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ABSTRACT

The antitumor effects of recombinant human interleukin la (II -I i
were determined in RIF-1 and Panc02 murine solid tumors. Acute tumor
hemorrhage was observed in both models as early as 3 h after a single
25 ftg/kg U â€¢-'treatment and was quantitated by the intratumor accumu
lation of 59Fe-labeled erythrocytes (RBC). The IL-1-mediated hemor-
rhagic response was maximal 6-12 h after treatment and greater in
l'am-02 tumors than in RIF-1 tumors. Hemorrhagic responses to RIF-1
tumors growing in athymic nude mice were similar to those seen for RIF-
1 tumors in (".Ml/He.) mice.

This acute vascular injury was accompanied by progressive edema in
tumors but not in skin or muscle. In RIF-1 tumors, the extracell water
volume at 12 h after II -I (395 nl/n) was nearly twice that in untreated
controls (215 nl/n). IL-1 also produced marked reductions in tumor blood
flow as early as l h after treatment. Maximal blood flow restriction was
seen at 6 h after IL-1. Although restricted blood flow was observed in
tumors for up to 48 h, IL-1 effects on muscle, liver, and skin blood flow
were transient with recovery by 12 h after treatment.

IL-1 (up to 0.4 ng/ml for 72 h) was not toxic to RIF-1 tissue culture
cells in vitro, but 0.2 ng/ml IL-1, for 20 h, reduced the clonogenicity of
RIF-1 cells in primary expiant cultures by approximately 50%. In vivo,
the clonogenic cellularity of RIF-1 tumors was reduced by 70%, 24 h
after a single 25 Mg/kgtreatment. Increased clonogenic cell proliferation
was observed at 24 h, and rapid repopulation of the clonogenic cell
population was seen by 48 h. Although IL-1 transiently slowed the
growth of RIF-1 tumors, no significant regrowth delay was observed. In
Panc02 tumors, cell proliferation was also inhibited after IL-1. Recovery,
however, was delayed and occurred more slowly than in RIF-1 tumors.
Significant growth inhibition and regrowth delay (5 days) was observed
in Panc02 tumors after a single IL-1 treatment.

The results of these studies show that IL-1 has significant effects on
the pathophysiology of both RIF-1 and Panc02 tumors in vivo. Further,
our results indicate that these effects may be mediated through the
activation of a non I -cell, adherent cell population residing in the tumor
at the time of IL-1 treatment.

INTRODUCTION

Gery ( 1) first described a factor from mononuclear cells which
could recruit dormant T-cells into active cell cycle progression.
This factor, later termed interleukin 1 (2), was shown to stim
ulate T-cell proliferation by inducing the synthesis of receptors
for the T-cell growth factor, interleukin 2 (3-5). Subsequently,
it was shown that many cell types produce interleukin 1 (6) and
that its hormone-like activities are not restricted to lymphoid
cells. Interleukin 1 stimulates the synthesis of acute phase
proteins by hepatocytes (7), procoagulant activity by endothelial
cells (8), and proteases by several cell types (9). Interleukin 1
has also been shown to stimulate the mobilization of marrow
granulocytes (10), the synthesis of granulocyte-macrophage col-
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ony-stimulating factor (10, 11) and the proliferation of hema-

topoietic progenitors (12, 13).
Interleukin 1 was shown to enhance monocyte cytotoxicity

(14) and to stimulate these cells to produce prostaglandins (15).
Interleukin 1 also stimulated peripheral monocytes to produce
a soluble cytotoxic activity which could be neutralized with
antibodies directed against tumor necrosis factor (14). This
cytokine can be highly cytotoxic to tumor cells in vitro (16-18)
and can induce acute tumor necrosis in vivo (17, 19).

Our initial studies indicated that a single i.p. IL-13 treatment

produced acute hemorrhagic necrosis, restricted blood flow,
and clonogenic cell kill in RIF-1 solid tumors in syngeneic
C3H/HeJ mice (20). The present studies were conducted to
further define the pathophysiological effects of IL-1 in two solid
tumor models and normal host tissues.

