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ABSTRACT

The time- and dose-dependent effects of recombinant human interleu-
kin la (II -li.) on the antitumor activity of mitomycin C (MMC) and
porfiromycin (PORF) were studied in RIF-1 and Panc02 solid tumor
model systems. II.-lo produced dose-dependent sensitization of clono-
genic RIF-1 tumor cells to MMC in vivo. IL-la chemosensitization was
highly schedule dependent, and the most efficacious schedules produced
dose-modifying factors of 3.6 and 5.1 for MMC and PORF, respectively.
More than additive clonogenic cell kill after IL-la-chemotherapy com
binations reflected increased cellular sensitivity to MMC and PORF.
The combinations also produced marked decreases in the yield of viable
tumor cells, suggesting that the bioreductive drugs may have also poten
tiated the microvascular injury and ischemia produced by IL-la. Dexa-
methasone inhibited and ketoconazole, an inhibitor of corticosterone
biosynthesis, enhanced IL-la-mediated chemosensitization in these
models. IL-la mediated chemosensitization to MMC, and PORF was
also demonstrated by tumor growth inhibition in the RIF-1 model and
increased survival of mice in the spontaneously metastasizing Panc02
system. Chemosensitization of bone marrow spleen colony-forming units
was not seen. IL-la (1000 units/ml) had no effect on MMC and PORF
cytotoxicity in RIF-1 and PORF cell lines in vitro. The results indicate
that the tumor-specific IL-la-induced pathophysiologies can sensitize
solid tumors to agents which are preferentially activated, retained, and
cytotoxic to cells under hypoxic conditions. Our results suggest that
strategies combining bioreductively activated hypoxic cell cytotoxins and
biological agents might offer efficacious alternatives or adjuvants to
conventional combination approaches.

INTRODUCTION

New therapeutic strategies combining biological and conven
tional therapeutic modalities offer great promise for the treat
ment of solid tumors. BRM,4 such as colony-stimulating fac

tors, may accelerate normal tissue recovery after conventional
therapy (1), while others, such as interleukin 2 (2), may increase
therapeutic efficacy by stimulating host immune responses. The
inflammatory cytokines TNF (3), Â«-interferon (4), and IL-la
(5-8) can produce profound microvascular injuries in tumors.
Combination strategies designed to exploit these effects in
tumors would offer a potentially efficacious alternative to con
ventional chemotherapy approaches, as the microvascular in
juries are confined to the tumor (5-8). TNF has been shown to
produce radiobiological hypoxia in K.HT tumors (9). IL-la-
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mediated microvascular injuries also induce transient intervals
of tumor hypoxia and reduced tumor pH. Several drugs includ
ing MMC (10, 11) and PORF (12, 14) exhibit preferential
cytotoxicity to hypoxic cell populations in vitro and could
provide the means to exploit such cytokine-induced tumor
microvascular injuries. We previously reported that combina
tions of bioreductively activated agents and IL-la can have
more than additive antitumor activity (14, 15). We have now
extended these initial observations with detailed studies on the
time- and dose-dependent effects of IL-la on the antitumor
activity of MMC and PORF. We have also examined the effects
on combination therapy of corticosteroid and inhibition of
corticosteroid biosynthesis, which are known to profoundly
modulate the in vivo activity of IL-la.

MATERIALS AND METHODS

Tumor Models. The RIF-1 and Panc02 tumor models were previously
described (5, 6, 16-18). RIF-1 tumor cells were propagated in vitro in
RPMI 1640 medium (Mediatech, Washington, DC) supplemented with
7.5% newborn bovine serum and 7.5% colostrum-free bovine serum
(Irvine Scientific, Santa Ana, CA), 2 HIMglutamine, and 1 ng/m\ of
gentamycin (GIBCO, Grand Island, NY). Female C3H/HeJ mice, 6 to
10 wk of age, were inoculated with 5 x 10s log-phase RIF-1 tissue

culture cells, on the right flank, by s.c. injection. Studies were initiated
14 days later when tumors were approximately 0.5 g. At this size, the
tumors are well vascularized, do not exhibit central necrosis, and only
rarely exhibit focal necrosis (5, 6, 17, 18).

