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ABSTRACT

Experiments were performed to determine whether treatment with
recombinant human IL-la (rhuIL-la) would protect C3H mice from the

toxic effects of the widely used chemotherapeutic agent, doxorubicin
(DXR). Pretreatment of mice with rhuIL-la was found to protect 85-90%

of mice tested from the acute toxic effects of a lethal dose of doxorubicin
(25 mg/kg). Late deaths (>20 days post-DXR) were observed in a substan
tial proportion (40-45%) of rhuIL-la-pretreated mice. However, the data
clearly demonstrate a beneficial effect of rhull.-lo pretreatment on the

overall survival of mice challenged with DXR, since both the median
survival (32 days) and proportion (53%) of surviving mice were signifi
cantly increased (P < 0.0001) compared to the control group (8 days and
14%, respectively). The beneficial effects mediated by rhuIL-la treatment
were both dose- and schedule-dependent and were associated with de
creases in the level and duration of DXR-induced neutropenia, and ame

lioration of the suppressive effects of DXR on myeloid progenitor cells
(granulocyte/monocyte colony forming units) as evidenced by milder de
pressions in marrow cellularity and enhanced recovery of granulocyte/
monocyte colony forming unit activity. Finally, pretreatment of mice bear
ing a solid tumor with rhuIL-la permitted effective dose escalation with

DXR that resulted in decreased tumor growth rates and increased survival
(90%) as compared to non-rhuIL-la-treated groups (20% survival). Thus,
effective chemotherapeutic dose escalation is made feasible by rimi I.-lo

pretreatment of mice, but may ultimately be limited by nonhematological
toxicities associated with DXR.

INTRODUCTION

IL-12 is a pleiotropic cytokine that not only induces many of the

classical symptoms of inflammation (e.g., fever, production of hepatic
acute phase proteins, lymphocyte activation, etc.) (1-3), but also plays

a key role in the regulation of hematopoiesis (reviewed in Ref. 3). In
addition, IL-1 induces production of both granulocyte colony stimu
lating factor and GM-CSF by fibroblasts, endothelial cells, and bone
marrow stromal cells in vitro (4-8). IL-6 and tumor necrosis factor
have also been shown to be induced by IL-1 (9-11), both of which

have direct or indirect effects on hematopoietic stem cells and mature
leukocytes (11).

In addition to its inflammatory and hematoregulatory effects, IL-1

administration confers protection from the lethal effects of ionizing
radiation in a dose-dependent manner (12-14). These observations
have stimulated studies to investigate the usefulness of IL-1 in pro
tecting from the dose-limiting myelosuppressive effects of radio
and/or chemotherapeutic treatment of cancer (15-18). Pretreatment of
mice with a single dose of IL-1 has been shown to protect mice from
otherwise lethal effects of y-irradiation (14), whereas pretreatment
with multiple doses of IL-1 is required to protect mice from the
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acutely lethal effects of cyclophosphamide (19, 20). It has also been
established that treatment of mice with IL-1 in combination with

granulocyte colony stimulating factor accelerates the recovery of he
matopoietic progenitor cells in mice treated with 5-fluorouracil (17,

18).
Although IL-1 ameliorates many of the toxic effects associated with

either ionizing radiation or chemotherapy, it is not known whether the
possible chemotherapy dose escalations made feasible by treatment
with cytokines such as IL-1 will actually mediate significant increases
in therapeutic efficacy in tumor-bearing mice. Furthermore, recent

results by Futami et al. (20) have emphasized that the toxic effects of
chemotherapeutic drugs often extend beyond the hematopoietic sys
tem. Thus, although cytokine pretreatment may protect from the acute
effects of chemotherapeutics, the dose escalation of some cytotoxic
agents may result in late fatal complications not detected in acute
toxicity tests. The present study was initiated to evaluate the effects of
IL-1 dose and schedule on the dose-limiting myelosuppressive effects

of the anthracycline antibiotic doxorubicin (Adriamycin) in both nor
mal and tumor-bearing mice.

MATERIALS AND METHODS

Mice. Female C3H/HeN (MTV~) were obtained from Charles River Lab

oratories, Wilmington, MA. Mice were maintained under specific pathogen-

free conditions and housed at 5 animals/cage in Thoren caging systems. Mice
were age-matched at 8-10 weeks of age at the onset of each experiment.