MATERIALS AND METHODS

Tumor Models. RIF-1 fibrosarcoma tumor cells were propagated in
vitro (Waymouth's medium supplemented 10% fetal calf serum and 2

mM ululammo) as described previously (21). RIF-1 tumors were pro
duced in 6-10-week-old, female C3H/HeJ mice (The Jackson Labora
tories, Bar Harbor, ME) by inoculating 5 x IO5tissue culture cells, s.c.,

on the flank. Studies were routinely begun 14 days later when tumors
weighed approximately 0.5 g. In some experiments, smaller or larger
inocula were used to produce smaller or larger RIF-1 tumors at 14
days. RIF-1 tumors were also produced in BALB/c athymic nude mice
(Life Sciences, Ft. Lauderdale, FL) as described above. Tumor-bearing
nude mice were also studied at 14 days after transplantation when
tumors were approximately 0.3 g.

The Panc02 murine pancreatic adenocarcinoma, first described by
Corbett (22), was obtained from the NCI tumor bank (Frederick, MD)
and passaged by s.c. trocar implantation of tumor fragments (~1 mm3)
from 14-day donor tumors, into 6-10-week-old female C57B1/6J mice
(The Jackson Laboratories). Studies employing Panc02 tumors were
initiated 14 days after innoculation when tumors were approximately
0.3 g. All incoming mice were quarantined for 2 weeks prior to entering
studies. Randomly selected mice were tested and found to be free of
adventitious murine viruses. All mice were housed four to five per cage
in a temperature and humidity controlled facility with a 12-h light,
dark cycle and fed standard mouse chow and water ad libitum.

Interleukin 1. Recombinant human interleukin la was generously
provided by Dr. Peter Lomedico (Hoffmann-LaRoche; Nutley, NJ).
The IL-1 used in our studies was highly purified (2.5 x 10' units/mg

protein) and essentially free of endotoxin contamination KO. 125 eu/
mg protein). IL-1 was diluted in pyrogen free, sterile 0.9% NaCI
containing 0.5% BSA and administered by i.p. injection in 0.2 ml of
vehicle. Our standard mouse dose (25 ng/kg) for these studies was less
than 5% of the mouse LDÂ»dose.4 Control mice received vehicle alone.

Vascular Responses to IL-1. Vascular hemorrhage was quantitated
in tumor, muscle (femoralis), and skin (pina) by determining the change
in tissue packed RBC volumes after treatment. The packed RBC
volumes were determined by the tissue distribution of radiolabeled
RBCs (20). One //Ci of "Fe-citrate (NEN, Boston, MA) was injected,

i.p., 7 days after tumor implantation. Blood and tissues were sampled

3The abbreviations used are: BSA. bovine serum albumin; BWt, body weight;
IL-1, recombinant human interleukin la; ID, injected dose; PE, plating efficiency;
TLI, I'HJthymidine labeling index; TNF, tumor necrosis factor.

4 Dr. Peter Lomedico, Hoffmann-LaRoche, Nutley, NJ, personal communi

cation.
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7 days later to provide adequate time for labeled erythrocytes to enter
circulation and for unincorporated "Fe to be cleared (23). At various
intervals after IL-1 treatment, peripheral venous blood was obtained,
in hematocrit tubes, from the postorbital venous plexus, centrifugea,
the hematocrit measured and the 59Feradioactivity, in the packed RBC

fraction, determined in a gamma well counter (Packard Instruments,
Downers Grove, IL). The radioactivity was expressed as the %ID/ml
of packed RBCs. After obtaining the blood sample, the mice were killed
by cervical luxation, the tumors resected in toto and weighed. The 59Fe

radioactivity was determined, as above, and expressed as the %ID/g
wet weight. The tissue-packed RBC volume (Â¿Â¿l/g)was calculated as the
tissue-to-blood RBC radioactivity ratio (21).

The blood flow distribution in tumor and normal tissues was deter
mined by the "RbCl method first described by Saperstein (24), and

used by us previously (21, 25). Mice were killed by cervical luxation 45
s after i.v. injection of approximately 400,000 cpm 86RbCl (NEN;

Boston, MA) in 0.1 ml (0.9% NaCl) via the lateral tail vein. The tissues
were quickly frozen in situ using an ethanol dry ice bath, resected,
weighed, and counted for radioactivity in a gamma spectrometer. The
tissue 86Rbradioactivity, expressed as the %ID/g wet weight, was taken

as the percentage of the cardiac output delivered per gram. Since the
cardiac output is a direct function of body weight, tissue blood flow
was expressed as the product of mouse body weight and 86RbID/g.

