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Abstract

Interleukin 2 (IL-2) mediates the regression of metastatic
cancer but clinical use has been limited due to associated toxici-
ties. Tumor necrosis factor (TNF) is an important mediator of
IL-2 toxicity and may have a limited role in IL-2 antitumor
efficacy. Because pentoxifylline (PTXF) inhibits TNFproduc-
tion, we hypothesized that PTXFwould ameliorate IL-2 toxic-
ity without compromising antitumor efficacy. Four groups of
female C57BL/6 mice with pulmonary metastases from a
3-methylcholanthrene-induced fibrosarcoma (MCA-105) and
four groups of nontumored mice were treated every 6 h for 4 d
by intraperitoneal injections of either IL-2 alone, IL-2 and
PTXF, PTXFalone, or equal volumes of saline. Upon comple-
tion of therapy, we found that PTXF suppressed many of the
IL-2-induced effects including TNF production, lymphocytic
infiltration of multiple organs, multiple organ edema, hepatic
dysfunction, leukopenia, and thrombocytopenia. Tumor re-
sponse was determined 21 d after cessation of therapy by quan-
titating the number and surface area of pulmonary metastases.
PTXFpreserved antitumor efficacy while reducing the morbid-
ity and mortality caused by IL-2 treatment. These data strongly
support the use of PTXF in extending the therapeutic index of
IL-2 in the treatment of cancer. (J. Clin. Invest. 1992. 90:637-
641.) Key words: endothelium * lymphocytic infiltration * thera-
peutic index * tumor necrosis factor * vascular leak syndrome

Introduction

Interleukin 2 (IL-2) mediates the regression of certain human
malignancies. Clinical trials demonstrate that response rates
with IL-2 therapy for melanoma and renal cell carcinoma are
comparable, or superior, to the best regimens of conventional
chemotherapeutic agents (1). IL-2 therapy has, however, been
associated with the development of dose-dependent systemic
toxicities of sufficient severity to limit therapeutic efficacy and
preclude clinical application for most patients (2). The IL-2-
induced toxicities of primary clinical significance occur second-
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ary to a "vascular leak syndrome" and include diffuse tissue
edema, weight gain, decreased systemic vascular resistance
with hypotension, acute respiratory distress, and hepatic and
renal dysfunction.

The mechanism for the IL-2-induced vascular leak syn-
drome and related toxicities are not completely understood.
However, they are remarkably similar to the systemic re-
sponses seen in severe infection or injury where tumor necrosis
factor (TNF)' is an important mediator (3). Previous studies
also show that IL-2 induces macrophage production of TNF
(4), and increased levels of plasma TNFhave been measured in
patients treated with IL-2 (5). In addition, Fraker et al. (6)
demonstrated that passive immunization against TNF par-
tially abrogated IL-2 toxicity in C57BL/6 mice, while the anti-
tumor effect of IL-2 against pulmonary metastasis was main-
tained. Collectively, these studies suggest that the secondarily
induced cytokine TNF is most likely a primary mediator of
IL-2 toxicity, and that treatment strategies aimed to inhibit the
production of TNFhold promise for extending the therapeutic
index of IL-2. Wehypothesized that one such treatment could
involve the use of pentoxifylline (PTXF).

PTXFsuppresses macrophage TNFgene transcription and
increases the survival rate in murine endotoxic shock (7, 8). In
addition, PTXF prevents IL-2-induced lung injury in guinea
pigs (9) and also inhibits IL-2-induced leukocyte-endothelial
adherence while reducing systemic toxicity (10). The present
study tested the effects of PTXF on IL-2-induced systemic
toxicities and on IL-2 antitumor efficacy.

The data of our investigation clearly show that PTXFsup-
presses the IL-2 induction of increased circulating levels of
TNFas well as the IL-2 induction of lymphocyte infiltration in
various organs while ameliorating IL-2 treatment toxicity.
Most importantly, this inhibition of toxicity occurred while the
antitumor efficacy of IL-2 was maintained.