Stock Panc02 tumors were maintained by s.c. trocar implantation of
small (1-mm) tumor fragments on the flanks of 6- to 10-wk-old female
C57BL/6J mice. To determine the effect of treatment strategies on the
progression of metastatic Panc02 tumor, tumor fragments from 14-day
stock tumors were implanted in the gastrocnemius muscle on the left
leg of the mouse. On Day 13, the mice were given injections of the test
agents. One day later (Day 14 after implantation), the tumor-bearing
hind limb was amputated, under metofane anesthesia (19). Animals
were killed by cervical luxation when moribund, and the median survival
times were determined. When possible, necropsies were performed to
confirm the presence of lung mÃ©tastases.Animals with recurrent tumors
at the surgical site (5%) were not included in the analysis.

C3H/HeJ and C57BL/6J mice were obtained from Jackson Labo
ratories (Bar Harbor, ME) and quarantined for a period of 2 wk prior
to entering studies. N/PLCR mice were originally obtained from the
Veterinary Resources Branch, NIH, and inbred in our laboratories.
Randomly selected mice were tested and found to be free of adventitious
murine viruses. All mice were housed, 4 or 5 per cage, in a temperature-
and humidity-controlled facility with a 12-h light-dark cycle (lights on
at 6 a.m. local time). Mice were provided standard mouse chow and
water ad libitum. All treatments were routinely initiated between 7 and
9 a.m. local time.

Interleukin la and Chemotherapy Treatments. Recombinant human
IL-1Â«was generously provided by Dr. Peter Lomedico (Hoffmann-
LaRoche, Nutley, NJ). The IL-la used in these studies was highly
purified (2.5 x IO9 DIO units/mg of protein) and essentially free of

endotoxin contamination (<0.125 endotoxin units/mg of protein). The
IL-1Â«was diluted in nonpyrogenic 0.9% NaCI solution containing
0.05% bovine serum albumin and administered at 25 fig/kg (6.25 x IO7

DIOunits/kg) of body weight (0.5 Â¿ig/mouse)in 0.2 ml, total volume.
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by i.p. injection. This dose is similar to that used in our previous studies
(5-8) and 2 to 3 times the dose we previously showed to minimally
stimulate murine hematopoiesis (20).

Mitomycin C and ketoconazole were purchased from Sigma Chem
ical Company (St. Louis, MO). Porfiromycin (7V-methylmitomycin C)
was obtained from the Drug Synthesis and Chemistry Branch, Division
of Cancer Treatment, National Cancer Institute, and dexamethasone
(dexamethasone NaPO4) was obtained from ESI, Inc., Cherry Hills,
NJ. Mitomycin C, PORF, and dexamethasone were dissolved in sterile
nonpyrogenic 0.9% NaCI solution and administered in 0.1 ml to mice
by i.v. injection. Ketoconazole was dissolved in acidified HBSS and
administered in 0.1 ml by i.p. injection. This agent was previously
shown to inhibit adrenal response after IL-1Â«treatment and to mark
edly enhance IL-la antitumor activity (7).

Clonogenic Tumor Cell Survival. The in vitro cytotoxicity of MMC
and PORF, with and without IL-1Â«,was determined in the RIF-1

tumor cell line described above and in a tumorigenic Panc02 tumor cell
line originally isolated from expiant cultures of Panc02 tumor frag
ments. The uncloned Panc02 cell line has been continually passaged in
RPMI 1640 medium (Mediatech, Washington, DC) supplemented with
7.5% newborn bovine serum and 7.5% colostrum-free bovine serum
(Irvine Scientific, Santa Ana, CA), 2 IHMglutamine, and 1 ng/ml of
gentamycin (GIBCO, Grand Island, NY) for over 75 passages in vitro.
The experiments reported here were conducted with cells from passages
30 to 50. Plating efficiencies for RIF-1 and Panc02 cells were usually
in excess of 70% and 15%, respectively.

Mid-log-phase monolayers were washed once and exposed to drug
in media without serum. At the end of the exposure period, the
monolayer was washed twice with medium and then trypsinized. The
cells were washed twice more, counted, appropriately diluted, and
plated out in complete medium at several cell densities. Plating effi
ciencies and surviving fractions were calculated from colony counts
made at 7 days after plating.