The effect of IL-1 on the distribution of tissue water was assessed by
the ["CrjEDTA, [125l]BSAdouble-isotope dilution technique described

previously (21, 25). 0.1 ml of 0.9% NaCl containing approximately
300,000 cpm ("Cr]EDTA and 200,000 cpm [125I]BSAwas administered

i.v.. via the lateral tail vein. At various intervals after injection, blood
samples were obtained from the postorbital venous plexus and the mice
killed by cervial luxation. Tissues, frozen in situ as above, were resected,
weighed, and counted for radioactivity in a three-channel gamma coun
ter. The radioactivity was expressed as the %ID/^1 plasma and the
%ID/g tissue. The tissue distribution volumes (ji'/g) for the labeled
probes were calculated as the tissue to plasma activity ratio (21, 25).
Since ["CrjEDTA is not appreciably taken up by cells (26), the distri

bution volume of this probe at equilibrium, calculated as the asymptote
(A) for the line of best fit with the equation, y = A â€”Be", represents

the total tissue extracellular water space (21, 25, 26). The plasma
volume was taken as the y intercept for the linear least-squares line of
best fit for [I25I]BSAÂ¿il/gversus time after injection (21, 25). The slope
of this line reflects capillary' permeability to BSA (21, 25, 26).

Clonogenic Cell Survival. The effect of IL-1 on clonogenic cell sur
vival in RIF-1 tumors was assessed as described previously (27). RIF-1
tumors were resected under sterile conditions, weighed, minced with
scissors, and incubated with an enzyme cocktail (trypsin, type III, 0.75
mg/ml; collagenase, type II, 0.75 mg/ml; DNAase, 0.05 mg/ml; all
from Sigma Chemical Co., St. Louis, MO) at room temperature for 45
min with continuous agitation. The disaggregated cell suspension was
filtered through six-ply sterile gauze to remove tumor fragments, cen-
trifuged, and the cells resuspended in medium with 15% fetal calf
serum. The cells were washed twice, resuspended, counted, appropri
ately diluted, and plated in T25 flasks (Falcon, Oxnard, CA 93030).
The cultures were incubated for 7 days at 37Â°Cin a 5% CÃ›2 in air

atmosphere. The colonies were fixed with methanol, stained with
Giemsa, and counted. Surviving fractions were calculated as the ratio
of clonogenic cells/g with and without IL-1 treatment.

The fraction of clonogenic cells in DNA synthesis (S-phase fraction)
was determined by hydroxyurea killing in vitro (27). After enzyme
disaggregation. aliquots of the cell suspension were treated with 2 HIM
hydroxyurea for l h at 37'C, as described previously (27). Plating

efficiencies, with and without hydroxyurea treatment, were used to
calculate the fraction of cells in DNA synthesis from the equation:
5-phase fraction = l-(PEHâ€ž/PEcâ€žâ€žâ€žâ€ži).

Cell Kinetic Measurements. Serial determinations of the tritiated
thymidine labeling index were also used to assess IL-1-mediated
changes in tumor cell proliferation. Tumor-bearing mice were injected
with |'H]thymidine (25 Ci/mM, 0.5 Mci/g BWt; NEN, Boston, MA)

and killed l h later. Tumors were immediately resected and chilled on
ice. Tumor cell suspensions were prepared by mincing with scissors in
McCoy's medium. The resultant cell suspension was filtered through a

stainless steel screen, and aliquots were applied to microscope slides,
using a cytocentrifuge (Shandon Southern; Cheshire, England). The
preparations were fixed in methanol, washed in distilled water and air
dried. Autoradiograms were prepared by dipping slides in liquid pho
tographic emulsion (NTB2; Kodak, Rochester, NY) at 54Â°C.The dried
autoradiograms were stored in light-tight boxes at 5Â°Cfor 3 weeks.

The autoradiographic exposure time was determined from test sets.
The autoradiograms were developed, fixed, washed, and stained with
Giemsa. Labeling indices were determined by evaluating at least 500
cells/slide. Two slides/tumor and a total of four tumors per study
interval were evaluated. Background was usually less than 1 grain per
equivalent cell area and cells with 3 or more grains were considered
labeled.

