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ABSTRACT

Treatment of normal or MBL-2 tumor-bearing mice with cyclo-

phosphamide (CY) caused severe suppression of myelopoiesis
and macrophage (M$) functions, both of which may limit further
use of chemotherapy. Additional treatment with the chemically
defined biological response modifier maleic anhydride divinyl
ether copolymer (MVE-2) was able to ameliorate the myelosup-

pressive effects of CY and to restore normal bone marrow
cellularity. The stimulatory effects on myelopoiesis, however,
could only be obtained by administering MVE-2 at ^3 days after
CY, which correlated with an MVE-2-induced simultaneous in
crease in granulocyte and/or macrophage colony-stimulating
factor secretion by bone marrow cells or M0. Injection of MBL-
2 tumor-bearing mice with MVE-2, at 3 days after Cy treatment,

caused a decrease in tumor burden and a significant increase in
median survival time as compared to treatment with CY alone.
At the same time, MVE-2 induced an increase in the number of

cytotoxic M0 and a complete restoration within the myelopoietic
lineage, which might prevent delayed side effects of CY, such
as secondary infections, and might permit more intensive chemo-
therapeutic treatment. Treatment of MBL-2 tumor-bearing mice
with MVE-2, at 6 days after CY, induced a significant increase
in M0 cytotoxicity but did not prolong median survival time,
probably due to a rapid regrowth of tumor after treatment with
CY. Our studies thus show that successful combined therapy
with the primary cytotoxic agent CY and the biological response
modifier MVE-2 depends on precise timing of the drug regimen
and is influenced by the extent and reversibility of CY-induced

Â¡mmunosuppression, as well as by the kinetics of recruitment of
new effector cells from bone marrow and by the tumor burden
present at the time of treatment.

INTRODUCTION

Major treatment modalities for various cancers are chemo
therapy and radiotherapy. These treatment regimens often result
in suppression of hematopoiesis, with a reduction in the number
of hematopoietic stem cells and their progeny (2, 17), as well as
in a severe immunodepression (22, 24). Infections secondary to
the depressed monocyte:M03 functions and granulocytopenia

1To whom requests for reprints should be addressed.
* Recipient of support from the Deutsche Forschungsgemeinschaft, Bonn, Fed

eral Republic of Germany.
'The abbreviations used are: M0, macrophage; BRM, biological response

modifier; IFN-7, murine -y-interferon; MVE-2, maleic anhydride divinyl ether copol
ymer; LPS, lipopolysaccharide; CSF, granulocyte and/or macrophage colony-stim
ulating factors; NK, natural killer cell; CY, Cyclophosphamide; MST, median survival
time.

Received July 3, 1984; accepted December 5, 1984.

which occur as a consequence of antineoplastic treatment are a
major cause of morbidity and mortality in cancer patients (3, 4).
CY is one of the most potent anticancer agents available, yet its
strong hematosuppressive and immunosuppressive properties
limit its usefulness. Several studies have demonstrated that CY
is more effective as an antitumor agent when host hematopoiesis
and immunity are intact (6, 19, 26). Treatment modalities which
restore and/or counteract the suppressive effects of CY may
therefore greatly enhance its effectiveness. Since the effector
cells of the immune system are bone marrow-derived cells, early

and complete restoration of bone marrow function after CY is
thus the first prerequisite for the restoration of normal immune
functions (6, 17,19,26).

It has been shown that spontaneous recovery of the depressed
hematopoietic stem cell functions following primary antineoplas
tic therapy may occur only after a period of several days and
may involve humoral factors, such as CSF (17,31). BRMs, which
are capable of stimulating proliferation and differentiation of
hematopoietic progenitors, e.g., through enhanced secretion of
regulatory factors like CSF, may therefore be advantageous to
the tumor-bearing host undergoing cytoreductive therapy.

We were, therefore, interested in testing the ability of selected,
chemically defined BRMs to modulate in vivo growth and differ
entiation of myeloid progenitor cells after primary antineoplastic
treatment with CY and to also reconstitute the functional activi
ties of M$. For that, we selected MVE-2 as immunomodulator,

based on its ability to augment M</>cytotoxicity (1) and to
stimulate increased myelopoiesis in normal mice (34, 36).

MATERIALS AND METHODS

Mice. Male BALB/c and female C57BL/6 mice were obtained from
the Mammalian Genetics and Animal Production Section, Division of
Cancer Treatment, National Cancer Institute-Frederick Cancer Research

Facility, NIH, Frederick, MD. The animals were 6 to 8 weeks of age when
used for experiments.

MVE-2 was the generous gift of Dr. R. Corrano (Adria Laboratories,

Columbus, OH). LPS from Salmonella typhimurium was purchased from
Difco Laboratories (Detroit, Ml). Recombinant murine IFN--y from trans-
fected COS monkey cells, with a specific acitivity of 7 x 106 units/mg

protein, was a generous gift from Dr. P. Gray, Genentech (South San
Francisco, CA). The media and BRM preparations were tested for
endotoxin contamination with the Limulus lysate assay and found to
contain less than 0.125 ng/ml.