The effect of IL-la, MMC, and PORF on the clonogenic tumor
cellularity in RIF-1 solid tumors was determined by a modification of
the excision clonogenic cell survival assay described by Twentyman et
al. (16). RIF-1 tumors were aseptically excised 24 h after IL-1Â«treat
ment, weighed, minced with scissors, and incubated with an enzyme
cocktail (trypsin, type 3, 0.375 mg/ml; collagenase, type 2, 0.75 mg/
ml; and DNase, 0.1 mg/ml; all from Sigma Chemical Co., St. Louis,
MO) in HBSS, at room temperature for 45 min with constant agitation.
In a typical experiment, tumors were resected, weighed, and bisected,
and weighed tissue from 2 to 3 tumors was pooled prior to mincing.
Similarly prepared suspensions from untreated control tumors were
included in each experiment. The enzyme-dissociated cell suspension
was filtered through sterile gauze and centrifuged. The cells were
resuspended in fresh medium containing 15% serum, washed twice,
counted, diluted, and plated out at several dilutions in 6-well cluster
plates (Costar, Cambridge, MA). Control tumor cell yields were rou
tinely 1 to 2 x IO8trypan blue-excluding cells/g of tissue. The cultures

were incubated for 7 days, at which time the colonies were counted and
the number of clonogenic cells per g of tissue were determined. Surviv
ing fractions were taken as the ratio of clonogenic cells/g in treated
and control tumors.

The effect of IL-la-containing treatment strategies on hematopoietic
progenitor cells was assessed by the CFU-S assay as described by us
previously (21). Eight- to 12-wk-old female N/PLCR mice were treated
with MMC, IL-1Â«,or ketoconazole alone or in combination. Twenty-
four h later the femurs were removed from the mice, and the marrow
was aspirated in HBSS. The marrow clumps were mechanically disso
ciated using a tuberculin syringe and a 22 gauge needle. The cells were
then counted, diluted, and injected i.v. into female N/PLCR mice that
had been irradiated with 9.0 Gy of y irradiation from a "7Cs irradiator

(J. L. Shepard, San Fernando, CA). At 14 days after inoculation of
marrow cells, the mice were killed and the spleens were resected. The
spleens were fixed in Bouin's solution, and the surface colonies were

enumerated using a dissecting microscope.
Statistical Analysis. Analysis of variance was used to determine if the

observed treatment effects could be accounted for by chance alone.

Where significant treatment effects were detected, the Newman-Keuls
multiple-range test was used to test the significance of differences
between group means. Fisher's exact test was used to assess the signif

icance of animal median survival times. A p value of 0.05 or less was
considered adequate to reject the null hypothesis (23).

RESULTS

As single agents, IL-1Â«or MMC produced little killing of
RIF-1 clonogenic tumor cells (SF = 0.46 and 0.31, respectively).
An additive interaction between the two agents would produce
approximately 1 log of clonogenic cell kill. However, when
MMC was administered i.v. l h before or together with IL-la,
the SFs were 1 to 2 logs lower than the predicted additive effect
(Fig. 1). Treatment with MMC 2 h before IL-1Â«or 1 to 2 h
after IL-1 Â«produced only additive clonogenic cell kill. A similar
schedule dependence was also observed for IL-1Â«and PORF
(Fig. 1). When IL-1Â«and PORF were given together, surviving
fractions were approximately 2 logs lower than the predicted
additive effect; PORF given 2 h before or 2 h after IL-1Â«had
only an additive effect.

Since clonogenic cellularity is the product of the plating
efficiency and the cell yield, the calculated surviving fractions
reflect both cells lost through lysis and damage to the ability of
the remaining intact cells to form colonies. Fig. 2 shows that
the IL-1Â«and MMC (A and B) or PORF (C and D) combina
tions produced decreases in cell yield and plating efficiency.
With the most effective sequence intervals, yields were reduced
to approximately 1% of control, while plating efficiencies were
reduced to approximately 10% of control. Clonogenic cell kill
produced by IL-1Â«-MMC combinations was IL-1Â«dose de
pendent (Fig. 3). IL-1Â«alone reduced clonogenic cellularity,
but the effect was mainly on cell yield. Mitomycin C also
reduced clonogenic cell survival, but the effect was mainly on
plating efficiency. IL-1Â« increased the in vivo sensitivity of
clonogenic tumor cells to MMC as an IL-1Â«dose-dependent
decrease in plating efficiency was observed. As little as 0.15 ng
of IL-1 Â«/mouse (7.5 Me/kg) significantly increased MMC clon
ogenic tumor cell killing. Tumor cell yield was also reduced in
tumors treated with the combination. Maximal effects on cell
yield, plating efficiency, and clonogenic cells/g were seen with
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Fig. I. Sequence-dependent RIF-1 tumor clonogenic cell killing by combina
tions of IL-1Â«and MMC (left) and IL-1Â«and PORF (right). IL-1Â«,MMC, and
PORF were administered at 25 jig/kg. 1.0 mg/kg. and 20 mg/kg. respectively. O,
IL-la alone; â€¢¿�MMC alone; â€¢¿�.PORF alone; A. IL-la + MMC; T, IL-la +
PORF. Each point represents the surviving fractions obtained from independent
experiments with pooled tumor tissue from 2 to 3 mice per treatment group.
Data at left were previously published (15) and are used with permission.
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Fig. 2. Sequence-dependent effects of IL-la-MMC combinations (A and fi)
and IL-la-PORF combinations (C and D) on plating efficiency (A and C) and
tumor cell yield (B and D) from Kill tumors. Treatment groups are designated
in A and C. The ratio of treated to control plating efficiency and yield is expressed
as a surviving fraction. Each point is the mean for a single experiment with pool
tissue from 2 to 3 treated tumors.