Tumor Cell Line. Tumor 87 is a UV radiation-induced fibrosarcoma of
C3H/HeN(MTV~) origin, and was maintained in vitro in a-modified minimum

essential medium (Gibco. Grand Island, NY) supplemented with 5% heat-

inactivated FBS (HyClone, Logan, UT), 2 HIMglutamine, 50 units/ml penicil
lin, and 50 ug/ml streptomycin.

Recombinant Human IL-la and Doxorubicin Administration, rimiI.

la was expressed and purified to homogeneity as described elsewhere (21),
and had a biological activity of 1 x IO7 units/ug protein as determined in the

EL-4 conversion assay (22). rhuIL-la was diluted in pyrogen-free saline

containing 1 ug/ml MSA to concentrations appropriate to deliver the desired
amount of material in a total volume of 0.2 ml. Control mice were given
injections of pyrogen-free saline containing MSA. Doxorubicin (Sigma Chem
ical Co., St. Louis, MO) was dissolved in pyrogen-free saline at a concentration

of 1 mg/ml. Mice receiving doxorubicin were weighed and given i.p. injections
of appropriate volumes of the solution to deliver the desired amount of drug.

Hematological Analysis. Peripheral blood was collected from anesthetized
mice via cardiac puncture into heparinized collection tubes. Enumeration of
PBL was performed using a hemacytometer subsequent to dilution of periph
eral blood in Turk's solution. Differential analysis of PBL was performed by

microscopic examination of Diff-Quik (American Scientific Products,
McGraw Park, IL)-stained blood smears.

Soft Agar Colony-forming Cell (CFU-c) Assay. Bone marrow cells were
obtained by flushing femurs from individual mice with Hanks' balanced salt

solution containing 5% FBS. Single cell suspensions were prepared by passing
the cells through sterile nylon mesh after vigorous pipetting. The cells were
then washed and resuspended in RPMI 1640 containing 10% FBS, and total
viable cell counts determined using a hemacytometer. Bone marrow cells were
plated in quadruplicate at 5 X IO4 cells/well of a 24-well tissue culture plate
(Costar 3524, Cambridge, MA) containing a 1-ml mixture of McCoy's 5A
medium (Gibco), 10% FBS, 2 ITIMglutamine, 5 X IO"5 M 2-mercaptoethanol,

50 units/ml penicillin, 50 ug/ml streptomycin, and 50 ng/ml recombinant
murine GM-CSF. The plates were incubated at 37Â°Cin a humidified atmo-
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sphere of 5% CO2 in air. and colonies enumerated after 7 days. Data are
presented as the mean ( Â±SEM) of the total number of CFU-c per femur pair
of the mice evaluated (n = 3/group) from the indicated test groups.

Statistical Analyses. Survival function estimates of various treatment
groups were determined using the LIFETEST procedure of the SAS System
(23), and Kaplan-Meier estimates of the probability of survival for each treat
ment group are plotted. Unless otherwise noted, log-rank P values of signifi

cance are presented.

RESULTS

Protective Effect of rhuIL-la Treatment prior to Administra

tion of a Lethal Dose of Doxorubicin. To determine whether treat
ment with rhuIL-la would protect mice from the effects of adminis

tration of a lethal dose of DXR, groups of animals were treated with
either MSA or rhuIL-la administered twice daily i.p. for a period of
5 days. Twenty-four h after the last injection of rhuIL-1 a, a lethal dose

of DXR (25 mg/kg) was administered via i.p. injection. The results
from 10 separate experiments (which collectively contained 80 mice
pretreated with MSA and 90 mice pretreated with rhuIL-la) were

pooled for analysis (Fig. 1). Median survival of control mice pre
treated with MSA was 8 days, with only 14% (11 of 80) of the mice
manifesting long-term (60 day) survival. In contrast, median survival
of rhuIL-la-pretreated mice was 32 days with 53% (48 of 90) sur

viving long term (P < 0.0001).
The dose of rhuIL-1 a necessary to protect mice from this toxic dose

of DXR was tested by treating groups of mice ( 15 mice/group) with
twice daily injections of 250, 125, 50, or 10 ng of rhuIL-la for a

period of 5 days. Mice in all groups were given injections of DXR (25
mg/kg) 24 h after the last cytokine treatment. Median survival of mice
treated at the 250-, 125-, or 50-ng levels were 24, 30. and 28 days,

respectively, all of which were significantly prolonged (P < 0.001)
compared to control mice (Fig. 2). Mice pretreated with 10 ng
rhuIL-la had a median survival after DXR administration (9 days)

that was not significantly different from mice treated with MSA prior
to DXR administration.