Methods

Animals. Female C57BL/6 mice (18-20 g) were obtained from Charles
Rivers Breeding Laboratories, Wilmington, MA. They were housed
individually and fed standard laboratory chow and water ad lib. Ap-
proval for this project was obtained from the University of Louisville
Animal Care and Use Committee and was in compliance with Na-
tional Institute of Health guidelines.

1. Abbreviations used in this paper: LAK, lymphokine-activated killer;
MCA, methylcholanthrene; PTXF, pentoxifylline; TNF, tumor necro-

sis factor.
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Materials. Purified recombinant IL-2 was a gift from Hoffman-
LaRoche, Inc., Nutley, NJ. The specific activity of the cytokine was 1.2
X 10' U/mg. Endotoxin contamination, measured by the Limulus
amebocyte lysate assay, was < 0.312 endotoxin U/ I6 IU IL-2. PTXF
was donated by Hoechst-Roussell Pharmaceuticals, Inc. Both IL-2 and
PTXFwere diluted to the appropriate concentrations in sterile saline
containing 1% homologous serum for intraperitoneal injection.

Transplantable tumor. A 3-methylcholanthrene-induced (MCA-
105) sarcoma (a gift from the laboratory of Dr. Raj K. Puri, Bethesda,
MD) was transplanted into syngeneic C57BL/6 mice by subcutaneous
injections of a tumor cell suspension. The developing subcutaneous
sarcomas were excised when they reached - 1.5 cm in diameter. The
tumors were debrided of all tissue that appeared to be necrotic and
nonsarcomatous. The remaining neoplastic tissue was then passed
through a fine wire mesh, mincing the tissue into fragments 1 mmin
size. Next, a single-cell suspension was obtained by digesting the re-
maining tumor fragments in 40 ml of Hank's balanced salt solution
(HBSS) containing 100 U of hyaluronidase, 40 mgof collagenase, and
4 mgof deoxyribonuclease (Sigma Chemical Co., St. Louis, MO)under
constant stirring at room temperature for 3 h. The cells were washed
four times with HBSS, counted with a hemocytometer, and the con-
centration was adjusted to - 1.5 million cells/ml. For all experiments,
the tumor suspension that was used for intravascular administration
was from the fourth generation.

Experimental design. Female C57BL/6 mice were allowed to accli-
mate to their surroundings for 1 wk before the initiation of the experi-
ments. In the first series of experiments, nontumored C57BL/6 mice
were randomly divided into four groups (Table I) and were injected
with 0. 1-ml intraperitoneal injections as follows: The first group (IL-2
alone) received 100,000 Uof IL-2 every 6 h and saline every 12 h. The
second group (IL-2 and PTXF) was given 100,000 U of IL-2 every 6 h
and 50 mg/kg PTXF every 12 h. The third group (PTXF alone) was
given 50 mg/kg of PTXFevery 12 h and saline every 6 h. The fourth
group (controls) received an equal volume of saline every 6 h. All ani-
mals were kept in the above protocol for 4 d, receiving a total of 16
treatments.

6 h after the last injection on day 5, the mice were inspected and
their appearance and activity level were graded and scored on the fol-
lowing morbidity scale: 1, normal; 2, decreased activity; 3, ruffled fur,
moved only with prompting; 4, moribund; 5, died.

Mice were then anesthetized with 50 mg/kg of pentobarbital, and
blood was obtained for a complete blood count, serum glutamate pyru-
vate transaminase, serum glutamic-oxaloacetic transaminase, and de-
termination of serum TNF level quantitated by an ELISA kit (Gen-
zyme Corp., Cambridge, MA).