25 /ig/kg (6.25 x IO7 units/kg) of IL-la.

Fig. 4 shows the dose-response relationships for MMC and
PORF in combination with IL-la. Alone, both MMC and

PORF produced exponential clonogenic cell killing. When
MMC was given l h before IL-la, the calculated ID99 (0.75

mg/kg) was reduced by a factor of 3.6 from that seen with
MMC alone (2.70 mg/kg). Potentiation was also observed when
MMC and IL-la were given together (ID99 = 1.26 mg/kg).
When PORF was given with IL-la, a 2-component clonogenic

cell survival curve was observed. The PORF ID99 for the a
component of the survival curve (13.8 mg/kg) was a factor of 5

lower than that seen in tumors treated with PORF alone (70.4
mg/kg).

Fig. 5 shows the kinetics of RIF-1 tumor clonogenic cell
killing after treatment with IL-la and PORF at the same time.
PORF alone had no effect on cell yield. Maximal effects on the
plating efficiency were seen within 2 h after treatment. Clono
genic cell killing after IL-la alone was seen for approximately
6 h after treatment. When the 2 agents were given in combi
nation, cell killing at l h after treatment was similar to that
seen for PORF alone. As the interval between treatment and
sampling increased, clonogenic cell killing increased. Although
total cell kill was maximal 4 to 6 h after treatment, maximal
effects on the PE were seen within 2 h. Clonogenic cell survival
at 24 h showed no recovery from the cytotoxic effects of the
combination.

Adrenal responses exert a negative feedback on IL-la-in
duced tumor microvascular injuries (6, 7). Dexamethasone
inhibited IL-la effects, while inhibition of adrenal steroid bio
synthesis with ketoconazole increased IL-la antitumor activity
(7). To further investigate the influence of corticosteroids on
IL-la responses, the effect of dexamethasone and ketoconazole
on IL-la potent intimi of MMC clonogenic cell killing was
determined (Table 1). Dexamethasone was administered, i.V.,
30 min prior to MMC and IL-la. Ketoconazole (40 mg/kg)
was administered, i.p., 60 min prior to IL-la. Although dexa
methasone had no effect on MMC cytotoxicity, it markedly
inhibited the antitumor activity of the IL-la-MMC combina
tion. Ketoconazole, administered l h before the combination,
markedly increased clonogenic cell kill, but this effect could be
negated if dexamethasone was given after ketoconazole and
before IL-la. Although substantial decreases in the cell yield
were seen with the ketoconazole-MMC-IL-la combination,
plating efficiencies were also markedly reduced. The overall
clonogenic cell kill for the 3-agent combination was approxi
mately 100 times greater than that for the MMC-IL-la com
bination and approximately 30-fold greater than the calculated
additive effect of MMC and the ketoconazole-IL-la
combination.

In contrast to the more than additive cytotoxicity of MMC
and IL-la combinations in RIF-1 tumors, the observed re
sponses in the bone marrow CFU-S compartment were similar
to that expected if the interaction between the 2 agents were
additive (Table 2). Also, when ketoconazole was administered
l h before the MMC-IL-la combination (Table 2), the effect
on marrow CFU-S number was similar to that expected if the
interaction between agents were additive.

