 can protect mice from
radiation-induced hemopoietic damages.4 We proposed that

this was the result of radioprotection due to induction of cells
into the S phase of the cell cycle by AS101. However, a common
mechanism for radioprotection and chemoprotection probably
cannot be explained merely by the fact that AS 101 puts cells
into this phase of cell cycle, since cycling cells are expected to
be more sensitive to the toxic effects of CYP. Data have
accumulated that immunotherapy with cytokines may protect
and reconstitute hemopoietic damages caused by an alkylating
agent such as CYP. IL-1 has been reported to protect and
reconstitute murine progenitor cells in the BM following treat
ment with chemotherapeutic agents (6). IL-1 has recently been
reported to provide protection for human bone marrow colony-
forming cells treated in vitro with high doses of 4-hydroxycy-
clophosphamide (19). IL-1 has also been shown to have a
synergistic effect with G-CSF in promoting hematopoietic re
generation following 5-fluorouracil treatment (7). G-CSF has
been shown recently to shorten the duration of chemotherapy-
induced neutropenia in patients bearing solid tumors (20, 21).
Recombinant human granulocyte-macrophage-CSF was found
to have a similar effect in patients undergoing autologous
marrow transplantation (22, 23). We previously reported that
AS 101 induces increased amounts of IL-1 and CSF from mouse
spleen cells cultured in vitro as well as CSF from BM cells.4

Systemic injections of AS 101 to immunosuppressed cancer
patients enhance secretion of various cytokines including CSF,
TNF, IL-2, and 7-interferon (13-15). The ability of AS101 to

4 Y. Kalechman el al., submitted for publication.
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induce the secretion of a variety of cytokines previously docu
mented as promoting hemopoietic regeneration after chemo-
therapeutic treatment may explain the chemoprotective effects
of this agent.

In the present study we administered ASI01 2 weeks prior
to CYP treatment with the last injection of ASI 01 administered
24 h prior to CYP because it has been found to be effective
previously in other in vivo systems involving AS101 studied in
our laboratory. However, other protocols of injections involving
fewer injections of AS101 are currently being examined.

We demonstrate that AS 101 given in combination with CYP
can improve the rate of survival of tumor-bearing mice. This
may be due to the capability of AS 101 to protect mice from
adverse effects of chemotherapy. In addition, immunotherapy
combined with CYP and cytokines such as IL-2 has been
documented previously to increase the survival in tumor-bear
ing mice (24). This may explain the increased survival of mice
treated with a low dose of CYP, when AS101, an inducer of
IL-2, is injected after CYP treatment. We show that treatment
with chemotherapeutic agents is limited by the toxic effects of
these agents. At 250 mg/kg CYP, less mice survived 43 days
after tumor implantation, as compared to control untreated
mice. However, high-dose CYP therapy preceded by adminis
tration of AS 101 appears to minimize the suppressive effect of
this agent. Moreover, it is well known that the efficacy of
chemotherapy against advanced tumor burdens is dose depend
ent (1, 2). Indeed, in this tumor model, when the damaging
effects of CYP were minimized by AS 101, survival improved
(87.5% versus 75% at the lower dose of CYP).

In summary, these results suggest that chemoimmunotherapy
protocols with AS 101 have considerable potential for clinical
application in minimizing adverse cytotoxicity resulting from
alk> luting agents. Clinical trials utilizing AS101 in combination
with chemotherapy in patients with various solid tumors will
be initiated in the near future.
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