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ABSTRACT

We have demonstrated previously that the immunomodulator AS101
can protect mice from acute lethal toxicity mediated by high doses of
radiation or chemotherapy. The compound was shown to rescue mice from
toxic effects of cyclophosphamide or 5-fluorouracil. The results presented

herein demonstrate that pretreatment of mice with AS101 protects them
from lethal effects of several chemotherapeutic drugs acting by distinct
mechanisms. At sublethal doses, AS101 could prevent hemopoietic damage
caused by the drugs. A significantly higher proportion of colony forming
cells granulocyte-macrophage as well as a higher level of colony stimulat

ing factor secretion by bone marrow (KMi cells was observed in mice
pretreated with AS101 before injection of doxorubicin or cyclohexylchlo-

roethylnitrosourea. Moreover, a significantly higher rate of survival was
observed in mice injected with AS101 before treatment with lethal doses of
these drugs. AS101 could also rescue BM stromal cells from damages
caused by doxorubicin. We show that injection of mice with AS101 or
pretreatment of BM cells with AS101 protects BM-colony forming cells
granulocyte-macrophage from toxic effects of etoposide. We suggest that

the protective effects of AS101 against damages caused by a variety of
cytotoxic drugs may be attributed to the ability of the compound to
expand the colony forming unit spleen subpopulation of early progenitors,
those cells that are resistant to several DNA damaging agents and are the
precursor cells essential for reconstitution of the hemopoietic system. It
seems that AS101, by minimizing adverse cytotoxicity resulting from a
variety of drugs, is a promising candidate for chemoimmunotherapy with
cancer patients.

INTRODUCTION

The immunomodulator AS 101' has been shown previously to

stimulate the production of IL-1, IL-2, CSF, tumor necrosis factor, and
other cytokines /'/; vitro (1â€”4).This compound also stimulates in vivo

the production of IL-2 and CSF in mice (1). Phase I and II clinical

trials with cancer patients show an enhancement in the secretion of
CSF, tumor necrosis factor a, and y-interferon in vivo (5, 6). AS 101

has also been shown by us to exhibit radioprotective properties when
injected prior to sublethal and lethal doses of irradiation (4). In addi
tion, AS 101 was found to protect mice from hemopoietic damage
caused by sublethal doses of cyclophosphamide and to increase the
rate of survival of mice treated with lethal doses of CYP (7). AS101
could significantly increase the number of BM and spleen cells, the
absolute number of CFU-GM, and the secretion of CSF by either BM

or spleen cells in mice treated with CYP.
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We recently showed that prior incubation of BM cells with AS101
results in protection of CFU-GM from the toxic effects of ASTA-Z, a

potent derivative of CYP (8). These results might have significant
clinical implications when designing autologous BM transplantations
in which ASTA-Z is used for the purging of acute leukemic marrows.
AS101, however, did not protect K562 or HL-60 leukemic cells from
the toxic effects of ASTA-Z (8).

We have recently demonstrated that protection of BM CFU-GM

treated in vitro with AS101 and protection by AS101 of mice treated
in vivo with CYP can be partly ascribed to increased aldehyde dehy
drogenase activity induced by AS101 (8). This enzyme catalyzes the
reaction in which carboxyphosphamide, a metabolite with little cyto
toxic activity, is produced (9). Although we showed an increase in
ALDH activity after AS101 injection and correlated these results
with resistance to CYP, AS 101 was found to increase the number of
spleen cells after 5-FUra injection (8). This protection could not be

attributed to an increase in ALDH activity. The aim of the present
study was to examine the protective effects of AS101 in mice treated
with various chemotherapeutic drugs acting though different mecha
nisms of action. This protection could be the result of the effect of
AS101 on a common target crucial for the protection against adverse
effects of various drugs. The drugs studied were doxorubicin,
CCNU, and VP-16.

MATERIALS AND METHODS

Mice. Male BALB/c mice, 2 months of age, were purchased from The
Jackson Laboratory, Bar Harbor, ME, and housed 10 mice/cage.