Fig. 3. IL-la dose-dependent potentiation
of MMC cell killing in RIF-1 tumors. MMC
(I mg/kg) was given i.v. immediately before
IL-la treatment, n, IL-la alone; â€¢¿�,IL-la +
MMC. The surviving fraction is the ratio of
treated to control for plating efficiency (A).
cell yield (B), and clonogenic cells/g (C). Each
point is the mean for a single experiment with
pooled tissue from 2 to 3 treated mice.
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Fig. 4. MMC (left) and PORF (right) dose-dependent clonogenic tumor cell
kill in RIF-1 tumors. MMC (â€¢)and PORF (â€¢)were administered alone (i.v.) or
in combination with 25 Mg/kg of IL-ln (A, A, V). IL-la was given with PORF
(T), with MMC (A), or l h after MMC (A). Each point represents the surviving
fractions for total clonogenic cells/g of tumor determined in independent exper
iments where tumor tissue from 2 to 3 mice per treatment was pooled for analysis.
In the MMC experiments, bars indicate SD (n = 3). Lines of best fit, determined
by least-squares regression analysis, were highly significant I/' < 0.01).

Marked inhibition of RIF-1 tumor growth was seen with
drug-IL-la combinations which produced more than additive
clonogenic cell kill (Fig. 6). Regrowth delay was approximately
25 days (7.1 regrowth doubling times) when MMC was given 1
h before IL-la. Similarly, regrowth delay (27 days, 7.7 regrowth
doubling times) was greatly prolonged when PORF and IL-la
were given together. In contrast, when MMC or PORF was
given 2 h after IL-la, little or no regrowth delay was obtained.

In addition to effects on solid s.c. tumors, combinations of
IL-la and the bioreductively activated drugs were also effective
in treatment of spontaneous mÃ©tastasesfrom Panc02 tumors.
In the Panc02 spontaneous lung metastasis model (Fig. 7), IL-
la (25 Mg/kg), MMC (1.0 mg/kg), and PORF (25 mg/kg) as
single agents were therapeutically ineffective. However, com
binations of IL-la and of MMC or PORF increased median
survival times. When MMC was given with IL-la, median
survival times were significantly (p < 0.01) increased, and 30%
of the mice were tumor free at 100 days. When MMC was
given l h before IL-la, 100-day tumor-free survival was 70%
(p < 0.05 compared with simultaneous IL-la and MMC). No
gross evidence of lung mÃ©tastaseswas observed in long-term

survivors autopsied at 100 days after surgery.

When PORF and IL-la were given together 1 day prior to
primary tumor excision, a 36-day increase (p < 0.001) in
median survival time was seen with 30% of the mice tumor free
at 100 days. Although a significant increase in median survival
was seen when PORF was given 4 h after IL-la, the increase
was less than that seen with the optimal schedule, and no long-
term survivors were seen.

While greater than additive effects for drug-IL-la combina
tions were observed in vivo, a 4-h pretreatment with 1000 units/
ml of IL-la had no effect on the in vitro cytotoxicity of PORF
and MMC in either RIF-1 or Panc02 cell cultures (Fig. 8).

DISCUSSION

The in vivo antitumor activity of the bioreductively activated
drugs, MMC and PORF, was markedly increased in combina
tion with IL-la. Chemosensitization was seen using both clon
ogenic cell survival or regrowth delay endpoints. In the che-
moresistant Panc02 spontaneous lung mÃ©tastasesmodel, IL-
la-chemotherapy combinations increased animal median sur
vival times and resulted in more long-term survivors than when
the agents were applied singly.

In vivo Chemosensitization was highly schedule dependent
and dependent on IL-la dose. Although maximal sensitization
to MMC was seen with 25 Mg/kg of IL-la, increased clonogenic
cell kill was seen with as little as 0.15 Mgof IL-la/mouse. The
marked schedule-dependent in vivo Chemosensitization to
MMC and PORF was not only due to increases in drug cyto
toxicity, as indicated by reduced plating efficiencies, but also to
acute decreases in tumor cellularity. Reduced tumor cell yield
was seen within 3 to 4 h after treatment with the combinations,
and in situ lysis is a likely explanation for these results. Since
cell killing after IL-la may be dependent on the duration of
ischemia (8) and tumors treated with the combinations were
qualitatively more hemorrhagic than tumors treated with IL-
la or chemotherapy alone, the reduced tumor cellularity after
the combination suggests that the microvascular injury and the
duration of tumor ischemia are greatly increased in tumors
treated with the IL-la-chemotherapy combination. Corticoster-
oid hormones inhibit IL-la-mediated tumor microvascular in
juries (6, 7), and adrenal responses after IL-la treatment exert
a negative feedback on IL-la-mediated antitumor activity and
systemic toxicity (6, 7, 24). Dexamethasone pretreatment ab
rogated IL-la-induced Chemosensitization, and ketoconazole
pretreatment markedly increased the antitumor activity of the
IL-la-MMC combination. Dexamethasone given after keto
conazole, but before IL-la and/or MMC, inhibited ketocona-