To determine the number of cytokine treatments necessary to confer
protection to the lethal effects of DXR. groups of mice (n = 10/group)
were treated with 250 ng rhuIL-la twice daily for either 5, 3, or 1 day.

or once daily for 5 days. Control mice were given injections of an
equal volume of MSA (5 days, twice daily), and mice in all groups
were challenged with 25 mg/kg DXR 24 h after the last rhuIL-la
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Fig. 2. Protection from the acute lethal effects of DXR by pre treat men t with rhuIL-la
is dose-dependent. Groups of mice (15/group) were treated for 5 days with twice-daily
injections of MSA or rhuIL-la at 250. I25, 50, or 10 ng/treatment, as indicated. Twenty-

four h after the final treatment, mice were challenged with DXR by i.p. injection.
Kaplan-Meier estimates of the probability of survival are shown.
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Fig. 3. Protection of mice from the acute lethal effects of DXR requires multiple
treatments with rhuIL-la. twice daily. Groups of C3H mice ( 10/group) were treated twice
daily with either MSA (â€¢â€¢¿�â€¢¿�â€¢¿�)or 250 ng rhuIL-la for 5 days, 3 days, I day, or or once
daily for 5 days, as indicated. Twenty-four h after the last treatment, mice were challenged
with DXR by i.p. injection. Kaplan-Meier estimates of the probability of survival are
shown.

Days Post DXR Challenge

Fig. 1. Protection of mice from acute lethal effects of DXR by pretreatment with
rhuIL-la. Pooled results from 10 separate experiments in which groups of mice were
treated for 5 days with either MSA (/i â€”¿�80) or rhuIL-la (n = 90) administered by i.p.
injection (250 ng/injection, twice daily). Twenty-four h after the last injection of rhuIL-la,
DXR (25 mg/kg) was administered by i.p. injection. Kaplan-Meier estimates of the
probability of survival are shown.

treatment. Median survival of mice treated for either 5 or 3 days with
rhuIL-la (250 ng, twice daily) was 23 and 24.5 days, respectively,

compared to 6 days for mice pretreated with MSA (Fig. 3). These were
both found to be significantly prolonged compared to control mice
(P < 0.01, generalized Wilcoxon test; P < 0.11, log rank test). Mice
treated with rhuIL-lo for only 1 day prior to challenge with DXR had
a median survival of 9.5 days, and mice treated with 5 daily rhuIL-la

treatments had a median survival of 7 days, neither of which was
significantly different from that observed in control mice.

The question of whether rhuIL-la treatment had to be continued up

to 24 h prior to DXR administration was also tested. Groups of mice
(20 mice/group) were treated with 250 ng rhuIL-la twice daily on
days -5 through -1, days -5 to -3, or days -3 to -1, and challenged
with 25 mg/kg DXR on day 0. Median survival of MSA-pretreated

mice was 9 days, whereas median survival of mice that were treated
with rhuIL-la on days -5 to -1 and days -3 to -1 was >36 (P =
0.01), and 27 days (P = 0.03), respectively (Fig. 4). Although the
median survival of mice treated with rhuIL-la on days -5 to -3 prior
to DXR injection was prolonged to 23.5 days (P = 0.088, log rank
test; P = 0.045, generalized Wilcoxon test) compared to mice treated

with MSA, a significant proportion (50%) of the animals were found
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to die relatively soon (8-14 days) after DXR administration. Thus,

although some separation in time between the last treatment of
rhuIL-la and DXR administration still produces protection from DXR
toxicity, it appeared to be more beneficial to continue the rhuIL-la

treatments until the day prior to DXR administration.
Experiments were also conducted to ascertain the effect of

rhuIL-1 a treatment of mice after DXR administration. Interestingly,

combined results from 2 separate experiments (Fig. 5) demonstrated
that the median survival of mice treated for 5 days (twice daily i.p.
injections) with rhuIL-la beginning 24 h after DXR administration

(4 days) was significantly shorter (P < 0.001) than control mice
similarly treated with MSA (8 days). Thus, treatment with rhuIL-la

immediately following DXR administration appears to be deleterious.
Similarly, rhuIL-la treatments that were begun as many as 3 days

after administration of DXR have also failed to improve survival (data
not shown).