IVeatment with AS101. AS101 was supplied by Wyeth-Ayerst Research

(Radnor, PA) in a solution of phosphate buffered saline, pH 7.4, and maintained
at 4Â°C.Before use, AS101 was diluted in PBS and the appropriate concentra

tions were either injected into normal mice in 0.2 ml volume or introduced to
BM cultures in 50 Â¡t\volume for in vitro experiments.

Recovery of Bone Marrow Cells. Femurs were removed and placed in
PBS. Single cell suspensions of BM were prepared by washing each cavity of
the femur with 5 ml PBS with a sterile syringe and a 26-gauge needle. Cell

counts were obtained using a hemocyometer. Viability, as assessed by the
trypan blue exclusion method, was found to be >95% throughout.

(â€žhumiliation of CFU-GM. BM cells were seeded in agar cultures as

described previously (10). Briefly, rat spleen cell conditioned medium as a
source of colony stimulating activity was incorporated in 2 ml of hard agar
medium (0.5%) in a 35-mm Petri dish. BM (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 colonies

that had grown in the soft agar was scored.
CSF Production. BM cells, 1 X 10"/ml, were suspended in enriched RPMI

1640 with 10% PCS and supplemented with 0.5 fig/ml AS101. The cultures
were incubated for 48 h. Supernatants were collected and assayed for CSF
activity.

Assay for CSF Activity. CSF was quantitated by determining the number
of colonies that developed from BM cells cloned in the presence of CSF
containing fraction to be tested. The soft agar technique described by Pluznik
and Sachs (10) was used to clone BM cells.
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Assay for CFU-S. BM cells were collected from control and AS101 treated
mice. The CFU-S were assayed using the method of Till and McCulloch (11).

Recipient mice (5 mice/group) received a lethal irradiation dose of 950 rads.
BM cells (IO5) were injected i.v. into the retroorbital plexus of recipient mice.

The number of colonies in spleens was counted microscopically 12 days later
following fixation with Bouin's solution.

CFU-F Colony Assay. CFU-F colonies were assayed by plating 5 X IO6
BMC in 2 ml of culture medium (Eagle's medium supplemented with 20%

FCS) in duplicate cultures for 7 days without refeeding. Dishes were washed
with phosphate-buffered saline and stained with Wright-Giemsa. Colonies

containing >5() cells including fibrobalsts, macrophages, and endothelial cells
were counted using an inverted microspcope on day 7.

Treatment with Drugs. CCNU was freshly prepared by dissolving the
powder in PBS at a dose of 1.5 mg/0.2 ml. CCNU was injected into mice at a
dose of 60 mg/kg in 0.2 ml volume, 24 h after injection of AS101 at a dose of
10 jig/mouse or PBS. Mice were sacrificed 24 h later. Doxorubicin (Farmitalia
Carlo Erbamont, Italy) was freshly prepared by dissolving the powder in saline
at a dose of 0.375 mg/0.2 ml. The drug was injected to mice (15 mg/kg in 0.2
ml volume), 24 h after injection of AS101 at a concentration of 10 /Mg/mouse
or PBS. Mice were sacrificed at various time points after treatment.

Incubation with VP-16. VP-16 (Sigma) was freshly dissolved in PBS

before use. Normal mouse BM cells were treated with hypotonie solution to
lyse erythrocytes and were then placed in culture tubes in PBS supplemented
with 4% FCS at 6 X 106/ml. The cultures were incubated at 37Â°Cwith or

without AS101 at 0.1 and 0.5 jug/ml. After incubation, various concentrations
of VP-16 (5â€”10/J.M) were added to the cultures and the incubation was
continued for 2 h more in a 37Â°Cincubator. The cells were then washed twice

with chilled PBS to remove the VP-16 and cultured in semisolid agar cultures

for the growth of hemopoietic CFC. For in vivo experiments, AS101 (10 and
30 fig/0.2 ml) was injected into mice 24 h before recovery of BM cells. BM
cells were treated in vitro with various concentrations of VP-16 for 2 h as

described above, washed, and cultured in semisolid agar.
Survival Examination. AS101 at doses of 2.5, 10, and 30 fig/0.2 ml was

injected into mice at 0.2 ml volume 24 h before treatment with a single dose
of 150 mg/kg CCNU or 50 mg/kg doxorubicin. Survival of mice was examined
for 30 days.