Tumor. The lymphoid leukemia line MBL-2 (H-26), originally induced

in C57BL/6 mice by Moloney murine leukemia virus, was kindly supplied
by Dr. D. Houchens, Drug Evaluation Branch, Division of Cancer Treat
ment, National Cancer Institute. It has been passed in our laboratory in
ascites form in adult female C57BL/6 mice at 10-day intervals (38). A
tissue culture strain of MBL-2 was derived from an in vivo passage and
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is maintained in complete medium [RPM11640, supplemented with 10%
heat-inactivated fetal calf serum (Grand Island Biological Co., Grand
Island, NY), L-glutamine (292 /Â¿g/ml;Grand Island Biological Co.), and

gentamycin (100 Â¿ig/ml;Sigma Chemical Co., St. Louis, MO)] (37). The
MBL-2 tumor cells are of T-cell origin (39). They have a doubling time of

about 17 hr in vitro and of about 20 hr in vivo.
Bone Marrow Cells. Sterile single-cell suspensions from femoral bone

marrow were prepared as described previously (32). The number of
viable nucleated cells per femur was counted for each individual mouse
by hemocytometer. To determine the number of granulocyte:M4> com
mitted stem cells, a previously described in vitro soft agar culture
technique was used (31). Briefly, 10s unfractionated bone marrow cells

were suspended in 2 ml of 0.3% agar, supplemented with 15% horse
serum (Grand Island Biological Co.), 15% fetal calf serum (Grand Island
Biological Co.), and gentamycin (100 f/g/mi; Sigma), and were plated in
35-mm Retri dishes (Falcon, Oxnard, CA). As CSF source, 0.2 ml of
supernatant from WEHI-3 cells (35) was used. The cultures were incu
bated at 37Â°in a fully humidified atmosphere of 7% CO2 in air. Colonies
( â€¢-40 cells) were scored and classified on the basis of their morphology

at Days 7 and 10 of the culture period.
M0S. Eight x 10s resident or in wVo-activated (with MVE-2) M0s,

harvested by peritoneal lavage, were seeded into 16-mm wells (Costar,

Cambridge, MA) in 1 ml of complete medium. The cultures were incu
bated for 2 hr at 37Â°,and the M0s were purified by adherence (>95%
M... as determined by esterase and Wright's staining). The assay for

measuring the Mc-mediated cytotoxicity has been described previously
(37). Briefly, for in vitro activation, monolayers of 8 x 10* resident

peritoneal Mos were treated for 4 hr with IFN-, (10 units/ml) and LPS
(10 ng/ml). The Mos were then overlaid with 8x10" MBL-2 tumor cells

in complete medium. To measure in vivo activation, monolayers of 8 x
105 peritoneal Mos. harvested at different times after in vivo treatment
of the mice with MVE-2, were overlaid with 8 x 10* MBL-2 tumor cells

in complete medium, and 10 ng of LPS per ml were added. All cultures
were incubated for an additional 48 hr at 37Â°and 5% CO?. and viable

MBL-2 cells were then determined by trypan blue dye exclusion. The
percentage of inhibition of MBL-2 cell growth due to M<Â¿>activation was

calculated by

%ofinhibition=1-
mean of MBL cells from drug-treated M0

mean of MBL-2 cells from nontreated M0
X100

CSF Assay. Cell-free supernatants from in vitro- or in wVo-activated

and mononuclear bone marrow cells were harvested after 48 hr of
subsequent in vitro culture (37Â°and 5% CO2) at a cell density of 106
M<Â£/mlor 107 bone marrow cells/ml and kept at -20Â° until assayed. CSF

concentrations were then determined using a bioassay as described
previously (31, 35). Briefly, 0.2 to 0.6 ml of the supernatants or sera to
be tested for CSF were added to each 35-mm Petri dish containing 105

nonadherent bone marrow cells from normal mice in 2 ml of 0.3% agar,
supplemented with 15% horse serum, 15% fetal calf serum, and genta
mycin (100 fig/ml). At the end of the culture period (10 days at 37Â°and

7% C02), the colonies (>40 cells) were counted and classified on the
basis of their morphology. No colony formation was noted in the absence
of either the standard CSF contained in the supernatant from the WEHI-

3 cell line or a supernatant from MÂ¿,bone marrow cells, or serum. CSF
activity is expressed as units/ml (14). Student's t test was used for

statistical analysis.