Chemoprotective Effects of rhuIL-la on Circulating PBL, Bone
Marrow Cellularity, and Bone Marrow CFU-c. DXR administra

tion is known to induce a significant leukopenia that contributes to
lethality by rendering recipients susceptible to bacterial infections.
The numbers of total circulating PBL in MSA-pretreated mice reached

Days Post DXR Challenge

Fig. 4. Effect of time course of rhuIL-la pretreatment on DXR toxicity. Pooled results
from 2 separate experiments Â¡nwhich groups of mice (n = 20/group) were treated with
twice daily i.p. injections of MSA or rhuIL-1 a on days -5 to -1. or rhuIL-1 o on days -5
to -3, or days -3 to -1 as indicated. Mice were challenged with DXR on day 0. and
survival monitored during the following 90 days. Kaplan-Meier estimates of the proba

bility of survival are shown.
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Fig. 5. Posttreatment of mice with rhuIL-1 a enhances the acute lethal effects of DXR.
Pooled results from 2 separate experiments Â¡nwhich groups of mice (total n = 20/group)

were challenged with DXR followed by 5 days of i.p. injections with either MSA or
rhuIL-la. as indicated. Kaplan-Meier estimates of the probability of survival are shown.

their nadir by 4 days after 25 mg/kg DXR, and remained at depressed
levels throughout the 14-day course of the experiment (Table 1). The

absolute neutrophil count reached a nadir on day 4 (at which time it
was only 24% of control level), but recovered to near-normal levels by

day 10. The numbers of circulating lymphocytes continued to be
profoundly decreased compared to control levels through day 14. In
contrast, the numbers of PBL (including both neutrophils and lym
phocytes) in mice treated with rhuIL-la prior to DXR administration
were similar to those in mice that were pretreated with rhuIL-la but

that did not receive DXR. In general, they were also elevated com
pared to control mice that recieved DXR but had not been pretreated
with rhuIL-la. Although the differences did not always achieve sta

tistical significance due to the relatively small group sizes, a clear
trend was evident.

The level of bone marrow cellularity and total CFU-c in DXR-
treated mice that had been pretreated with rhuIL-la was much higher
than that detected in mice not pretreated with rhuIL-la (Table 2).
Finally, although bone marrow cellularity of rhuIL-1 a-pretreated mice
returned to normal levels by day 4, total CFU-c detected in these mice

was actually found to be elevated on days 7, 10, and 14 compared to
that detected in mice pretreated with rhuIL-la only. Here, too, al

though the differences did not always achieve statistical significance,
a clear trend was evident.

Pretreatment of Tumor-bearing Mice with rhuIL-la Permits

Dose Escalation with Doxorubicin. To determine whether the pro
tective effect of rhuIL-1 a pretreatment on the toxicity of DXR would

permit dose escalation in the chemotherapeutic treatment of a growing
tumor, mice were challenged i.d. with 5 x IO5 viable tumor 87 cells,

and 2 days later divided into groups that received either MSA or
rhuIL-la (250 ng/injection, twice daily) for 5 days. The rhuIL-la

injections had no detectable effect on tumor growth since the mean
tumor size of mice treated with rhuIL-la was 29.9 Â±0.8 mm2 as
compared to 29.5 Â±0.7 mm2 in MSA-treated mice on the seventh day

of tumor growth. Mice from these treatment groups were further
subdivided into groups that received 0, 15, or 25 mg/kg DXR. Tumor
growth was then monitored over the following 3 weeks (Fig. 6).
Tumor sizes at the termination of the experiment in MSA- and rhuIL-
la-treated mice that did not receive DXR were similar (417.1 Â±47
mm2 and 436.9 Â±49.8 mm2, respectively). Tumor sizes in mice that

had received 15 mg/kg DXR were somewhat decreased in both MSA-
and rhuIL-la-treated groups (307.4 Â±29.4 mm2 and 235.2 Â±37.1
mm2, respectively), and the acute effects of DXR treatment were

minimal (10% and 0% mortality in MSA- and rhuIL-1 a-pretreated

groups, respectively). Higher doses of DXR (25 mg/kg) treatment
resulted in significant (80%) mortality in MSA-pretreated mice,
whereas rhuIL-1 a-pretreated mice were protected from the acutely

toxic effects of the DXR treatment (10% mortality). Furthermore, the
ability to increase the dose of DXR administered resulted in decreased
mean tumor sizes (171.3 Â±25.9 mm2). The mean size of tumors in

MSA-pretreated mice that received 25 mg/kg DXR cannot be consid

ered a reliable indication of the effect of the chemotherapeutic effect
of the drug, since only 2 of the 10 mice in the group survived the
acutely toxic effects of DXR.