Regrowth Delay. The effect of IL-1 on the growth of RIF-1 and
Panc02 tumors was determined by regrowth delay. Measurements of
tumor diameters were made with calipers twice weekly. Tumor volumes
were estimated from vol = At>2/2,where / and w are the length of the

long and narrow axis diameters, respectively. Tumor volumes were
expressed as a fraction of the volume at the time of treatment, and the
regrowth delay is taken as the difference in time for treated and control
tumors to reach four times pretreatment tumor volume (27).

Statistical Analysis. Student's t test was used to assess the level of

significance between population means. A probability of less than or
equal to 0.05 was considered adequate justification to reject the null
hypothesis.

RESULTS

A single IL-1 treatment (25 Mg/kg, i-P-) produced visually
obvious hemorrhage in both RIF-1 and Panc02 tumors within
3-6 h after injection. This response was quantitated in tumor
and normal tissues by determining tissue RBC volumes using
an 59Fe-labeled RBC dilution method. Fig. 1 shows the time-

dependent changes in the packed RBC volumes for tumor and
normal tissues after a single IL-1 treatment. The packed RBC
volume for RIF-1 tumors growing in C3H/HeJ mice was sig
nificantly (P < 0.05) increased at 6 h after IL-1, reached
maximal levels at 12 h (150% of control) and remained elevated
for up to 24 h after treatment. In Panc02 tumors, a more
prompt and greater response to IL-1 was noted, as maximal
RBC levels were seen at 6 h. At 24 h after IL-1, the packed
RBC volume in Panc02 tumors (226% of control) was signifi
cantly (P < 0.02) greater than that in RIF-1 tumors (140% of
control). Although RIF-1 tumors growing in BALB/c athymic
nude mice exhibited a greater packed RBC volume than did
RIF-1 tumors in syngeneic C3H/HeJ mice, the percentage of
increase in RIF-1 tumor RBC volumes after IL-1 was similar
in two mouse strains. IL-1 had little or no effect on packed
RBC volumes in skeletal muscle and skin.

1=
E

6 12 18 24 30
Mrs. after IL-1

Fig. I. Time-dependent changes in tissue-packed RBC volumes for pina (d).
skeletal muscle (A), Panc02 tumors (A), and RIF-1 tumors in C3H/HeJ (â€¢),and
BALB/c athymic nude mice (â€¢)after IL-1. Each symbol represents the mean Â±
l SEM for six tissues.
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IL-1 profoundly affected blood flow in both RIF-1 and
Panc02 tumors. Table 1 shows the results from five experiments
in which tumor blood flow was assessed 6 h after a single (25
Mg/kg) IL-1 treatment. In control RIF-1 tumors, vascular per
fusion decreased with increasing tumor size. Panc02 tumors
were less well perfused than similarly sized RIF-1 tumors. In
all studies, tumor blood flow was reduced by approximately
50%, after IL-1. The lowest post-IL-1 perfusion levels were
seen in Panc02 and large RIF-1 tumors.

Fig. 2 shows the time-dependent changes in tumor blood flow
in RIF-1 and Panc02 tumors after IL-1 (25 Â¿Â¿g/kg)treatment.
Reduced tumor blood flow in Panc02 tumors was seen within
l h after treatment, with no recovery for up to 36 h. In RIF-1
tumors, reduced perfusion was seen as clearly as 3 h with some
recovery noted between 6 and 48 h after treatment. The time
dependent changes in tumor blood flow after IL-1 were similar
in both large and small RIF-1 tumors.

Fig. 3 shows the 86RbCl distribution in liver, skeletal muscle

Table 1 Effect of IL-1 on tumor blood flow in RIF-1 and Panc02 tumors
IL-1 was given 14 days after transplant; tumor blood flow was determined 6 h

after 25 MgAg IL-1, i.p.

TumorRIF-1*

RIF-1
RIF-1
RIF-1Panc02Mass

(g)0.91

Â±0.11
0.50 Â±0.06
0.47 Â±0.09
0.24 Â±0.06
0.25 Â±0.02Control

(ID/g)BWt.0.44

Â±0.04
0.83 Â±0.12
0.86 Â±0.14
0.90 Â±0.11
0.54 Â±0.03CIL-1

(ID/g)
BWt."0.21

Â±0.02
0.40 Â±0.05
0.41 Â±0.06
0.49 Â±0.07
0.23 Â±0.03

"All IL-1 responses were significantly (P < 0.01) different from respective

controls.
* Experiments were conducted independently with five tumors per study group,

the data is presented as the mean Â±l SEM.
c Significantly different (P < 0.01) from size-matched RIF-1 tumors.