RESULTS

MVE-2-induced Restoration of Myelopoiesis in CY-pre-

treated Mice. Since our previous studies (34, 36) showed that
MVE-2 promotes growth and differentiation of myelomonocytic

progenitors in normal mice (optimal effects occurred 3 days after
treatment with MVE-2), we wanted to test whether MVE-2 could

also be used to restore myelomonocytic dysfunctions caused by

treatment with CY. This hypothesis was tested at first in tumor-

free mice which were treated with CY, since tumor cells could
conceivably have an inhibitory effect of their own on myelopoiesis
and thus obscure the effects of either CY or MVE-2. Administra
tion of 150 mg of CY per kg induced a time-dependent profound

suppression of bone marrow cellularity, as measured by the
number of granulocyte:macrophage committed bone marrow
stem cells and nucleated bone marrow cells per femur (Chart 1).
One day after treatment with CY, the bone marrow cellularity
was less than 10% of the control values (data not shown) and
reached about 30% of the control values 4 days after CY (Chart
1). Bone marrow cellularity returned to control levels around 10
days after CY treatment. Administration of MVE-2 (25 mg/kg) to
CY-pretreated mice was able to ameliorate the bone marrow-
suppressing effect of CY. The beneficial effects of MVE-2, how
ever, could only be obtained by giving MVE-2 at es3 days after
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Chart 1. Combined effects of CY and MVE-2 on bone marrow cellularity (BMC).
BALB/c mice received a single Â¡.p.injection of CY (150 mg/kg) on various days
ranging between Day -4 and Day -16, which was followed by a single i.p. injection
of phosphate-buffered saline or MVE-2 (25 mg/kg) on Day-3. All mice were
sacrificed on Day 0 for determination of granuiocyteiMo committed bone marrow
stem cells ("GM-CFU C") and nucleated bone marrow cells. Points, mean of a

typical experiment with 5 mice/time point (S.D. was less than 10% of the mean).
The same experiment was repeated 3 times with similar results. O, normal mice;
D, mice receiving MVE-2 (25 mg/kg) alone; â€¢,CY followed by phosphate-buffered
saline (CY control); â€¢CY followed by MVE-2. Statistical analysis (*, p < 0.01) was
performed to compare the CY:MVE-2 (â€¢)treatment to the CY:phospnate-buffered
saline treatment (â€¢).
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Tabtel
Combinedeffects of CY and MVE-2on bone marrow cellularity

Determinationof nu
cleated bone mar-

Table 2
MVE-2-inducedsecretion of CSFby U<t>sfrom CY-pretreatedmice

Group81

2
34

5
6CY(150mg/

kg Lp.) treat
ment at the

followingdays-4

-4-7

-7Treatment

at Day-3Phosphate-

buffered MVE-2 (25
saline mg/kgi.p.);

!row

cells/femur
(x10*)atDayO9.9

13.8Â°

3.6
4.3
7.4

12.0eDay

+39.6

11.1
8.0
8.2

10.1
11.8

8 BALB/c mice were pretreated with CY at the days indicated. They received,
additionally, a single injection of phosphate-buffered saline or MVE-2 at Day -3.
The mice were sacrificedat either Day 0 or Day +3 for determinationof nucleated
bone marrow cells. The results shown here are the mean of a typical experiment
with 5 mice per group (S.D. was less than 10% of the mean),and the experiment
was repeated twice with similar results.

bp < 0.01 as compared to Group 1.
c p < 0.01 as compared to Group 5.

CY (Chart 1; Table 1). When given 1 day after CY, MVE-2 had

no effect on number and function of bone marrow cells. Given
^3 days after CY, MVE-2 induced increased proliferation of

myelopoietic progenitors and an early recovery of nucleated bone
marrow cells either to control levels or to levels obtained in mice
treated with MVE-2 alone. The effect of MVE-2 on myelopoietic

recovery from CY pretreatment was dose dependent, with 10
and 25 mg of MVE-2 per kg being optimal (data not shown).

MVE-2-induced CSF Secretion by M0s from CY-pretreated

Mice. Since it seemed likely that growth factors like CSF are
involved in recovery of myelomonocytic cells from chemotherapy
(17), we were interested in determining whether in vivo admin
istration of MVE-2 induced an increase in CSF secretion by CY-

pretreated M(/)S. We studied M</<ssince they are a prominent
source of CSF (41) and are less sensitive to CY than T-lympho-

cytes, which also secrete CSF (30).
CY treatment resulted in a profound decrease in the number

of peritoneal M<f>s,which was about one-third of the control value

at 4 days after CY. The number of peritoneal M0s recovered
within 2 weeks after CY treatment (data not shown). CY treat
ment alone induced a transient increase in spontaneous CSF
secretion by the residual M<t>s6 days following its injection (Table
2). The M(/>sfrom CY-pretreated mice were unable to increase

their secretion of CSF in response to in vivo treatment 1 day
later with MVE-2, regardless of whether the interval between
MVE-2 and testing was 3 days (Table 2) or 6 days (data not
shown). In contrast, MVE-2 given at 2=3days after CY induced

a significant increase in CSF secretion as compared to untreated
and CY-treated controls (Table 2). MVE-2, given 3 days after

CY, also stimulated recovery of the number of peritoneal M0 to
control levels by 7 days after CY treatment, i.e., 7 days prior to
recovery in mice given CY alone (data not shown).