DISCUSSION

Results from several studies have shown that in addition to its
inflammatory and hematoregulatory effects, rhuIL-la treatment can

confer a significant degree of protection from the toxic effects asso
ciated with some commonly used treatment modalities for cancer. For
example. Neta el a!. ( 14) have shown that treatment with a single dose
of rhuIL-1 a can provide protection from the dose-limiting neutropenia
caused by ionizing radiation. In contrast, multiple treatments (6-7
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Table 1 Effect of pretreatment with rhulL-la on circulating peripheral blood leukocyte levels in doxoruhicin-treated mice

Treatment"Cell

type rhuIL-la DXR0Total

circulating leukocytes 4.4 Â±0.4*

+ 10.8Â±1.4''Neutrophils

1.5 Â±0.3
+

+ 8.1Â±1.2''+

+Lymphocytes

2.7 Â±0. 1

+ 2.5 Â±0.1Days

after doxorubicinadministration24.6

2.4
2.7
3.8ND

ND
NDND

ND
NDND46.1

Â±0.1
1.4 Â±0.4
5.4 Â±1.0
3.2Â±2.42.5

Â±0.2
0.6 Â±0.0
2.4 Â±0.7
1.1Â±0.1''3.4

Â±0.1
0.8 Â±0.4
3.0 Â±0.62.1

Â±1.477.9

Â±0.5
2.4 Â±0.4
4.5 Â±0.3
3.6Â±0.4^3.0

Â±0.3
1.7 Â±0.6
2.2 Â±0.3
1.5Â±0.04.5

+ 0.1
0.6 Â±0.2
2.2 Â±0.2
2.1 Â±0.3''107.5

Â±1.2
3.6 Â±0.34.7

Â±1.2
3.5 Â±1.32.9

Â±0.4
2.4 Â±0.2
1.7 Â±0.6
2.3Â±0.74.4

Â±1.3
0.7 Â±0.2
2.9 Â±0.6
1.2 Â±0.6146.7

Â±1.5
2.8 Â±0.9'

5.2 Â±0.4
5.8Â±0.5''2.4

Â±0.5
1.5 Â±0.4'

1.5 Â±0.4
3.2 Â±0.94.2

Â±1.2
1.1 Â±0.4'

3.6 Â±0.1
2.5 Â±0.7

11Mice were given injections twice daily i.p. with either MSA or 250 ng ng rhulL-la from day -5 to day -I. Doxorubicin (25 mg/kg) was administered on day 0 via i.p. injection.
'' Mean (xlO~Vmm3) Â±SEM from groups of mice (n - 3/group) sacrificed on the indicated day.
' Ninety-five^ (38 of 40) of this treatment group had died prior to this dale. Therefore, data for this time point come from evaluation of only 2 mice.
'' Determined to be significantly elevated (p < 0.05) compared to the relevant control group by Student's t test.
**ND, not determined.

Table 2 Effect of prÃªtreatment \\iih rhulL-la on bone marrow cellulariry and CFU-c in doxorubicin-treated mice

Treatment"rhulL-la

DXR0Bone

marrow cellularity 17.2 Â±2.0*

+ 12.3Â±1.1CFU-c

8.^0.8'â€¢f

7.7 Â±0.7223.3

Â±4.2
6.3 Â±1.5

24.9 Â±2.0
17.1Â±3.5''11.1

Â±2.0
2.3 Â±1.1

11.3 Â±1.8
5.6 Â±3.9Days

afterdoxorubicin413.3

Â±0.9
10.3 Â±2.5
24.8 Â±2.4
26.4 Â±0.4rf4.6

Â±0.4
4.2 Â±1.5
5.9 Â±1.8
6.2 Â±0.6administration7I7.6Â±

1.2
19.3 Â±3.6
22.0 Â±3.4
15.4Â±3.07.7

Â±1.0
8.5 Â±3.0
8.5 Â±0.1

12.7 Â±1.51023.0

Â±3.5
19.8 Â±2.6
21.2Â±1.8
22.9 Â±2.38.0

Â±0.6
7.3 Â±1.7
9.4 Â±3.4

17.9 Â±3.8''1424.8

Â±2.6
33.9 Â±2.9'