1.00

0.75

X 0.50

E Â°-25

0.00
6 12 4824 36

Mrs. after IL-1

Fig. 2. Time-dependent changes in "RbCl distribution in small (0.41 Â±0.12
g; â€¢)and large (0.91 Â±0.11 g; â€¢)RIF-1 tumors and in Panc02 tumors (A) after
IL-1. Each symbol represents the mean Â±l SEM for six tumors.

1.00

0.50

0.25

0.00
24 36

Mrs. otter IL-1

and pina from tumor-bearing mice after IL-1 treatment. At 3 h
after IL-1, blood flow in muscle was significantly (P < 0.05)
decreased while that in liver was significantly (P < 0.05) in
creased. These effects were transient and recovery was observed
between 6 and 12 h after treatment. IL-1 had no significant
effect on the 86RbCl distribution in pina.

The [51Cr]EDTA, [125I]BSAdouble-isotope dilution assay was
used to determine the effect of IL-1 on the distribution of tissue
water in RIF-1 tumors and normal tissues (Table 2). Although
the plasma volume for RIF-1 tumors decreased 25% by 12 h
after treatment, no significant changes in the plasma volumes
for pina and skeletal muscle were seen. Extracellular water
distribution in muscle and pina was not significantly affected
by the IL-1 treatment, but a time-dependent increase in tumor
extracellular water was seen after IL-1. At 12 h after IL-1, the
tumor extracellular water volume was approximately twice that
for controls. Capillary permeability to [I25I]BSA was slightly
increased in muscle at 6 h but not at 12 h. In RIF-1 tumors,
increased capillary permeability was noted at 12 h after IL-1.
Peripheral blood hematocrits were significantly reduced by 12
h after treatment.

IL-1 treatment resulted in significant cytotoxicity to RIF-1
clonogenic tumor cells in vivo (Table 3). At 24 h after IL-1, the
decreased RIF-1 clonogenic cellularity indicated approximately
70% cell kill. Rapid expansion of the clonogenic cell population
was noted between 24 and 48 h after treatment.

In unfractionated RIF-1 tumor expiant cultures, the number
of clonogenic cells per flask decreased by approximately 50%
after a 20-h IL-1 treatment in vitro (Table 4). IL-1, however,
had little or no effect on the growth of established RIF-1 cell
cultures (in vitro passage 4) in vitro (Fig. 4).

Marked changes in the proliferation of RIF-1 and Panc02
tumor cells were seen after IL-1 in vivo. Hydroxyurea killing of
clonogenic RIF-1 cells suggested that, at 24 h, the fraction of
clonogenic cells in DNA synthesis was increased, relative to

Table 2 Effect of IL-1 on tissue water distribution and capillary permeability in
RIF-1 tumors, skeletal muscle, and skin (pina)

Hours after IL-1

ControlPlasma

volume Gil/g)
Tumor 39.5 Â±4.6Â°

Muscle 11.0 Â±2.1
Skin 23.6 Â±4.8Extracell

volume (ul/g)
Tumor 210 Â±44
Muscle 128 Â±36
Skin 480 Â±63Capillary

permeability (Â¿il/g/min)
Tumor 0.34 Â±0.04
Muscle 0.06 Â±0.01
Skin 0.21 Â±0.116h32.0

Â±3.1
9.0 Â±1.7

25.1 Â±4.4288

Â±74*

127Â±31
465 Â±750.32

Â±0.05
0.09 Â±0.02*

0.18 Â±0.1012

h29.5

Â±5.3*

12.0 Â±3.1
27.3Â±6.1403

Â±64*

120 Â±8
480 Â±490.44

Â±0.10*

0.07 Â±0.01
0.33 Â±0.11

Hematocrit 48.6 Â±2.1c (29) 47.6 Â±1.3 (29) 45.3 Â±5.1 (30)*

* Mean Â±95% confidence interval.
* Significantly (P < 0.05) different from respective control.
' Mean Â±SD (n).