Augmentation by MVE-2 of M</>Cytotoxicity in CY-pre

treated Mice. Since we have shown that the number of perito
neal M<t>sand their CSF secretion upon stimulation with MVE-2

were impaired after CY, we were also interested in testing the
ability of M$s to become cytotoxic, which might enable them to
participate in resistance to growth of residual tumor cells. We
therefore tested the cytotoxic activity of the M$s against MBL-

2 cells.

Group"1

2
34

5
6
7
8CY

(150 mg/kg
Â¡.p.)treatment
at the following

days-4

-4
-6
-6

-10
-10Treatment

at Day-3Phosphate-

buffered MVE-2 (25
saline mg/kgi.p.)+

;CSF

(units/10*

ceMsf72

168e

78
91

114e
196e-"

93Ães0-'

8 BALB/c mice were pretreated with CY at the days indicated. They received,
additionally, a single injection of phosphate-buffered saline or MVE-2 at Day -3.
The micewere sacrificedat Day0, andtheir peritonealexÃºdatecellswere harvested

CSF secretion by M0s was determined after 2 days of in vitro incubation of
10* M0s/ml in complete mediumwithout any stimulus. The results are the mean of

3 separateexperiments; S.D. was less than 20% of the mean.
ep< 0.001 as compared to Group 1.
"p < 0.001 as compared to Group 5.
ep < 0.001 as compared to Group 7.

Table3
Effect of MVE-2on M<fcytotoxicity in CY-pretreatedmice

CY (150 mg/kg
Treatment at Day -3

Group*

i.p.) treatment Phosphate-
at the following buffered MVE-2 (25 % of M./.

days saline mg/kg i.p.) cytotoxicity''

12345678910+_
+-4
+-4

-+-5
+-5

-+-6
+--7

+-7
- +092e149e374e688e490e

8 BALB/c mice were pretreated with CY at the days indicated. They received,
additionally, a single injection of phosphate-buffered saline or MVE-2 at Day -3.
The micewere sacrificedat Day0, and their peritonealexÃºdatecellswere harvested

M<t>cytotoxicity against MBL-2 eels was determined at an effectortarget cell
ratio of 10:1. The results are the mean of 3 separate experiments; S.D. was less
than 20% of the mean.

cp< 0.001 as compared to Group 1.

MVE-2 was able to stimulate M</>cytotoxicity when given 1
day after CY, and the assay was performed 4 days after CY
(Table 3). The cytotoxicity of these M^s, however, was only 50%
of the cytotoxicity displayed by MVE-2 controls. Reduced levels
of M0 cytotoxicity were also seen when MVE-2 was given 1 day

after CY and when the test was performed 7 days after CY (data
not shown). By delaying the administration of MVE-2 to 3=2days
after CY, M0s responded in a normal manner to MVE-2 and

reached maximal levels of cytotoxicity regardless of whether
MVE-2 was given 3 days (Table 3) or 6 days (data not shown)
before testing. The effect of MVE-2 on M<Â¿>cytotoxicity was dose
dependent, with 10 to 50 mg of MVE-2 per kg being optimal

(data not shown).
In Vitro Testing of Bone Marrow Cell and M<t>Functions

from CY-pretreated MBL-2 Tumor-bearing Mice. The above
results indicated that MVE-2 can induce an early recovery of
bone marrow myelopoiesis and stimulate Mc/>functions in CY-

pretreated mice, but only when given with a sufficient interval
after CY. We then investigated whether these intervals would
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also apply to the tumor-bearing host undergoing cytoreductive

chemotherapy with CY and whether they influenced the thera
peutic effects of CY and MVE-2. We selected MBL-2 cells,

injected i.p. as a tumor model, based on their sensitivity to CY
treatment and to M</>cytotoxicity (37). The bone marrow from
MBL-2 tumor-bearing mice (4 to 10 days after i.p. inoculation of
106 MBL-2 tumor cells) was free of detectable tumor cells. These

bone marrow cells responded to in vitro stimulation with 5 ng of
LPS per ml with a significant increase in their CSF secretion,
which was indistinguishable from LPS-treated, tumor-free con
trols (33) (Chart 2). In vivo treatment of MBL-2 tumor-bearing

mice with CY severely impaired the functional ability of their
residual bone marrow cells to secrete CSF upon subsequent in
vitro stimulation with LPS. Only at Â»3days after CY did the bone
marrow cells of these mice show a significant increase in their
CSF secretion after in vitro stimulation with LPS.