Samples of the lung, liver, jejunum, heart, pancreas, kidney, spleen,
and thymus were excised. These samples were then fixed in 10% phos-
phate-buffered formaldehyde, dehydrated in graded alcohols and em-
bedded in paraffin. At least eight sections of each organ from each
animal were stained with hematoxylin and eosin. The identity of the
tissue was coded, and the slides were randomly graded for lymphocytic
infiltration. The remaining heart, liver, and splenic tissue, as well as a
3-cm section ofjejunum, one lung, and one kidney were then removed,
weighed, and immediately frozen. They were next lyophilized at
-50°C for 24 h and weighed to determine the wet/dry weight ratio as a
measurement of organ edema.

The second series of experiments evaluated the effects of IL-2 and
PTXF in tumored female C57BL/6 mice. In these experiments mice
were given mild pentobarbital anesthesia (25 mg/kg) by intraperitoneal
injection, and 0.2 ml of the tumor cell suspension (- 300,000 cells)
was injected into their tail veins (6). 4 d after tumor cell injection, all
animals were randomly divided into four groups (Table I). Mice were
then treated for 4 d with combinations of either IL-2, PTXF, or saline,
according to the dose and schedule outlined previously for the nontu-
mored groups. 28 d after tumor cell injection, the mice were graded and
scored on the morbidity scale and killed.

Thoracotomy was performed after pentobarbital overdose (100
mg/kg) and the lungs were injected with a solution comprising 15%

India Ink and 1%ammonia via a small cannula placed in the trachea.
The tumors were then "bleached" for 24 h in Fekete's solution contain-
ing 100 ml of 70% alcohol, 10 ml of formaldehyde, and 5 ml of glacial
acetic acid (6). Pulmonary metastases appeared as white on a black
background of normal pulmonary parenchyma. Metastases were then
counted under a dissecting microscope to assess tumor burden.

In addition to counting the number of metastases, an image analy-
sis system was used to generate an index of tumor surface area. Lungs
were viewed through a closed circuit television system and the image of
each side of each lung was digitized using a PC Vision Plus (Imaging
Technology, Woburn, MA) digitizer with Image Pro Plus (Media Cy-
bernetics, Silver Spring, MD) software. The digitized images consisted
of - 130,000 pixels of varying gray levels. The white tumors gave high
gray level values, and the black normal pulmonary parenchyma gave
low gray level values. The average gray level above normal pulmonary
parenchymal background for each side of each lung was determined,
and values from the two sides of each lung were averaged.

Statistical analyses. Statistical analysis was performed by analysis
of variance with Tukey-Kramer honestly significant diference. Differ-
ences were considered significantly different at P . 0.05.

Results

IL-2 induced significant morbidity and mortality in both non-
tumored mice and tumored mice (Table I). 3 of 13 (23%) non-
tumored mice died after treatment with IL-2 alone. In addi-
tion, significant morbidity was evident by lethargy and ruffled
fur in nontumored mice that were given IL-2 alone as com-
pared with the other three groups of nontumored mice. Simi-
larly, 3 of 10 (30%) tumored mice that received IL-2 alone died
by the completion of IL-2 treatment (Table I). At this time,
tumored mice had a similar magnitude of increased treatment
morbidity (IL-2 toxicity) as compared to nontumored mice
(Table I).

Of the seven tumored mice that survived 4 d of IL-2 treat-
ment, all were alive at the end of the 28-d experiment. There
were also no deaths in the group of tumored mice that were
treated with a combination of IL-2 and PTXFduring the entire
experiment. However, a total of five (43%) tumored mice not
receiving IL-2 died before the end of the experiment, presum-
ably of progressive tumor burden. These included three (50%)
mice from the control group and two (33%) from the PTXF
alone group. The mice that survived to the end of the experi-
ment experienced significantly greater morbidity (graded at
day 28) than animals in either of the groups treated with IL-2
(Table I).