Table 3 Clonogenicity and hydroxyurea sensitivity of RIF-1 tumor cells after IL-
/

PEÂ° PE(HU)*
5-phase
fraction Cells/g

Clonogenic
cells/g

Control 0.295 Â±0.016 0.249C 0.16 1.1x10" 3.2x10'
24 h 0.119 Â±0.011 0.063 Â±0.002 0.47 5.8x10' 6.9x10'
48 h 0.302 Â±0.013 0.226 Â±0.013 0.25 8.5x10' 2.6x10'

Fig. 3. Time-dependent changes in "RbCl distribution in liver (A), pina (â€¢),
and muscle (â€¢)from Panc02 tumor-bearing mice after IL-1. Each symbol is the
mean Â±l SEM for six samples.

6013

" Plating efficiency, mean Â±l SEM, n =
* Hydroxyurea, 2 mM for 1 h.
c One Ã©valuableculture.
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ANTITUMOR ACTIVITY OF IL-1 IN MURINE SOLID TUMORS

Table 4 Effect of IL-1 (0.2 ng/ml, 20 h) on the clonogenicity ofRIF-1 tumor
cells in primary explant cultures

Enzyme dissociated tumor cell suspensions were plated in T25 flasks. At 3 h,
the media were changed to media with or without 0.2 ng/ml (2.5 X 10" units/ing)
IL-1. Cultures were harvested by trypsinization 20 h after IL-1, diluted and
replated in vitro.

Clonogenic cells/flask

Cells plated Control IL-1

Exp. 1
1.0 xIO6Exp.

2
1.2 X 10'1.54

Â±0.17 x10M2.60

Â±0.25 x 10'0.73

Â±0.06 xIO5*1.35

Â±0.03 x IO5*

â€¢Mean Â±SD for two cultures.
* Significantly (P < 0.005) different from respective control cultures.

n
o

â€¢

1.0 10.0 100 1000

IL-1 (units/ml)

Fig. 4. Effect of IL-1 on the growth of RIF-1 tissues culture cells in vitro.
Cells were seeded at 2 x 10' cells/T25 flask. At 3 h, the media was changed to
media with and without IL-1 (2.5 x 10' units/mg). Total cells per flask were

counted at 72 h. Each symbol is the mean Â±1 SD for two cultures.

40.0

30.0

20.0

10.0

0.0

,*----.

12 24 36 48 60 72 84 96 108

Mrsafter IL-1

Fig. 5. Changes in the ['Hlthymidine-labeling index for RIF-1 (â€¢)and Panc02
(A) tumor cell populations after a single IL-1 treatment. Each symbol is the mean
Â±l SEM for five tumors. Significant (P < 0.05) IL-1 effects were seen at 12 and
24 h in RIF-1 tumors and at 6, 12, and 24 h in Panc02 tumors.

that in the vehicle treated controls (Table 3). Tritiated thymi-
dine-labeling indices were also determined for RIF-1 tumor
cells at various intervals after IL-1 (Fig. 5). Considerable inter-
tumor variation was noted at 6 h after treatment. At 12 h,
however, TLIs were significantly reduced as compared to un
treated controls. At 24 h after IL-1, TLIs were increased to
nearly twice that seen for controls. This proliferative rebound
was short-lived, as TLIs decreased to pretreatment values by 36
h. A somewhat different response was noted in Panc02 tumors
(Fig. 5). Decreases in the TLI were noted by 6 h after treatment.
At 12 h after IL-1, the TLI was reduced by nearly 80%.
Recovery of cell proliferation in Panc02 tumors was slower
than in RIF-1 tumors, as control TLIs were not reestablished
until 48 h after treatment.

The growth of Panc02 tumors was significantly inhibited by
IL-1. A single IL-1 treatment produced a 5-day regrowth delay.

'8:8
8.0
7.0
6.0
S.O

I 4-Â°

o 3.0

Ãˆ
2.0

UBO

&''

r T

oâ€”-9

2468

Boye Ã¶fterTreatment

10 O 2 4 6 8 10 12 14

Days after Treatment

Fig. 6. Effect of a single IL-1 (25 Mg/kg) treatment on the growth of RIF-1
(.( ) and Panc02 tumors (B). Tumor size is expressed as a fraction of the tumor
size on the day of treatment (O, IL-1 treated; â€¢,control). Each symbol is the
mean Â±l SEM for five tumors; *, significantly (P < 0.05) different from the
respective age-matched control tumors.