Peritoneal M^s from MBL-2 tumor-bearing mice, purified from
contaminating MBL-2 cells and lymphocytes by plastic adher
ence, secreted about 250 units of CSF per 106 cells upon in vitro

stimulation with LPS (5 /ig/ml), which was comparable to CSF
levels obtained from LPS-treated, tumor-free controls (Chart 3,
top). Peritoneal M<Â¿>sfrom CY-pretreated, tumor-bearing mice,

however, had a transient impairment in their capacity to secrete
CSF after subsequent in vitro stimulation with LPS. Only at Â»3
days after CY pretreatment did these M</>sshow a significant
increase in their CSF secretion upon in vitro stimulation with
LPS.

Peritoneal M<t>sfrom MBL-2 tumor-bearing mice showed
Â«60% M0 cytotoxic activity after in vitro activation with IFN--y

456789
DAYS AFTER MBL-2 TUMOR INOCULATION

Chart 2. In vitro secretion of CSF by bone marrow cells (BMC) from CY-
pretreated MBL-2 tumor-bearing mice. C57BL/6 mice were inoculated i.p. with 10*
MBL-2 tumor cells on Day 0. They received 150 mg of CY per kg or phosphate-
buffered saline i.p. on Day +3. At various days after treatment with CY, 3 to 5
mice/group were sacrificed, and their mononudear bone marrow cells were cultured
in vitro (107 cells/ml) for 48 hr at 37Â°and 5% C02 with or without LPS (5 ng/ml).

CSF levels in these culture supematants were determined by bioassay. The results
are the mean of 3 experiments (S.D. was less than 15% of the mean). D, bone
marrow cells from tumor-bearing mice, incubated in vitro in medium alone; â€¢bone
marrow cells from tumor-bearing mice, stimulated in vitro with LPS; A, bone
marrow cells from CY-pretreated tumor-bearing mice, incubated in vitro in medium
alone (CY control); A, bone marrow cells from CY-pretreated tumor-bearing mice,
stimulated in vitro with LPS. Statistical analysis (*, p < 0.01) was performed to
compare CSF secretion by bone marrow cells from CY-pretreated tumor-bearing
mice after in vitro stimulation with LPS (A) to their unstimulated counterparts (A).
Bone marrow cells from normal tumor-free mice, incubated in vitro in medium
alone, secreted spontaneously 48 units of CSF per 10' cells and secreted 640
units of CSF per 107 cells upon in vitro stimulation with LPS.
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Chart 3. In vitro activation of Mos from CY-pretreated MBL-2 tumor-bearing
mice. C57BL/6 mice were inoculated with 10* MBL-2 cells i.p. on Day 0. They

received CY (150 mg/kg) i.p. on Day +3. At various days after CY treatment, mice
were sacrificed, and their peritoneal Mos were harvested for determination of M...
cytotoxicity [8 x 10s M^/well, stimulated in vitro with IFN-f (10 units/ml) and LPS
(10 ng/ml)] and CSF secretion by Mo [10e Mo/ml, stimulated in vitro with LPS (5

fig/ml)]. Points, mean of 3 experiments with 5 mice/time point (S.D., <20% of the
mean). D, M<t>from tumor-bearing mice, incubated in vitro in medium alone; â€¢,M</>
from tumor-bearing mice, stimulated in vitro with IFN-^:LPS or LPS; A, M<t>from
CY-pretreated tumor-bearing mice, incubated in vitro in medium alone (CY control);
A, M<t>from CY-pretreated tumor-bearing mice, stimulated in vitro with IFN-7:LPS
or LPS. Statistical analysis (*, p < 0.01) was performed to compare CSF secretion

and cytotoxic activity of M>. from CY-pretreated tumor-bearing mice after in vitro
stimulation with IFN--y:LPS or LPS (A) to their unstimulated counterparts (A). M<t>
from normal tumor-free mice, incubated in vitro in medium alone, secreted spon
taneously about 50 units of CSF per 10* cells and secreted about 260 units of CSF
per 10Â°cells upon in vitro stimulation with LPS. M<t>from normal tumor-free mice,

incubated in vitro in medium alone, also had 0% cytotoxicity, which was increased
to 65% cytotoxicily upon in vitro stimulation with IFN-y:LPS.

and LPS (27), which was comparable to that of M0s from normal
mice (Chart 3, bottom). However, M<jis from CY-pretreated tu
mor-bearing mice were partially inhibited (for 3 days) in their
ability to respond in vitro to IFN-7 and LPS with a similar increase
in cytotoxic activity as M./.s from normal mice.