There was no difference in the histological findings of non-
tumored mice treated with either PTXF alone or the saline
control. However, significant histological differences existed
between the controls and animals treated with IL-2 alone (Ta-
ble II). Nontumored mice that were treated with IL-2 alone had
a marked degree of lymphocytic infiltration of the vascular
walls and perivascular spaces of venules, capillaries, and small
arterioles in the lung, liver, pancreas, and small bowel mesen-
tery (Table II). Pulmonary alveolar septa were markedly thick-
ened and alveoli frequently contained erythrocytes, macro-
phages, and abundant lymphocytes. There was a marked lym-
phocytic infiltration of hepatic portal triads and central venular
areas and occasional areas of hepatic necrosis. The heart was
normal except for a few lymphoid cells in the epicardium.

Significantly less lymphocytic infiltration was seen in the
lung, liver, pancreas, and small bowel mesentery in the IL-2
and PTXFgroup as compared to mice treated with IL-2 alone.
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Table I. Treatment Morbidity and Mortality in Tumored and Nontumored Mice

Experimental groups

Control PTXF IL-2 IL-2 and PTXF

Nontumored mice
Numberofmice(n) 10 10 13 10
Treatment mortality* (%) 0 0 23 0
Treatment morbidity score* 1.1±0.1 1.1±0.1 3.2±0.41 1.3±0.1'

Tumored mice
Number of mice (n) 6 6 10 6
Treatment mortalityt (%) 0 0 30 0
Treatment morbidity scoret 1.2±0.1 1.0±0.0 3.3±0.4" 1.6±0.2'
Tumor-related mortality (%) 50 33 0 0
Tumor-related morbidity scores 4.0±0.3 3.7±0.4 1.1±0.11' 1.1±0.1"

All data expressed as mean±SE. * Data taken the day after completion of 4 d of treatment. $Data taken the day after completion of 4 d of
treatment (9 d after tail vein injection of tumor cell suspension). 0 Data taken 28 d after tail vein injection of tumor cell suspension. P < 0.05
by ANOVAwith Tukey-Kramer honestly significant difference: (1l) compared with the control group and (') compares the IL-2 group with the
IL-2 and PTXFgroup.

However, the group receiving both IL-2 and PTXF did have
more lymphocytes present than controls. In contrast to the
IL-2-induced lymphocytic infiltration observed in most or-
gans, there was significant depletion of thymic lymphocytes in
mice treated with either IL-2 alone or with a combination of
IL-2 and PTXF (Table II).

There was no significant difference in multiple organ
edema (wet/dry weight ratios) in mice treated with either saline
or PTXF (Table II), except for the spleen where significantly
less edema was observed in mice treated with PTXF. Mice

treated with IL-2 alone had increased edema in the lung, liver,
jejunum, and spleen. The addition of PTXFprevented IL-2-
induced edema in these organs.

IL-2 significantly increased the circulating serum level of
TNF (Table II). The combination of PTXF and IL-2 signifi-
cantly suppressed IL-2-induced increases in circulating TNF.
PTXF also increased the number of circulating white blood
cells and lymphocytes as compared to controls (Table II), pre-
sumably because of the inhibition of leukocyte margination
and adhesion. IL-2 caused leukopenia, lymphopenia, and

Table II. Toxicity in Nontumored Mice

Experimental groups

Controls PTXF IL-2 IL-2 and PTXF

Lymphocytic infiltration
Lung
Liver
Jejunal mesentery
Heart
Pancreas
Thymus

Organ wet/dry weight ratios
Lung
Liver
Jejunum
Heart
Kidney
Spleen

Serum laboratory test
TNF (ng/ml)
WBC(XJ,OOO)
Total lymphocytes (XJ,OOO)
Platelets (XJ,OOO)
Serum glutamate pyruvate transaminase
Serum glutamic-oxaloacetic transaminase