Fig. 5. Kinetics of cell killing in RIF-1 tu
mors by IL-1Â«(25 mg/kg) and PORF (20 mg/
kg) alone (D, A) or in combination (O) where
PORF is given i.v. just prior to IL-ln. The
surviving fraction is expressed as the ratio of
treated to control plating efficiency (A), cell
yield (B), and total clonogenic cells/g (C).
Each point is the mean for a single experiment
with pooled tissue from 2 to 3 treated tumors.
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Table 1 Effect of dexamethasone (5 mg/kg) and ketoconaiole (40 mg/kg) on IL-la-mediated potentiation of MMC (1 mg/kg) antitumor activity

Control
IL-1 + MMC
IL-1 +MMCDEX'

+ (MMC + IL-1)7
DEX +MMC7KC+

1 h + (MMC + IL-1)
KC-MMMC +IL-1)KC

+ DEX + (MMC + IL-1/
KC + DEX + IL-1'
KC + DEX +MMC7MMC

aloneKC

+ IL-1 aloneTotal

cells/g
x10Â»136.0

8.427.1

93.53.543.5

120.0
142.0PE

(%)29.0
Â±3.1Â°(6)'

9.2 Â±1.6(5)18.7

Â±2.8(5)
12.1 Â±1.7(4)0.089

Â±0.06(5)4.6

Â±2.3 (5)
22.9 Â±2.1 (4)
10.5 Â±0.7 (5)Clonogenic

cells x 105/g

oftumor396.0

Â±42.6
7.8 Â±1.6'50.7

Â±8.5'
118.0Â±23.50.031

Â±0.00520.0

Â±11.3Â«
175.0 Â±25.6'
150.0Â± 12.0SF1.000

0.019
0.013 +0.005(5)''0.130

0.2988.0

x IO'5
1.7 Â±0.6 x IO-1(4)*0.051

0.694
0.3760.284

Â±0.074(5)d0.020

Â±0.013 (4)*

* Mean Â±SD.
* Numbers in parentheses, number.
c Analysis of variance indicated highly significant (P < 10~') treatment effects. All treatment groups were significantly (P < 0.05) different from control.
d Data for 5 experiments with 10 tumors.
' DEX, dexamethasone; KC, ketoconazole.
!Dexamethasone given i.v. 30 min before MMC.
* Significantly different (P < 0.01 ) from respective non-dexamethasone-containing treatment groups.
* Data for 4 experiments with 8 tumors.
' Dexamethasone given i.v. 30 min before IL-1.

zole potentiation without affecting MMC toxicity.
In previous studies, ketoconazole alone had little effect on

the viability of RIF-1 cells in vitro but greatly potentiated the
microvascular injury, tumor ischemia, hemorrhagic necrosis,
and clonogenic cell kill induced by IL-la. This effect was likely
due to ketoconazole-mediated inhibition of the adrenal steroid
biosynthesis (7). Cell yields after ketoconazole and IL-1Â«were
much reduced (5% of control) as compared with IL-la alone.
Although the tumor cell yield after the ketoconazole-MMC-IL-
la combination was approximately 40% of that after MMC
and IL-1 a, marked chemosensitization can be concluded as the
plating efficiency with the 3-agent combination was approxi
mately 100-fold less than after the IL-la-MMC combination.
These findings, the results from previous studies (5-15), and
the finding that IL-la had no effect on the in vitro cytotoxicity
of MMC and PORF provide some insights for new hypotheses
concerning the mechanisms responsible for their combined
efficacy.

Preferential bioactivation (10), increased retention (25), in
creased DNA-DNA cross-linking (11), and increased cytotox
icity (10-13, 25-27) have been reported for MMC and PORF
in hypoxic cells in vitro. Sensitization of Chinese hamster ovary
cells to MMC and PORF was directly related to oxygen con
centration (28). Further, under conditions of low pH as might
be expected in ischemie tumors, MMC bioactivation and DNA
cross-linking were enhanced (26, 29, 30). Thus, IL-la-induced
microvascular injuries, leading to changes in tumor perfusion,
metabolism, and oxygÃ©nation, may mediate sensitization of
RIF-1 and Panc02 tumors to MMC and PORF.