These experiments thus show that M<t>sand bone marrow
cells from CY-pretreated, MBL-2 tumor-bearing or tumor-free

mice have a period of 1 to 3 days after CY during which they
were significantly less responsive to activation as compared to
untreated controls. We then tested the effect of MVE-2 in vivo

on bone marrow and M<t>functions and correlated these results
with the length of survival after tumor inoculation.
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MVE-2 Counteracting the Myelosuppressive Effects of CY
and Activating M</>Cytotoxicity in MBL Tumor-bearing Mice.
Treatment of MBL-2 tumor-bearing mice with CY at 3 days after
tumor inoculation severely decreased their bone marrow cellu-

larity within 24 hr to about 20% of the control values (Chart 4),
and this was followed by a spontaneous recovery of their bone
marrow cellularity within 2 weeks after Cy treatment. MVE-2,

given 3 days after CY, significantly stimulated myelopoiesis as
compared to CY treatment alone, and the bone marrow counts
of these mice reached normal levels (107/femur) about 6 days

after MVE-2 treatment. Treatment with MVE-2, either 1 or 6

days following CY, had no significant effect on myelopoiesis as
compared to CY treatment alone.

MVE-2 stimulated a significant increase in M<t>cytotoxicity in
tumor-bearing mice, when given 1 day after CY, but induced
only high cytotoxicity levels when administered at ^3 days after
CY (Table 4). These CY:MVE-2 interval-related differences in the

responsiveness of M<Â¿>sto become cytotoxic could still be ob
served when the mice were sacrificed 6 days (instead of 3 days)
after administration of MVE-2 (data not shown).

Correlation between Tumor Burden, Survival Time, and
Interval between CY and MVE-2 Treatments. Tumor-bearing

mice appeared to reach a plateau of tumor burden at 9 days
after i.p. inoculation of 106 MBL-2 cells, and their MST was 16

days (Chart 5, Group 1). Treatment with CY (150 mg/kg) 3 days
following tumor inoculation (Group 2) significantly reduced the
tumor burden and delayed regrowth of the tumor cells for 4
days. The MST of the CY-treated mice (Group 2) was 22 days
and differed significantly from the MST of the controls (Group 1).
Additional treatment with MVE-2, either 1 or 3 days after CY,

significantly reduced the tumor burden further and delayed the
MST to Day 26 (Group 3) and Day 28 (Group 4), which were
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Chart 4. Combinedeffects of CY and MVE-2 on bone marrow cellularity (BMC)
in MBL-2 tumor-bearing mice.C57BL/6 micewere inoculatedwith 10" MBL-2 cells
i.p. on Day 0. They received CY (150 mg/kg) on Day +3 and a single i.p. injection
of MVE-2 (25 mg/kg) at different days after CY. Mice were then sacrificed at the
different days indicated for determination of nucleated bone marrow cells. Points,
meanof a typical experiment (n = 4 for eachpoint; S.D., <10% of the mean),which
was repeated 3 times yielding similar results. O, bone marrow cells from tumor-
free normal mice; â€¢,bone marrow cells from tumor-bearingmice;D, bone marrow
cells from tumor-bearing mice, treated with CY on Day +3 (CY control); â€¢bone
marrow cells from tumor-bearing mice, treated with CY on Day +3 and MVE-2 on
Day +4; A, bone marrow cells from tumor-bearing mice, treated with CY on Day
+3 and MVE-2on Day +6; A, bone marrow cells from tumor-bearingmice, treated
with CY on Day +3 and MVE-2 on Day +9. Statistical analysis (", p < 0.01) was
performed to compare the effects on bone marrow cells of CY:MVE-2 treatments
versus CY treatment alone.

significantly different from the MST of the CY controls (Group 2).
Treatment with MVE-2 at 6 days after CY (Group 5) had no

effect on tumor burden or MST as compared to the CY control
(Group 2).

DISCUSSION

The results of the study presented here demonstrate for the
first time that a chemically defined BRM, MVE-2, can counteract
the myelosuppressive effects of the anticancer agent CY arid, in
addition, has stimulatory effects on cytotoxic activity of M0s. We
further present the new observations that the therapeutic effects

Table4
Effect of MVE-2on M<t>cytotoxicity in CY-pretreatedtumor-bearingmice

Group8123456789101112CY

(150 mg/kg
i.p.) treatment at

Day3_-++_-.j.+â€”-++MVE-2

(25 mg/kg
i.p.) treatment at

the followingdays446699%
of M<t>

cytotoxicrty00+85C-5+41Â°0+92"+7+86"0+87*-1+91"

8C57BL/6 mice were given injections of 10* MBL-2 tumor cells on Day 0. They
receivedeither CY (150 mg/kg) or phosphate-bufferedsaline(control)on Day 3. At
the days indicated, the mice received, additionally,a single injection of MVE-2 (25
mg/kg). Mice were sacrificed 3 days after injection of MVE-2, and their peritoneal
exÃºdatecells were harvested by peritoneal lavage.

b After purifying the peritoneal M<Â£sfrom contaminating MBL-2 cells and lym

phocytes by plastic adherence,the M* cytotoxicity against fresh MBL-2 cells was
determined at an effectortarget ratio of 10:1. The results are the mean of 3
separate experiments; S.D. was less than 20% of the mean.