1.1±0.1
1.0±0.0
1.1±0.1
1.0±0.0
1.1±0.0
5.0±0.0

4.0±0.1
3.5±0.1
4.0±0.1
4.0±0.2
3.6±0.1
4.2±0.1

0.06±0.05
4.0±0.2
3.4±0.2

773±35
27±3

130±8

1.0±0.0
1.0±0.0
1.0±0.0
1.0±0.0
1.1±0.1
4.7±0.2

3.9±0.1
3.4±0.1
3.6±0.1
4.1±0.1
3.5±0.1
3.7±0.1*

0.32±0.02
7.0±0.3*
6.3±0.3*

805±16
23±6

153±29

5.0±0.0*
4.8±0. 1*
4.4±0.3*
1.3±0.2
4.3±0.3*
2.7±0.2*

5.0±0.1*
4.0±0.1*
4.6±0.1*
4.0±0.1
4.0±0.1
5.0±0.1*

1.04±0.11*
1.5±0.1*
0.7±0. 1*
544±23*
104±8*
353±28*

2.2±0.3*4
2.0±0.2**
2.4±0.3**
1.0±0.0
2.0±0.3*t
3.1±0.2*

4.2±0. 1*
3.7±0. 1$
3.9±0. 1t
4.1±0.1
3.7±0.1
4.4±0. 1t

0.31±0.05O
1 1.2±1.7*t
10.7±1.7*t
750±29*

38±7*
162±28t
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thrombocytopenia 4 d after therapy. The addition of PTXFto
IL-2 therapy resulted in a lymphophilia as compared to con-
trols. The IL-2-induced leukopenia and thrombocytopenia
were also blocked by PTXF. IL-2 induced hepatic dysfunction
manifested by increased serum transaminase levels, and PTXF
inhibited the IL-2-induced hepatic dysfunction but had no ef-
fect on liver function by itself.

Tail vein injections of a tumor cell suspension of MCA-105
fibrosarcoma cells resulted in a large number of pulmonary
metastases both in the control group and the group treated with
PTXF alone. The number of metastases and the index of tu-
mor surface area were significantly reduced by IL-2 treatment
(Table III). The addition of PTXFto IL-2 therapy did not alter
the antitumor efficacy of IL-2 (Table III and Fig. 1).

Discussion

In these studies, PTXFdid not alter the antitumor efficacy of
IL-2 but it did inhibit many of the indices of IL-2 toxicity.
PTXF suppressed IL-2-induced elevation of circulating TNF,
it decreased IL-2-induced lymphocytic infiltration, and it de-
creased IL-2-induced multiple organ edema. It also inhibited
IL-2-induced increases in circulating liver enzymes and it de-
creased IL-2-induced morbidity and mortality. These toxic ef-
fects of IL-2 are consistent with previous reports (2) and are the
current primary limitation to the clinical application of IL-2 as
an effective antineoplastic agent. Several studies have evalu-
ated the mechanism of the vascular leak syndrome and identi-
fied potential inhibitors (2), but, to date, no clinically approved
drugs have been identified that reduce toxicity and at the same
time preserve antitumor efficacy. Our study identifies PTXFas
an agent with the potential for extending the therapeutic effi-
cacy of IL-2.

In vivo evidence shows that IL-2 induces the production of
other cytokines that are potentially important in mediating IL-
2 toxicities. IL-2 induces macrophage TNFgene expression in
vivo (4, 1 1), and elevated circulating levels of TNFhave been
detected in patients treated with IL-2 (5, 12). Mier et al. (5)
have also demonstrated that patients treated with IL-2 have
increased circulating levels of TNF temporally consistent with
the onset of fever and other toxic manifestations of IL-2.