Statistical Analysis. Comparisons of means of the various groups were
made with the t test. Survival curves were tested both by comparing the
cumulative percentage of survival and by the percentage of survival at the
termination of the trial. For the first method we used the Gehan Wilcoxon test
and for the second we used the x2 test for proportions.

RESULTS

Effect of AS101 on Early Recovery of CFU-GM in the BM after

Treatment with CCNU. After treatment with CCNU at 60 mg/kg,
100% of both PBS and AS101 injected mice survived beyond 60 days.
However, 24 h after treatment, the number of CFU-GM in the bone

marrow decreased by approximately 50% (Fig. 1). The number of
progenitors decreased from 80 Â±(SE) 9 in control untreated mice to
36 Â±4 in CCNU treated mice. This decrease was statistically signifi
cant (P < 0.01). Injection of 10 /j.g AS101 into mice before treatment
with CCNU brought about a marked recovery of CFU-GM (increase

from 36 Â±4 to 64 Â±6 in AS 101 treated mice) (P < 0.01).
Effect of AS101 on CSF Secretion by BM of CCNU Treated

Mice. The extent of the decrease in CSF secretion by BM cells of
CCNU treated mice was similar to that observed for BM CFU-GM.

CSF secretion decreased from 122 Â± 14 to 64 Â±7 (P < 0.02).
However, injection of AS101 prior to CCNU treatment increased the
level of CSF to normal values (from 64 Â±7 to 120 Â± 14). This
increase was significant (P < 0.01) (Fig. 2).

Effect of AS101 on CFU-GM in the BM of Mice Treated with

Doxorubicin. In this set of experiments AS 101 at 10 jag/mouse was
injected into mice 24 h before treatment with doxorubicin at 15
mg/kg. At various time points after chemotherapeutic treatment, the
number of CFU-GM was evaluated. Fig. 3 shows that the effect of

doxorubicin on BM progenitors could be demonstrated as early as 24
h after treatment. At that point, the number of progenitors decreased
from 122 Â±15 to 80 Â±10 (P = 0.05). The extent of the decrease was

similar 48 h after treatment, while 5 days after doxorubicin adminis
tration the number of CFU-GM further decreased to 60 Â±7. Treat

ment of mice with AS101 increased the number of progenitors at all
time points after treatment. However, whereas 24 h after doxorubicin
administration the increase was not significant, 48 h after treatment,
the number of CFU-GM was similar to normal values; and 5 days after
treatment, the number of CFU-GM increased from 60 Â±7 to 85 Â±8

(both P < 0.01 versus doxorubicin) (Fig. 3).
Effect of AS101 on CSF Secretion by BM of Doxorubicin

Treated Mice. Fig. 4 shows that the decrease in CSF secretion by BM
of doxorubicin treated mice was more pronounced than that in CFU-
GM. Twenty-four and 48 h after treatment the decrease in CSF se

cretion amounted to approximately 50% of normal mice, and 5 days
after treatment a decrease of 70% was observed. A single injection of
AS101 before treatment brought the levels of CSF to values not
statistically different from those of normal mice.