How such tumor-specific microvascular injuries are produced
by IL-la is unclear. Activation of immune cells or the stimu
lation of other cytokine (e.g., TNF) activities is an attractive
hypothesis, but inflammatory cell infiltration is not obvious
during the first 4 to 6 h after IL-la treatment in RIF-1 tumors
(8), and IL-1 a produced hemorrhagic necrosis in RIF-1 tumors
growing in athymic nude mice (5).

In more recent studies, IL-la produced hemorrhagic necrosis
in RIF-1 tumors without a detectable change in tumor TNF
levels. Further, treatment with a dosage of hamster antimurine

IL-la monoclonal antibody sufficient to abrogate hemorrhagic
necrosis induced by lipopolysaccharide did not inhibit acute
hemorrhagic necrosis produced by IL-la (31).

Although the sensitivity of RIF-1 cells to MMC and PORF
in vitro was similar to that reported for other cell lines (11, 12,
32), MMC was approximately 3 to 4 times more cytotoxic to
RIF-1 tumor clonogenic cells in vivo than that observed for the
corresponding cell populations in EMT 6 (33) or KHT tumor
cells (32). Conversely, PORF was approximately 2 times less
cytotoxic in RIF-1 tumors than in EMT-6 tumors (13). These
differences might be attributed to our use of an i.v. route of
drug delivery and/or inherent differences in the sensitivity of
our model systems. In this regard, the hypoxic fraction of RIF-
1 tumors has been reported to be very low (34).

The most effective treatment intervals for MMC or PORF
were l h before or just prior to the IL-la treatment. These
intervals were 2 to 3 h before maximal IL-la-mediated tumor
blood flow restriction might be expected (5, 8). Although oxy
gen tensions or hypoxic cell fractions were not determined in
our studies, previous studies have indicated that KHT tumors

Table 2 Effect of ketoconazole (40 mg/kg), MMC (1 mg/kg), and IL-la (O.S
kg) on bone marrow CFU-S (14 day) in N/PLCR mice

TreatmentControlKC*MMC(1

mg/kg)MMC
+ KCadditivity'IL-laMMC

+ IL-lnadditivity'KC

+ IL-la
KC + MMC + IL-la additivity*Spleen

colonies/ 10*cells11.7

Â±4.4"(8)*8.0
Â±1.3(8)''5.4
Â±0.9(S)'4.3
Â±1.5(8)'3.0-4.4'7.7

Â±1.6(lo)1*3.9
Â±1.1(16)"2.9-4.310.9

Â±2.9(16)
1.7 Â±0.7(8)''1.7-3.2SF1.0000.6900.4600.3660.3170.6580.3340.3040.9300.1500.209

Â°Mean Â±SD.
* Numbers in parentheses, number.
f KC, ketoconazole.
d Significantly different (P < 0.05) from control.
' Calculated additive effect for MMC and ketoconazole.
f Ninety-five % confidence interval.
* Calculated additive effect for IL-la and MMC.
* Calculated additive effect for ketoconazole, MMC, and IL-la.
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Fig. 6. Effect of MMC (left) or PORF (right) alone (â€¢)and in combination
with IL-la on the growth of RIF-I tumors in vivo. Individual tumors were
measured at regular intervals after treatment, and tumor sizes were expressed as
a fraction ofthat measured on the day of treatment. In the combination treatment
groups, MMC was given l h before (A) or 2 h after (A) IL-la, and PORF was
given with IL-la (T) or 2 h after IL-la (V). Control tumor growth (D) and the
effect of IL-la alone (Â»)are also shown. Points, mean for 5 tumors per study
group; bars, SEM. Data at Â¡eftwere previously published (15) and are used with
permission.
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Fig. 7. Effect of MMC (left, closed symbols) and PORF (right, open symbols)
alone and in combination with IL-la on the survival of mice bearing metastatic
Panc02 tumors. Tumor-bearing mice were treated with 0.9% NaCl solution (â€¢),
IL-la alone (*), MMC (1.0 mg/kg) or PORF (30 mg/kg) alone (â€¢,O), and IL-
la and MMC or PORF (A, T, A, V) in combination on Day 13 after inoculation
of the Panc02 tumor. Primary tumors were resected on Day 14. A, MMC given
with IL-la; T, MMC given l h before IL-la; A, PORF given with IL-la; V,
PORF given 2 h after IL-la. The experiments were terminated at 100 days after
primary tumor excision. Each study group consisted of 10 to 12 mice except
MMC alone (â€¢)and MMC II 1,. (A) groups which consisted of 20 mice per
group.