The growth of RIF-1 tumors was temporarily slowed by a single
IL-1 treatment. While this effect was consistently observed in
other experiments (data not shown), rapid regrowth of the
tumors resulted in no significant regrowth delay (Fig. 6). These
findings are consistent with the rapid expansion of the clono-
genic cell population noted between 24 and 48 h after IL-1
(Table 3).

DISCUSSION

These studies were undertaken to characterize the antitumor
effects of the multifunctional cytokine IL-1 in Panc02 and RIF-
1 murine tumor models. In the chemoresistant Panc02 tumor
model, a single 25 Â¿tg/kgIL-1 treatment produced a 5-day
regrowth delay. Although growth inhibition in RIF-1 tumors
was slight, significant pathophysiological effects were observed
in both tumor models after IL-1. The most obvious manifesta
tion of IL-1 treatment was acute tumor hemorrhage. This
response was quantitated using the 59Fe-labeled RBC dilution

technique. Previous studies, using this method (21), indicated
that at least 80% of the total RBC volume in RIF-1 tumors was
readily exchangeable with the peripheral circulation. The results
of the present studies confirm these observations as the tumor
packed RBC volume (33 n\/g) and tumor plasma volume (39
Â¿il/g)provide a tumor blood hematocrit estimate (~46%) that
is consistent with that measured for peripheral venous blood
from RIF-1 tumor-bearing C3H/HeJ mice (48.6 Â±2.1%). On

the other hand, a significant fraction of the Panc02 vascular
volume may not readily exchange with the peripheral circula
tion, as the plasma volume for Panc02 tumors was previously
shown to be approximately 20 fi\/g (25). In RIF-1 tumors, the
packed RBC volume increased from 33 to 49 ^1/g by 12 h after
IL-1. Since the tumor plasma volume decreased after IL-1, the
increase in tumor packed RBC volumes likely reflect the grossly
apparent hemorrhagic condition of the treated tumors. Since
IL-1 is known to stimulate the synthesis of procoagulant activity
(8) and plasminogen activator inhibitor (28), intravascular clot
ting may have contributed to the 59Fe-labeled RBC observa

tions. Histological observations suggested both intravascular
RBC aggregation and RBC extravasation after IL-1.

Although the increases in packed RBC volumes in Panc02
and RIF-1 tumors after IL-1 indicated significant injury to the
tumor vasculature, IL-1 had little or no effect on the packed
RBC volumes for muscle and pina. This confirmed the gross
impression that IL-1 did not produce acute hemorrhage in these
normal tissues.

Blood flow, in normal and tumor tissues, assessed by 86RbCl
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distribution, provides a relative blood flow value which can be
taken to represent the fractional distribution of the cardiac
output to the tissue (24). Although RIF-1 tumors were better
perfused than similarly sized Panc02 tumors, blood flow in both
models was similarly reduced after IL-1. Large RIF-1 tumors
and PancOZ tumors were rendered more ischemie after IL-1
than small RIF-1 tumors, presumably because they were less
well perfused at the time of treatment. Time course studies
suggested some recovery in RIF-1 tumors, but little or no
recovery was noted in Panc02 tumors. Since the entire tumor
mass was weighed and counted for 86RbCl radioactivity, the

%ID/g calculation reflects perfusion of the total tumor mass
and may thus underestimate blood flow to the more viable areas
of the tumor. Although IL-1 produced no changes in blood flow
to the pina, small changes were noted in muscle and liver, but
these responses were transient. Since reduced blood flow may
result in reduced tissue oxygÃ©nation, IL-1 treatments could
transiently reduce the effectiveness of chemotherapy or radio
therapy administered with, or in close temporal proximity to
IL-1. On the other hand, it is conceivable that the effectiveness
of some chemotherapy agents and hyperthermia could be in
creased by IL-1-mediated blood flow restriction. Previous stud
ies have suggested that combinations of TNF, a tumor hemor
rhage-inducing lymphokine (17, 19, 29), and mitomycin C or
TNF and hyperthermia, have demonstrated antitumor activity
which can be considered to exceed additivity (29).