Effect of Doxorubicin and AS101 Treatment on Marrow CFU-F.
The level of recovery of CFU-F from BM of AS101 treated mice is

shown in Fig. 5. BM obtained 24 h after doxorubicin treatment gen
erated only 27% of control CFU-F. The number of CFU-F in doxo

rubicin treated marrows declined even further. While only 13 colonies
of CFU-F developed in cultures generated 48 h after doxorubicin

treatment, there were significantly more colonies in cultures from

100-d

Fig. 1. Effect of AS101 on early recovery of
CFU-GM in the BM after treatment with CCNU.
Mice were injected with 10 jig AS101 24 h before
treatment with CCNU (60 mg/kg). Results repre
sent means of 3 different experiments including 3
mice/group/experiment: bars, SE. *, P < 0.01.
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Fig. 2. Effect of AS 101 on CSF secretion by BM
of C'C'NU treated mice. Mice were injected with 10

fig ASIOI 24 h before treatment with CCNU (60
mg/kg). Results represent means of 3 different ex
periments including 3 mice/group/experiment;
bars, SE. *, P < 0.01.
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AS IOI treated mice (P < 0.01). Whereas there was a significant
recovery of CFU-F from control doxorubicin treated mice only 5 days
after treatment (36% recovery), the number of CFU-F in cultures from

ASIOI treated mice gradually and significantly increased from 24 h to
5 days after treatment (P < 0.01). At that point, there was no signifi
cant difference between the number of CFU-F from BM of ASIOI

treated mice and that of control untreated mice (Fig. 5).
Effect of ASIOI on Survival following Treatment with Lethal

Doses of CCNU or Doxorubicin. On the basis of the results de
scribed above showing that ASIOI administration prior to CCNU or
doxorubicin treatment accelerates hematopoietic recovery in mice
treated with sublethal doses of chemotherapy, we analyzed the bio
logical importance of the prevention of cytotoxicity by ASIOI on
survival of mice treated with lethal doses of CCNU or doxorubicin.
Mice received a single dose of ASIOI before treatment with CCNU or
doxorubicin at 100 mg/kg.

Fig. 6 shows the percentage of survival of mice 30 days after
treatment with CCNU. Mice given injections of ASIOI 24 h prior to
CCNU administration displayed a dose-response curve in their per

centage of survival. An increase in the percentage of survival was
observed with the increase in ASIOI concentration from 2.5 (35%
survival versus 20%, not significant), to 10 (50% versus 20%, P =
0.03), to 30 (70% versus 20% survival, P = 0.001) jug/mouse. When
analyzing the cumulative percentage of survival by the Gehan-Wil-

coxon test, it was found to be significant for the doses of 10 and 30
p.g ASIOI (P < 0.05). The increase in the survival of mice could be
mimicked by bone marrow transplantation. When mice treated with
CCNU were transplanted with 10s BM cells 24 h following chemo

therapy, a significant increase in the survival of mice was observed.
The percentage of survival increased from 20% to 80% 30 days after
treatment (P < 0.01). When mice were treated with ASIOI before
administration of doxorubicin, an increase in the rate of survival was
also observed. However, in this model the concentration of 2.5 /u.g
ASIOI did not increase the rate of survival. Ten /Â¿gAS101 increased
the rate of survival from 10% to 90% at day 30 after treatment
(P < 0.01), whereas 30 /xg ASIOI increased the rate of survival to
70% (P < 0.01). Both concentrations of ASIOI were significant by the
Gehan-Wilcoxon test (P < 0.02) (Fig. 7).
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Fig. 3. Effect of ASIOI on CFU-GM in the BM of mice treated with doxoruhicin. Mice were injected with 10 /Â¿gASIOI 24 h before treatment with doxorubicin (15 mg/kg). At

various time points mice were sacrificed and their BM cells were tested for CFU-GM. Results represent means of 3 different experiments including 3 mice/group/experiment; bars,
SE. '. /J<0.01.
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Fig. 4. Effect of AS101 on CSF secretion by BM of doxorubicin treated mice. Mice were injected with 10 jig AS101 24 h before treatment with doxorubicin ( 15 mg/kg). At various

time points mice were sacrificed and their BM cells were tesled for CSF secretion. Results represent means of 3 different experiments including 3 mice/group/experiment; bars,
SE. ', P < 0.02.