exhibit nearly 100% radiobiological hypoxia within 30 min
after treatment (9). Thus, the optimal sequencing intervals for
MMC and PORF with IL-la may reflect the time required to
generate intratumor hypoxia and/or the time required to sen
sitize the clonogenic cells to the bioreductively activated drugs.
This hypothesis is supported by our observation that the cell
kill in tumors resected at l h after IL-la and PORF was similar
to that seen after PORF alone, while the cell kill at later times
was markedly increased as compared with that after PORF
alone. Further, previous studies indicating that exposure to a
hypoxic environment for at least 45 min (32) and up to 4 h (10)
may be necessary for MMC sensitization in vitro. The lack of
recovery in the clonogenic cell population for up to 24 h after

treatment with PORF or the IL-la-PORF combination is con
sistent with studies (13, 35) showing no repair of potentially
lethal damage in EMT-6 tumors after PORF or MMC.

Although MMC and PORF were cytotoxic to both hypoxic
and aerobic tumor cells, only PORF demonstrated preferential
cytotoxicity for radiobiologically hypoxic cells in vivo (12, 33).
Vascular insufficiency, generally recognized as the pathophysi-
ological factor resulting in hypoxic tumor cell populations,
would also limit drug delivery to chronically hypoxic cells. That
aerobic and hypoxic populations had different MMC exposure
characteristics in vivo probably prevented the detection of in
creased MMC sensitivity in the hypoxic fraction in previous
studies (13, 32). Since RIF-1 tumors are well vascularized (17),
well energized (7, 8), and presumably well oxygenated (34), IL-
la-mediated decreases in tumor oxygÃ©nationlikely promoted

the activation and retention of MMC and PORF metabolites.
The best DMFs for MMC (3.6) and PORF (5.1) in combination
with IL-la were well within the range seen for cultured cells
exposed to MMC or PORF under hypoxic conditions (10-13).

Although IL-la-mediated change in tumor oxygÃ©nationis
the likely mechanism for IL-la-mediated chemosensitization,
little is known about the effects of IL-la on the pharmacology
of MMC and PORF. The finding of only additive effects on
bone marrow CFU-S might suggest that prolonged systemic
exposure to the drugs cannot account for the increased antitu-
mor activity of MMC and PORF in combination with IL-la.
Additional studies will be necessary to determine the effect of
IL-la on any drug pharmacokinetics and to determine if in
creased drug retention in the tumor after IL-la could account
for IL-la-mediated increases in clonogenic cell killing.

Depletion of cellular glutathione levels can increase the cy
totoxicity of several chemotherapy agents including MMC (36-
38). The DMFs reported for combinations of MMC and buth-
ione sulfoximine in vitro (36, 37) were similar to those observed
in vivo (38). Although the effect of IL-la-induced patho-
physiologies on the levels of intracellular free radical scavengers
in tumors is not known, free radicals are known to play an
important role in inflammation. In this regard, IL-la has been

shown to stimulate Superoxide production by endothelial cells
(39). In addition, hypoxia has been shown to deplete cellular

10 15 20 25

Porfiromycin

Fig. 8. Effect of MMC (left) and PORF (right) alone (closed symbols) or in
combination with IL-la (1000 units/ml; open symbols) on the survival of RIF-1
(O, â€¢¿�)and Panc02 (D; â€¢¿�)cells in vitro. Replicate experiments were conducted at
all dose levels. Each point represents the surviving fraction determined from at
least 4 plates per drug dose.
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glutathione in vitro (40). It is conceivable, therefore, that IL-
1Â«-mediatedeffects on intracellular detoxifying pathways could
influence MMC and PORF antitumor activities in vivo.

Although cytokines and other BRMs will probably not be
highly efficacious as single agents for the majority of solid
tumors, combination approaches with agents that have the
potential to exploit specific BRM-induced tumor pathophysiol-
ogies could afford significant therapeutic advantages over con
ventional approaches. In this regard, recent studies indicate
that the cytotoxicity of the hypoxic cell toxin and radiosensi-
tizer, RSU 1069, is markedly increased in combination with
IL-la (14, 15).
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