26.4 Â±3.4
29.3 Â±2.89.3

Â±1.1
12.0 Â±0.5'

9.8 Â±2.1
16.8 Â±4.4

" Mice were pretreated with rhulL-la (250 ng, twice daily) by i.p. injection for 5 days beginning 6 days prior to i.p. administration of DXR (25 mg/kg).
'' Mean number of cells {xH)~6} Â±SEM obtained from both femurs of groups of mice (n = 3) sacrificed the indicated number of days after DXR administration.
' Ninety-five^ (38 of 40) of this treatment group had died prior to this date. Therefore, data for this time point come from evaluation of only 2 mice.
'' Determined to be significantly elevated (P < 0.05) compared to the relevant control group by Student's l test.
' Ninety-five^ (38 of 40) of this treatment group had died prior to this date. Therefore, data for this time point come from evaluation of only 2 mice.
'' Determined to be significantly elevated (P < 0.05) compared to the relevant control group by Student's l test.
'' Mean number of CFU-c (xlO"'1 Â±SEM from both femurs of groups of mice (n = 3) sacrificed the indicated number of days after DXR administration.

days of twice-daily injections) have been shown to be necessary to
protect mice from the acutely lethal effects of high doses of cyclo-

phosphamide or mafosamide (20). A recent study had expanded the
scope of these earlier observations to include a number of other
chemotherapeutics (18). Interestingly, results from this study indicated
that pretreatment of mice with rhulL-la (500 ng/mouse/day) was

ineffective at ameliorating the acutely lethal toxic effects of DXR. In
contrast, data presented here demonstrate that pretreatment of mice
with rhuIL-la can protect against the acutely lethal effects of DXR if

an appropriate treatment schedule is used. Our results clearly demon
strate that the chemoprotective effects mediated by pretreatment with
rhuIL-la are both dose and schedule dependent. Thus, whereas pre
treatment of mice with rhuIL-lor twice daily over a 5-day period

significantly prolonged the survival of mice after administration of a
lethal dose of DXR, once-daily injections over the same time period

did not (Fig. 3).
The chemoprotective effects mediated by pretreatment with

rhuIL-1 a appear to be at least partly due to its hematological effects

insofar as the nadir in number of circulating neutrophils and lympho
cytes following DXR treatment was less pronounced and recovered
more rapidly in mice treated with rhuIL-la. This was also found to be
true of both total numbers of bone marrow cells and CFLJ-GM. One

possible explanation for these results is that multiple treatments of
mice with IL-la resulted in the expansion of the bone marrow fol

lowed by quiescence of the expanded populations of cells when the
cytokine treatments were stopped. The noncycling cells may be less
sensitive to the effects of DXR. Alternatively, it may be that doxoru
bicin kills a constant proportion of hematopoietic progenitor cells, so

01
N

IIÂ»

O
E
D

400 -

- 1 O

Fig. 6. Pretreatment of tumor-bearing mice with rhuIL- la permits dose escalation with
DXR. Mice were given i.d. injections of 5 X 10^ viable 87 tumor cells, and 2 days later
divided into groups, which received either MSA (D, A. O) or rhulL-la (250 ng/injection,
twice daily; â€¢¿�.A. â€¢¿�) for 5 days. Mice in these treatment groups were then injected with
either O (C. â€¢¿�).15 (A. A), or 25 (O, â€¢¿�)mg/kg DXR and tumor growth monitored. The
number of mice surviving in each group at the termination of the experiment were: MSA
+ 0 mg/kg DXR. 10/10; MSA + 15 mg/kg DXR. 9/10; MSA + 25 mg/kg DXR. 2/10;
rhuIL-la + 0 mg/kg DXR. 10/10; rhulL-la + 15 mg/kg DXR. 10/10; rhuIL-la + 25

mg/kg DXR. 18/20.