Effect of Preincubation with AS101 on the Recovery of
CFU-GM after Being Cultured with VP-16. In this set of experi

ments BM cells were incubated with AS101 at 0.1 and 0.5 pig/ml, the
doses previously shown to be effective in vitro. Table 1 shows a
dose-response curve in VP-16 concentrations, without prior incuba
tion with AS101. At 50 (J.MVP-16 only 5 Â±1 colonies were observed.

In contrast, preincubation of BM cells with AS101 for 24 h before
exposure to VP-16 resulted in an increased number of CFU-GM. At all
concentrations of VP-16 there was a pronounced effect when AS 101

at both 0.1 and 0.5 jug/ml was incubated in cultures. Significantly

higher numbers of CFU-GM were observed in AS101 cultures both at
5 /AMVP-16 (P < 0.05) and at all other concentrations of VP-16

(P < 0.01) (Table 1).
Effect of AS101 Injection prior to Incubation with VP-16 in

Vitro on CFU-GM Recovery. In these experiments AS101 at 10 or

30 fxg/mouse was injected as a single dose 24 h before BM cells were
harvested. Cells were incubated with VP-16 at 10 or 20 /J.M.Fig. 8
shows that BM CFU-GM from untreated mice were inhibited by both
doses of VP-16. Injection of both doses of AS101 increased the
number of colonies from BM treated with either 10 or 20 [LMVP-16.
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Fig. 5. Effect of doxorubicin and AS101 treatment on marrow CFU-F. Mice were injected with 10 u.g AS101 24 h before treatment with doxorubicin (15 mg/kg). At various time

points mice were sacrificed and their BM cells were tested for CFU-F development. Results represent means of 3 different experiments including 3 mice/group/experiment; bars,
SE. ', P<0.01.
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Fig. 6. Effect of ASlOl on survival following treatment with a lethal dose of CCNU. Mice were treated with various doses of AS101 or PBS 24 h before treatment with CCNU

( KM)mg/kg). One group of mice was given injections of PBS 24 h before treatment with CCNU and was transplanted by i.v. injection with K)~s normal BM cells 24 h later. Results

represent survival of a total of 20 mice/group.

At 10 /UMVP-16 the number of BM CFC increased from 59 Â±6 in

PBS treated mice to 111 Â±9 in mice treated with 10 /j,g ASlOl and
86 Â±7 in mice treated with 30 /j.g ASlOl (P < 0.01). Mice treated
with ASlOl could increase the resistance of BM CFC to 20 /LIMVP-16

and increased their number from 42 Â±5 to 88 Â±6 and to 63 Â±6,
respectively (P < 0.02) (Fig. 8).

Effect of ASlOl Treatment on 9- and 12-Day CFU-S. Fig. 9

shows that 24 h after treatment of normal mice with ASlOl, a sig
nificant elevation of both 9- and 12-day CFU-S in the BM can be

observed. Both doses of ASlOl were effective in elevating the number
of CFU-S. Mice treated with ASlOl at 10 /xg/mouse generated 52 Â±
3 9 and 61 Â±412 days CFU-S, as compared to 32 Â±3 and 39 Â±4
CFU-S, respectively, in control untreated mice. The increase in both
CFU-S was significant. A similar effect was observed with ASlOl at

30 /ng/mouse (Fig. 9).

DISCUSSION

In the present study we show that ASlOl has the ability to protect
the hemopoietic system of mice treated with various chemotherapeutic
drugs acting by different mechanisms. We demonstrate that pretreat
ment of mice with a single injection of ASlOl 24 h before injection of
sublethal doses of CCNU or doxorubicin protects mice from the
decrease in BM CFU-GM and in CSF secretion by BM cells. ASlOl

was found to protect BM stromal cells from damages caused by
doxorubicin. We show that a single injection of ASlOl could signif-

cantly increase the survival rate of mice treated with lethal doses of
CCNU or doxorubicin. In addition, early incubation of BM cells with
ASlOl in vitro, or injection of mice with ASlOl, protects BM-
CFU-GM from toxic effects of VP-16.