IL-1 treatment reduced the clonogenicity of the RIF-1 tumor
cell population to a level consistent with approximately 70%
cell kill. This interpretation of the cell survival data is consistent
with the nearly twofold increases in tumor extracellular water
seen by 12 h after IL-1. Since little overall change in vascular
permeability was seen, such increases likely reflect tumor cell
lysis occurring within 6 h after IL-1 treatment. Cell prolifera
tion, in both RIF-1 and Panc02 tumors, was transiently inhib
ited 6-12 h after IL-1 treatment when vascular hemorrhage and
blood flow restriction were greatest. In RIF-1 tumors, hydrox-
yurea killing of clonogenic tumor cells and TLI determinations
suggested increased proliferation of surviving cells by 24 h after
treatment. Such a finding is consistent with the rapid repopu
lation of the clonogenic cell compartment between 24 and 48 h
and with the finding that a single IL-1 treatment produced only
a slight slowing in the growth of RIF-1 tumors. In Panc02
tumors, cell proliferation was also inhibited for approximately
12 h, but the recovery of the surviving tumor cell population
was slower than in RIF-1 tumors. The reduced cell prolifera
tion, seen in both models, and the recovery delay seen in
Panc02, may reflect IL-1-mediated effects on vascular perfusion
as vascular patency is recognized to be a limiting factor for cell
proliferation in solid tumors (30, 31). Since IL-1 is known to
rapidly stimulate the synthesis and release of prostaglandin E2
by several cell types (15), tumor blood flow restriction, seen as
early as l h after IL-1, may reflect the vasoactive properties of
this or other arachadonic acid metabolites.

Increases in plasma corticosterone have been seen in C3H/
HeJ mice, within 2 h after IL-1 treatment (32). Since elevated
plasma corticosterone (33) and synthetic corticosteroids (27)
have antiproliferative and vascular (21) effects in RIF-1 tumors,
such systemic responses to IL-1 may result in transient intervals
of reduced tumor cell proliferation. It is unlikely, however, that
the antiproliferative effects of corticosterone can explain the
reduced cell proliferation in Panc02 tumors after IL-1. Previous
studies showed that although dexamethasone can cause changes
in blood flow and water distribution, it has little or no antipro
liferative activity in this model (25).

Although previous studies suggested that IL-1 may be directly
cytotoxic to some cell lines (34, 35), the growth of RIF-1 tissue
culture cells was not significantly affected by IL-1 in vitro. On
the other hand, IL-1 treatment reduced the clonogenicity of
unfractionated, primary tumor expiants in vitro. Furthermore,
RIF-1 tumors, growing in athymic nude mice, responded to IL-
1 as well as RIF-1 tumors in C3H/HeJ mice. Taken together,
these results would suggest that acute tumor hemorrhage and
cell kill after IL-1 treatment are mediated by the host cell
population present in the tumor prior to IL-1 treatment. IL-1
may activate monocytes (14) and stimulate them to produce
tumor necrosis factor. TNF is known to be toxic to many tumor
cell types ( 16,17,18,36), including RIF-1 cells,5 and to produce

vascular injury (37) and hemorrhagic necrosis in solid tumors
in vivo (17, 19, 29, 36). Since macrophages may comprize as
much as 40% of the total cell population in RIF-1 tumors, it
seems likely that the antitumor activity of IL-1 in vivo is
mediated by the stimulation, or activation, of this resident host
cell population. Inasmuch as the hemorrhagic response ob
served in RIF-1 and Panc02 tumors after IL-1 was not unlike
that described for TNF (17, 19, 29, 36), it is conceivable that
the local stimulation or release of this macrophage cytokine
may play a role in the IL-1-mediated antitumor activity seen in
the present studies.

Immunosuppressive prostaglandins (15) and corticosteroids
(32) are known to be stimulated by IL-1 and may constitute a
negative feedback loop regulating immune responses (32). It is
likely that such responses may also regulate the in vivo antitu-
mor activity of IL-1. In this regard, a recent report has indicated
that indomethacin may potentiate in vivo IL-1 antitumor activ
ity (38).

Recent reports (39, 40) would indicate that not all recombi
nant IL-1 preparations produce the same antitumor activities.
This is likely due to differences in the recombinant IL-1 mole
cules tested (IL-la, IL-1/3), their specific activities, the model
systems used and the study endpoints employed. A better un
derstanding of IL-1-mediated pathophysiological responses in
solid tumors, and the mechanisms regulating these responses,
may provide a rationale for the use of this relatively nontoxic,
multifunctional cytokine as an antitumor agent either alone or
in combination with other cancer therapy modalities.
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