Â°p< 0.001 as compared to Group 1.
"p < 0.001 as compared to Group 5.
8p < 0.001 as compared to Group 9.
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Charts. Correlation between tumor burden, survival time, and time interval
between CY and MVE-2 treatments. C57BL/6 micewere inoculatedwith 10Â°MBL-
2 cells i.p. on Day 0. They received the following treatment: Group 1 (O), no
treatment; Group 2 (â€¢),CY, 150 mg/kg, on Day 3; Group 3 (A), CY, 150 mg/kg,
on Day 3 and MVE-2, 25 mg/kg, on Day 4; Group 4 (â€¢).CY, 150 mg/kg, on Day 3
and MVE-2,25 mg/kg, on Day 6; Group 5 (A), CY, 150 mg/kg, on Day 3 and MVE-
2,25 mg/kg, on Day 9. Threemice per group were sacrificedat the days indicated,
and their peritonealcavity was lavaged with 10 ml of medium for determination of
peritoneal tumor burden. Ten mice/group were kept for determination of MST.
Points, mean of a typical experiment repeated 3 times and yielding similar results.
*, p < 0.01 as compared to Group 1. ', p < 0.01 as compared to Group 2.
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of combined treatment of MBL-2 tumor-bearing mice with CY
and MVE-2 depend on a critical timing of the drug regimen

administered, which is influenced mainly by the kinetics of re
cruitment of effector cells (e.g., M0s) from bone marrow and by
the tumor burden.

CY, per se a nontoxic agent, is converted in vivo into cytotoxic
alkylating metabolites (8). These metabolites of CY, like most
other anticancer agents (17), cause a profound, dose-dependent

suppression of hematopoiesis, which is followed after a lag
period of 3 to 4 days by a spontaneous recovery. The myelo-

suppression, as well as inhibition of immune functions by CY, is
associated with an increased susceptibility to life-threatening

bacterial and/or viral infections (3, 4, 17). Unlike some other
anticancer agents, e.g., the anthracyclines Adriamycin and dau-
norubicin, which are reported to have M</>-activating(cytotoxicity)

properties (10, 20), CY at the dose level used in our experiments
had no such stimulatory effect. These differences might be
explained by the different modes of action [interchalation versus
alkylation (8, 28)] and/or by the possibility that Adriamycin-
induced M<Â¿>"cytotoxicity" is largely due to release of previously

incorporated molecules of Adriamycin from M</>s,which then
exert a direct cytotoxicity on tumor cells (11). By contrast, CY
reduced significantly in our in vivo experiments the number of
MOB available for activation and impaired at the same time the
functional status of the residual M0s. M0s are metabolically very
active and are usually nondividing cells (15,16). Thus, CY might
alkylate their ONA with subsequent inhibition of translation and
protein synthesis, which would cause the hyporeactivity of M0s
to exogenous stimuli, whereas immediate cell death may occur
only in those M<j>sundergoing cell division while being alkylated
(8). Endogenous DNA repair mechanisms (5) might then be able
to restore the normal functional status of the residual M0s within
a few days after CY treatment. The recruitment, however, of
young monocytes from the bone marrow compartment for sub
stitution of physiological and CY-induced cell losses is much
more delayed, due to CY-induced cell death of hematopoietic

stem cells and immature myelomonocytic progenitors. Mature
M0S thus might survive CY treatment with a reversible functional
inhibition, while immature progenitors are destroyed.

There have been reports suggesting that restoration of sup
pressed myelopoiesis involves growth factors, including CSF
(17, 31 ). This is supported by our findings that the CY-induced

functional impairment of M0s and bone marrow cells to secrete
CSF upon in vitro stimulation with a BRM seems to be directly
related to the lag period in bone marrow recovery. MVE-2, which

has been shown to induce increased myelopoiesis in normal
mice, presumably through stimulation of CSF secretion by M^s
and bone marrow cells (34, 36), also plays a major role in bone
marrow recovery after CY treatment. Our experiments show that
MVE-2 stimulates M</.s,as well as bone marrow cells of normal
and tumor-bearing mice, to increase their CSF secretion. Both

cell populations responded to in vitro, as well as in vivo, stimuli
with normal CSF secretion after a lag period of about 3 days
after CY treatment. The CSF secretion was then followed by an
increase in the number of myelopoietic stem cells and progeni
tors. Based on our experiments, we propose the following chain
of events: CY induces a reversible functional impairment of
monocytes: M^s and the immediate death of myelopoietic stem
cells; immature progenitors; and cycling M</>s.After acquiring a
normal functional status (~3 days after CY), the residual M<ps

increase their basal production of CSF leading to spontaneous
recovery of myelomonocytic cells. MVE-2, given after M$s have

acquired their normal function, induces increased secretion of
CSF, which then causes earlier restoration of myelopoiesis and
production of monocytes:M$s.