The main factors to be demonstrated with any normal tissue pro
tector are biologically significant levels of protection of sensitive
normal tissues and lack of protection in vivo of a wide variety of
tumors in preclinical systems. ASlOl was previously shown to in
crease the rate of survival of mice bearing Madison lung carcinoma,
treated with cyclophosphamide (7). As a result of this treatment, tumor

bearing mice could be treated with very high doses of chemotherapy,
further increasing their rate of survival while protecting their normal
tissues (7). In addition, ASlOl has recently been shown to have a
significant antitumor effect on mice transplanted with B16 melanoma,
treated with chemotherapy.4 Apart from in vivo studies, it was shown

that prior incubation with ASlOl does not protect K562 leukemic cells
and HL-60 cells from the toxic effects of ASTA-Z 7557, whereas it
does protect BM-CFU-GM from the toxic effects of this agent (8).

The protective effects of ASlOl against damages induced by cy
clophosphamide and 5-FUra have been previously reported (7, 8, 12,

13). It was shown that ASlOl can increase in vivo the activity of
NAD-linked ALDH in BM cells (8). This enzyme catalyzes the reac

tion in which carboxyphosphamide, a metabolite with little cytotoxic
activity, is produced (9). Thus we could explain the protection con
ferred by ASlOl against damages caused by CYP. We have recently
shown that ASlOl does not elevate this enzyme activity per cell but
rather increases the number of cells in the bone marrow expressing a
high activity of ALDH. The total activity of the enzyme is thus
increased. This may explain the lack of protection of tumor cells by
ASlOl in mice treated with CYP, since the level of ALDH activity in
the malignant cells is not affected by ASlOl. The increase in the
number of cells expressing high ALDH activity cannot, however,
account for the ability of ASlOl to protect mice from all other che
motherapeutic drugs described here. Each of these drugs has a distinct
mechanism of action. While 5-FUra is a potent inhibitor of thymidine

synthetase (14), doxorubicin is an anthracycline that acts through
various mechanisms of action. It is intercalated into the DNA double
helix and thus induces an alteration in DNA three dimensional con
formation that arrests the cycle of topoisomerase II action at the point
of DNA cleavage (15). It can also undergo one and two electron
reduction to reactive compounds able to cause widespread damage to
DNA and cell membranes (16, 17). Doxorubicin can also chetate iron
and form complexes that cause oxidative destruction of the membrane
(18).

4 Submitted for publication.
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Fig. 7. Effect of AS1Ãœ1on survival following treatment with a lethal dose of doxorubicin. Mice were treated with various doses of ASlOl or PBS 24 h before treatment with
doxorubicin (100 mg/kg). Results represent survival of a total of 20 mice/group.

The two other drugs used in this study were CCNU and VP-16.
Whereas CCNU is capable of producing DNA-DNA and DNA-protein
cross-links (19), VP-16 is a plant alkaloid that causes DNA damages,

primarily strand breakage, through formation of a ternary complex
involving drug, DNA, and the DNA unwinding enzyme topoisomerase
II (20, 21).

A reasonable explanation for the ability of ASlOl to protect mice
from a variety of drugs acting by distinct mechanisms would be the
stimulation of a selective subpopulation of cells resistant in general to
cytotoxic drugs. Many chemotherapeutic drugs primarily deplete cells

Table 1 Effect of preincubation with ASlOl on the recovery ofCFU-GMfmm toxic
effects of VP-16

BM cells were incubated with or without various doses of ASIOI for 24 h. VP-16, at
various concentrations, was then added to the cultures for 2 h. Cells were then washed and
plated for quantitation of CFU-GM. Results represent mean Â±SE of 3 different experi
ments.

BMculturesControlASlOl.