The current study also demonstrated elevated plasma levels
of TNF after IL-2 therapy (Table II). IL-2 has no direct effect
on endothelial permeability (13), but TNF induces acute pul-
monary vascular endothelial injury and increases vascular per-
meability (14, 15). Skin biopsies of patients treated with IL-2
demonstrate the expression of endothelial leukocyte adhesion
molecules (16). It is TNF, and not IL-2, that induces the ex-

Table III. Tumor Response

Experimental groups

Tumor response Controls PTXF IL-2 IL-2 and PTXF

Number of metastases/
lung 114±9 121±12 6±3t 11±4t

Index of tumor area* 18.6±0.9 21.1±1.8 2.2±0.8* 1.8±1.0t

I P < 0.05 by ANOVAwith Tukey-Kramer HSDcompared with the control

pression of endothelial leukocyte adhesion molecules. In addi-
tion, neither nude or irradiated mice treated with IL-2 develop
the vascular leak syndrome (17). Collectively, these observa-
tions suggest that IL-2 induces the production and release of
TNF, which may then mediate the vascular leak syndrome and
related toxicities of IL-2 through interactions between acti-
vated immune effector cells and the microvascular endothe-
hum.

Several recent reports have documented the PTXF-me-
diated suppression of TNFproduction (7, 8), but, to the best of
our knowledge, the current report is the first to correlate the
PTXF attenuation of IL-2-induced toxicity with the synchro-
nous PTXF suppression of circulating plasma levels of TNF.
Most importantly, despite the PTXF inhibition of IL-2 toxic-
ity, IL-2 antitumor efficacy was still present with PTXF treat-
ment (Table III). This suggests that while TNF is a probable
cause of systemic toxicity of IL-2, TNFmay not be involved in
the antitumor efficacy of IL-2.

In addition to TNF, lymphokine-activated killer (LAK)
cells are known to be important in the genesis of IL-2 toxicity
as well as in mediating the antitumor efficacy of IL-2. 3-4 d
after treatment with IL-2, lymphocytes are activated and capa-

ble of tumor cell lysis (18). Damle et al. (19) have shown in
vitro that LAK cells exhibit enhanced adhesion to normal vas-

cular endothelial cells and cause their lysis. Selective depletion
of one subset of IL-2-activated lymphocytes (those bearing the
asiolo-GM 1 surface glycolipid) prevented the toxicity seen 5 d
after IL-2 administration (20). These findings strongly suggest
that the mechanism of the vascular leak syndrome involves
LAK cells.

Our study extends the findings of these previous reports in
showing that mice treated with IL-2 alone had changes in lym-
phocyte distribution (Table II) that correlated with the develop-
ment of toxicity (Tables I and II). IL-2 therapy resulted in the
depletion of thymic lymphocytes, the development of periph-
eral lymphopenia, and the formation of lymphoid infiltrates in
the lung, liver, small bowel mesentery, and pancreas.

PTXF remarkably altered the distribution of IL-2-acti-
vated lymphocytes but did not interfere with the IL-2-induced
mobilization of lymphocytes, in that mice treated with IL-2
alone and those treated with IL-2 and PTXFboth had similar
degrees of thymic depletion (Table II). Mice treated with a

combination of IL-2 and PTXF had much larger numbers of
circulating lymphocytes in peripheral blood than mice treated
with IL-2 alone, but they had a marked decrease in the number
of lymphocytes infiltrating into the parenchyma of various or-

gans (Table I). Webelieve that the current report is also the first
observation of the PTXF suppression of IL-2-induced lym-
phocyte trafficking from the intravascular space to the paren-

chyma of various organs. The resultant reduction in lympho-
cytic infiltration in various organs may be another mechanism
in the PTXFprevention of multiple organ edema, dysfunction,
and associated morbidity and mortality of IL-2 therapy.

Despite this PTXF-mediated redistribution of lympho-
cytes, IL-2 still maintained its antitumor efficacy (Fig. 1 and
Table III). Sasaki et al. (21) have shown that in the presence of
IL-2, LAK cells demonstrate an increased frequency of long-
term adhesive interactions within the tumor microvasculature
compared with the normal microcirculation. Perhaps by pre-

venting the lymphocytic infiltration of normal tissues, and thus
maintaining an increased number of circulating LAK cells,
PTXFprovides for a greater number of LAK cells available for
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interaction within the tumor microcirculation, thus maintain-
ing IL-2 antitumor efficacy.
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