CSF secretion by activated T-cells, an important source of

CSF (30), may play a minor role only, compared to M0s in
myelopoietic recovery after CY treatment, since CY is known to
destroy the majority of T-cells, and functional mature T-cells can

be demonstrated only a considerable time after CY treatment
(21, 25). Only exogenous continuous administration of interleu-
kin-2, as demonstrated recently, seems to have a significant
stimulatory effect on T-cell recovery after CY (22). CSF, whether
secreted spontaneously by M$s or after stimulation with MVE-

2, had no detectable effect on lymphocyte recovery after CY
treatment."

MVE-2, given 3 days after CY to MBL-2 tumor-bearing mice,

induced a decrease in the tumor burden which was significantly
greater than that induced by CY alone. This can be most likely
attributed to cytotoxic M0s, since MBL-2 cells are sensitive to

lysis by activated M0s, whereas they are resistant to lysis by NK
cells. In addition, activated NK cells (13) were not detectable in
the peritoneal cavity, the spleen, or peripheral blood up to 6 days
after CY.5 At the same time, MVE-2 induced an early and

complete recovery of myelopoiesis to normal levels, which might
also contribute to the significantly increased life span by pre
venting delayed severe side effects after CY (e.g., secondary
infections) and by providing the periphery with more monocytes/
M4>s.In addition, normalization of bone marrow cellularity might
offer the possibility of more intensive treatment, e.g., multiple
CY cycles with intermittent MVE-2 treatments. Treatment of
MBL-2 tumor-bearing mice with MVE-2, at 6 days after CY,
when both M<t>s(Table 4) and NK cells5 could be activated,

provided no benefit beyond that of treatment with CY alone,
most likely due to an increased tumor burden at the time of
effector cell activation. Thus, the effector cell (M0s and/or NK
cells):MBL-2 target cell ratio was probably inadequate for effec
tive MBL-2 cell killing. Treatment with MVE-2, at 1 day after CY,
had a better therapeutic result than the late treatment with MVE-

2, i.e., 6 days after CY, which is somewhat in contrast to our
findings that the number of M</>swas the lowest immediately
after CY. Since the tumor cells, however, reach a nadir 3 days
after CY, and since the M0s, even though low in number, still
displayed about 50% of their normal cytotoxicity after MVE-2,
the M</Â»:MBL-2target cell ratio with a 1-day CY:MVE-2 interval
was probably more adequate for effective tumor-cell killing as
compared to the late treatment. In addition, CY-treated MBL-2

tumor cells might be more sensitive to cytotoxic M0s, as already
shown for actinomycin D-treated tumor cells (7).

Our studies show that successful combinations of the primary
cytotoxic agent CY with the BRM, MVE-2, depend on a precise

timing of the drugs administered, which is influenced by the
extent and reversibility of the CY-induced damage of the effector

cells, as well as by the kinetics of recruitment of new effector
cells from the bone marrow and, equally important, by the tumor
burden. The necessary interval between the primary anticancer
agent and BRM could possibly be shortened by (a) direct infusion

4E. Schlick, unpublishedobservations.
5E. Schlick, unpublisheddata.
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of purified naturally occurring or recombinant cytokines, thus
avoiding the requirement for cytokine-producing cells and/or (b)
transfusion of autologous in wfro-propagated tumoricidal cells
(M0S, NK cells, T-lymphocytes), derived from the host before the

anticancer treatment. Even though there is, up to now, no direct
evidence that infusions of normal or hematologically compro
mised animals or humans with CSF or interleukin-3 induce in

creased myelopoiesis, indirect evidence suggests that both cy
tokines are involved in vivo in regulation of normal and restoration
of suppressed myelopoiesis (9,17,31 ). Infusions with interleukin-
2 have actually been shown to have stimulatory effects on T-cell

recovery after CY and to result in enhanced cytotoxicity of NK
cells and T-lymphocytes (12, 22, 23, 29). A possible limitation,

however, to the direct use of cytokines instead of inducers of
endogenous cytokines could be the short serum half-life of the

injected cytokines (9,18), which would require the availability of
large quantities of purified material. The possibility of substituting
MVE-2 for its effects on myelopoiesis with either CSF or other
chemically defined BRMs, such as poly-ICLC (polyriboinosinic-
polycytidylic acid poly-L-lysine stabilized with carboxymethylcel-

lulose), muramyl dipeptide, or 2 cyanaziridines, which possess
CSF-inducing and/or natural immunity (M0s:NK cells)-stimulating

activities (31, 34, 36, 40), is currently being investigated.
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