0.1(ig/mlASlOl,
0.5ng/mlVP-16,

5fiMVP-16,
5 pa + ASlOl, 0.1jig/mlVP-16,
5 AIM+ ASlOl, 0.5ng/mlVP-16,

10UMVP-16,
K) /Â¿M+ ASlOl, 0.1ng/mlVP-16,
10 UM+ ASlOl, 0.5ng/mlVP-16,

20H.MVP-16,
20 UM+ ASlOl, O.Ing/mlVP-16,
20 (Â¿M+ ASlOl, 0.5ng/mlVP-16,

3(1JIMVP-16,
30 JIM+ ASlOl, 0.1Mg/mlVP-16,
30 /J.M+ ASlOl, 0.5ng/mlVP-16,

50Â¡UMVP-16,
50 /ÃŒ.M+ ASlOl, 0.1/ig/mlVP-16,
50 /Â¿M+ ASlOl, 0.5 /ig/mlCFU-GM/105

BMcells152

Â±10148
Â±8145
Â±9116

Â±6140
Â±6132
Â±871

Â±6129
Â±11133

Â±954

Â±4111
Â±8106
Â±730

Â±256
Â±348

Â±25Â±

122
Â±328
Â±2

in cycle but spare cells with a greater self-renewal capacity. This has
been shown for hydroxyurea (22), 5-FUra (23), vinblastine, and cy-
clophosphamide (24) that are characterized by reducing CFU-S in the

short term, but enabling rapid and full recovery later on. ASlOl has
previously been shown to increase self-proliferation of CFU-S when

injected into mice prior to sublethal doses of irradiation (25). We show
in this study that 24 h after injecting ASlOl into normal mice, there
was a significant increase in the number of day 9 and 12 CFU-S. The
subpopulation of 12-day CFU-S represents the earlier stem cells and

has been reported to be relatively more resistant to various DNA
damaging agents (26, 27). The resistance of this subpopulation to CYP
can be attributed to its relatively large quantity of ALDH (28), but the
reason for the resistance of CFU-S to the other cytotoxic drugs has not

yet been elucidated. It may be due in part to a more effective repair
mechanism. ASlOl has recently been shown to increase DNA repair
ability of BM and spleen cells from irradiation induced strand breaks
(29). The compound was shown to prevent in part the extent of double
strand break occurrence as well as to repair more rapidly the DNA
damage. It is not unlikely that this property enables ASlOl to repair
DNA strand breaks caused by cytotoxic drugs more efficiently. It may
therefore be speculated that ASlOl enhances the number of cells
capable of overcoming the damage, by proliferation and self-renewal
of CFU-S, the cells critical for reconstitution of hemopoiesis, and by

increasing the efficacy of the repair of the damaged cells.
Although early progenitor cells have been reported to be resistant to

various cytotoxic drugs, the nitrosoureas are known to reduce both
CFU-S and cells of high self-renewal capacity (30). The long LD50

period of animals treated with a lethal dose of CCNU, as demonstrated
in this study, is probably caused by the relative resistance of mature
progenitors and functional cells to CCNU that can sustain life at the
critical period after treatment. The slow CFU-S recovery and long

term hematopoietic defects caused by CCNU are lethal to the treated
animals thereafter. The relative resistance to CCNU conferred by
ASlOl may be explained by increasing the pool of CFU-S before

treatment with CCNU so that a higher proportion of cells will remain

5967

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/24/5962/2452538/cr0530245962.pdf by guest on 19 M

ay 2023



OIEMOPROTECTION BY AS101

111
U

Z
CD

I

LL.
U

PBS AS 10ug AS 30.ug
Fig. 8. Effect of AS 101 injection prior to incubation with VP-16 in vitro on CFU-GM recovery. Mice were injected with PBS or 2 doses of AS1U1. After 24 h, BM of injected mice

were cultured with RPM1 or with various doses of VP-16 for 2 h. The cells were then washed and seeded in agar cultures for quantitation of CFU-GM. Results represent means of
3 different experiments including 3 mice/group/experiment; bars, SE. *. /' < 0.01; #, P < 0.02.

undamaged after its injection. In this respect, the ability of bone
marrow transplantation to mimic the effect of AS101 on the rate of
survival may be explained by the repopulation of the damaged bone
marrow of treated mice with intact stem cells which are critical for the
reconstitution of hemopoiesis.