that the expansion of the bone marrow provides a sufficient number of
hematopoietic stem cells after doxorubicin administration to promote
rapid recovery of peripheral leukocytes. Another possible mechanism
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by which the chemoprotective effects of IL-la are mediated may be

as a result of a nonhematological mechanism.
As well as having profound myelosuppressive effects, treatment

with DXR is also known to have toxic effects on cardiac and renal
tissues. Given the diverse range of biological effects mediated by
rhuIL-la, it is not inconcievable that it may also act to ameliorate

some of the nonhematological toxicities of DXR. In this regard, it
should be noted that although pretreatment of mice with rhuIL-la

consistently protected mice from the acutely toxic effects of DXR
administration, there was a fairly high degree of variability in the
proportion of late deaths observed from experiment to experiment. As
noted earlier, the beneficial effect of rhuIL-1 a treatment on the sur
vival of mice challenged with DXR was both dose- and schedule-

dependent. Based on the observation that the survival patterns of mice
given injections of 50, 125, or 250 ng of rhuIL-la, twice daily for 5

days prior to DXR challenge were virtually identical (Fig. 3), it seems
unlikely that merely increasing the dosage of rhuIL-la used per

treatment would have any significant effect. Furthermore, use of
higher doses of rhuIL-1 a can also have significant pathogenic con
sequences in vivo3 (11). Conversely, since there was a dramatic dif

ference in the survival patterns of mice treated twice daily with
rhuIL-1 a compared to once daily, it is possible that increasing either

the frequency or the pretreatment period of cytokine treatments could
result in an amelioration of the events causing the late deaths.

It is of interest to note that although pretreatment with rhuIL-la

protected mice from the toxic effects of doxorubicin, administration of
rhuIL-la after doxorubicin was not beneficial. Indeed, the data sug

gest that such a posttreatment regimen is actually deleterious in that
mice given rhuIL-la beginning 24 h after DXR actually died more

quickly than did control mice. After injection, DXR undergoes rapid
and extensive biotransformation in the liver to both active and inactive
metabolites. Both DXR and its metabolites are extensively bound by
tissues and plasma proteins and distributed throughout the extravas-

cular compartment. Clearance of DXR and its metabolites from
plasma is relatively slow, with half-lives of 17 and 32 h, respectively

(24). Because DXR persists in mice for a number of days after
systemic administration, the hematopoietic progenitor cells that are
actively stimulated by rhuIL-la may be more susceptible to the toxic

effects of this drug.
Mice bearing an established fibrosarcoma were also protected from

the toxic effects of DXR by pretreatment of mice with rhuIL-1 a. As

a result, higher doses of DXR could be administered and resulted in
a decreased rate of growth of the tumor. Although treatment of mice
with rhuIL-la had no detectable inhibitory effect on tumor growth

rates in vivo by itself, it did appear to augment the efficacy of the
DXR. This is best seen in mice pretreated with rhuIL-la followed by

administration of nonlethal doses of DXR (15 mg/kg). This is similar
to observations by Futami et al. (20), who found that pretreatment of
mice with rhuIL-la enhanced the efficacy of nonlethal doses of cy-

clophosphamide as determined by a reduced rate of growth of the
Renca tumor in vivo. Although IL-1 has been reported to mediate

direct cytostatic or cytocidal effects on some tumor cell lines in vivo
(25, 26), the 87 tumor was unaffected by exposure to rhuIL-la in vivo.
Furthermore, coculture of 87 tumor cells with rhuIL-la and DXR in

vitro did not significantly alter the toxic effects of the DXR (data not
shown). Since the toxic effects of DXR are dose dependent, it seems
likely that the beneficial effects were due to the higher doses of DXR
tolerated in mice that had been pretreated with rhuIL-la.

Although rhuIL-la pretreatment protected mice from the acute

toxic effects of DXR, there was a significant incidence of late deaths
that occurred primarily between 25 and 35 days after administration of

DXR. These deaths are most likely the result of the well-recognized
cardiotoxic effects associated with the use of anthracycline chemo-

therapeutics such as DXR, and are consistent with the observation that
the development of cardiac dysfunction in patients is not apparent for
an average of 4 weeks after receiving the last in a series of DXR
injections (27). Thus, although use of rhuIL-la may allow for suc

cessful dose escalation in the use of DXR by ameliorating the acute
toxic and myelosuppressive effects of this drug, other dose-limiting

toxicities must also be considered. Interestingly, histological analyses
of tissues from MSA- or rhuIL-la-pretreated mice 7 days after DXR

injection have not revealed any substantial differences in heart, lung,
kidney, liver, spleen, large intestine or small intestine compared to
tissues from control mice. An in-depth series of histopathological

analyses of tissues obtained at various times after DXR administration
is currently in progress.
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