There are other possible mechanisms that could explain protection
from a variety of cytotoxic drugs. AS 101 could be acting indirectly by
initiating the production of a variety of hemopoietic stimulatory fac
tors, resulting in the earlier hematopoietic recovery observed after
chemotherapy. We have previously shown that the levels of 1L-1 and
IL-6 in AS101 treated mice are much higher if compared to those of

PBS treated mice. Data from several laboratories have documented
the protective effects of IL-1 in mice on the lethal toxicity induced by

high doses of radiation (31, 32) or by the chemotherapeutic drugs CYP
and 5-FUra (33, 34). Previous studies of Epstein et al. (35) reported
that a 7-day infusion of IL-1 protects mice against some of the he-

matological toxic effects induced by a lethal dose of doxorubicin. It
has also recently been reported that IL-6 has potent chemorestorative

effects, inasmuch as continuous infusion for 7 days was able to rescue
mice pretreated with a lethal dose of 5-FUra (36). Recently Damia et

al. (37) demonstrated that pretreatment of mice with recombinant
human IL-1 protects them from the lethal effects of several myelo-
toxic chemotherapeutic drugs including 5-FUra, CYP, carboplatin,

and chloroethylnitrosourea. It is not altogether unlikely, therefore, that
AS 101 exerts its chemoprotective effect indirectly via the cytokines
IL-1 and IL-6.

80 i

60 -i

U)

40-

201

PBS AS 10ug AS 30ng
Fig. Â°.Effect of AS101 injection on 9- and 12-day CFU-S in the BM. PBS or AS101 at 10 and 30 jig were injected into normal mice. After 24 h, IO5 BM cells of treated mice

were injected i.v. into lethally irradiated recipient mice (5/group). Nine and 12 days later, colonies on spleens were counted macroscopically. *, P < 0.01.
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We show in this study that AS 101 has the ability to protect BM
CFU-F affected by doxorubicin. These colonies (colony forming unit-

fibroblasts) are widely used as a measure of stromal cell numbers and
viability. The above results correlate with earlier studies in which we
demonstrated that protection of BM microenvironment may be con
ferred by AS101 to mice treated /'// vivo with CYP or to BM cells

treated in vitro with ASTA-Z or VP-16 (38). Moreover, stromal layers

generated from BM of AS101 treated mice could secrete significantly
greater amounts of CSF and IL-6 (38). These stromal layers had a

greater ability to support myelopoiesis as tested by progenitor cell
production after inoculation with fresh BM cells (38). In addition, we
have recently found (data not shown) that BM stromal cells treated
with AS101 secrete high amounts of stem cell factor. The increase in
secretion of these hemopoietic factors by stromal cells of AS 101
treated mice probably plays an important role in protecting both the
number and function of these cells. Preliminary data from our labo
ratory show that abrogation of the expression of these cytokines
eliminates protection of stromal cell functions by AS101, as well as
other hemopoietic functions damaged following chemotherapy. The
rescue of the hemopoietic microenvironment from cytotoxic drugs
may explain the higher proportion of CFU-GM in the BM of AS101

treated mice.
The data presented in this study suggest that by minimizing adverse

cytotoxicity resulting from a variety of cytotoxic agents, AS 101 has
considerable potential for clinical application. In order to define the
factor by which AS 101 mediates its protection, studies are being
designed to determine whether the in vivo treatment with antibodies
directed against a variety of cytokine receptors would abrogate AS101
induced chemoprotectiveness. Preliminary data suggest a signficant
role of IL-1, IL-6, and stem cell factor in the chemoprotective prop

erties of AS101. Phase II clinical trials with AS101 in combination
with chemotherapeutic drugs, including carboplatin, VP-16, or doxo

rubicin, are currently in progress.
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