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ABSTRACT The use of interleukin 2 (IL-2) as an anti-
neoplastic agent has been limited by the serious toxicities that
accompany the doses necessary for a tumor response. Eleva-
tion of nitric oxide (NO) and tumor necrosis factor (TNF)
both have been implicated in IL-2 toxicities. CNI-1493, a
tetravalent guanylhydrazone, is an inhibitor of macrophage
activation including the synthesis of TNF and other cytokines.
Doses of CNI-1493 as low as 1 mgykgyday conferred complete
protection against fatal toxicity of IL-2 with IL-2 doses tenfold
higher than the safely tolerated level in Sprague–Dawley rats.
Moreover, typical pathologic changes in the lungs, kidneys,
and the liver caused by IL-2 infusion were blocked by cotreat-
ment with CNI-1493. When animals bearing established hep-
atomas were given IL-2 and CNI-1493 combination therapy, 10
of 10 hepatomas regressed from 1 cm3 to <1 mm3. Intracy-
toplasmic TNF levels were increased in normal tissues from
IL-2 treated animals, and treatment with CNI-1493 main-
tained TNF at control levels. The degree of apoptosis mea-
sured by terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling staining of tumors following
IL-2 therapy was not reduced compared with IL-2 cotreated
with CNI-1493. In contrast, apoptosis in the liver and lung
parenchyma following IL-2 therapy was blocked completely by
cotreatment with CNI-1493. Taken together, these data
showed that low and infrequent doses of CNI-1493 markedly
protected animals from IL-2 systemic toxicities whereas not
affecting tumor response to IL-2 therapy. With the protection
afforded by CNI-1493 treatment, IL-2 therapy dose levels
could be increased to provide significant antitumor effects in
animals with established hepatomas.

A decade ago there was excitement in the oncology community
over the introduction of interleukin 2 (IL-2) as a new treatment
modality for melanoma and renal cell carcinoma, two tumors
that had been refractory to chemotherapeutic intervention. A
number of studies using IL-2 alone or in combination with
adoptively transferred cells as therapy for these cancers were
published at that time (1–4). The results of the clinical trials
were disappointing, to a great extent, because of the severe
toxicities that accompanied the high doses of IL-2 necessary
for a tumor response. Because many of the toxic manifesta-
tions of IL-2 resembled the signs of endotoxic shock, it was
postulated that (tumor necrosis factor) TNF and NO might
mediate IL-2 toxicity. Subsequent studies showed a direct
relationship between IL-2 toxicity and high TNF and NO levels
(5–8). When TNF activity was blocked by using an anti-TNF
antibody, IL-2 toxicity was reduced greatly (9). Unfortunately,
clinical trials of two TNF inhibitors, pentoxifylline and liso-
fylline, as well as clinical trials using the soluble TNF receptor

have failed to demonstrate a decrease in the toxicities of IL-2
(8, 10). The mechanisms of IL-2-mediated tumor regression in
vivo are not well understood. Some researchers have impli-
cated TNF, but the TNF inhibitor pentoxifylline did not cause
a decrease in tumor response when used in conjunction with
IL-2 (8, 9). CNI-1493 is a recently described tetravalent
guanylhydrazone compound that inhibits activation of proin-
flammatory cytokine production in macrophages (11). The
mechanism of action is by preventing the phosphorylation of
p38 MAP kinase, which is required for the translation of the
mRNA for TNF and other proinflammatory mediators (22). In
the present study CNI-1493 was used to prevent the toxicities
of high doses of IL-2 therapy, without decreasing its antitumor
effect. This approach enabled the administration of curative
doses of IL-2, tenfold higher than was otherwise tolerated.

MATERIALS AND METHODS

Animals. Sprague–Dawley rats (185–200 g) were housed in
the North Shore University Hospital animal facility and fed on
a diet of rat chow. The following treatment protocols were
reviewed and accepted by the North Shore University Hospital
Institutional Review Board and its Animal Care Committee.

Infusional Therapy. Continuous hepatic artery infusion
(CHAI) of IL-2 was accomplished via an indwelling hepatic
artery catheter. The catheter was introduced into the hepatic
artery via the gastro-duodenal artery and connected to an
external Intelliject pump (Ivion, Bloomfield, CO). The tech-
nique for catheter placement and long term hepatic artery
infusions has been described (12). After catheter placement,
the animals were begun immediately on a continuous infusion
of a heparinized solution 4 ccyday (25 unitsycc) for the first 24
hr.

For i.v. infusions, a catheter was placed into the jugular vein
of an anesthetized rat. The catheter was then tunneled s.c. to
the midscapular area. This was the site of the percutaneous
exit. From this point, the catheters were treated identically to
the hepatic artery catheters described in the preceding para-
graph.

Human recombinant interleukin 2 (IL-2) generously was
supplied by Amgen (Thousand Oaks, CA) (specific activity 5
3 3 106 unitsymg). IL-2 was given either as a constant hepatic
artery infusion or a constant i.v. infusion of 4 mlyday. All of
the continuous infusions of IL-2 were administered for 14 days.
At the end of this treatment period, the animals were killed.
Their liver, hearts, lungs, and kidneys were placed in formalin
and processed routinely for pathologic examination.

Tumor. The tumor used was a hepatoma line initiated by
A. B. Novikoff (23) using dimethylamino-azobenzene injec-
tions into rats. Tumor was maintained at the North Shore
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University Hospital animal facility by successive s.c. injections
of single-cell tumor suspensions into the thighs of Sprague–
Dawley rats. Experimental tumors were induced within the
liver capsule according to established methods (13) at a tumor
cell dose of 1 3 106 cells. The presence of tumor was recorded
at the reoperation with tumor measurements in three dimen-
sions by using calipers. Livers were removed from all animals
for tumor measurement in three dimensions and histologic
evaluation.

CNI-1493. This tetravalent guanylhydrazone compound was
diluted in distilled water to make a solution of 5 mgycc. The
compound was given daily by i.p. injections at '11 a.m. for a
duration of 14 days. If CNI-1493 was used in combination with
IL-2, then the daily i.p. injection of CNI-1493 would precede
the induction of IL-2 infusions by 2 hr.

Tissue Preparation. Animals were anesthetized deeply and
perfused transcardially with 100 ml of saline followed by 250
ml of 4% paraformaldehyde in 0.1 M PBS (pH 7.3) as
described by Breder et al. (14). Tissues of interest were
removed and placed in sucrose solution overnight at 4°C.
Sections (10 mm thick) were cut on a cryostat and air dried for
1 hr. Adjacent sections were used for immunocytochemical,
histological, and terminal deoxynucleotidyltransferase-
mediated dUTP-biotin nick end-labeling (TUNEL) staining.

Immunocytochemistry. Sections were incubated in a block-
ing solution containing 1% BSA, 5% rat serum, and 0.3%
Triton X-100 in 0.01 M PBS for 1 hr at room temperature and
then incubated for 24 hr at 4°C with diluted primary antibod-
ies: 1:100 dilution of the monoclonal hamster antimurine TNF,
with 0.3% Triton X-100, 0.1% BSA, and 3% normal serum in
0.01 M PBS. Washed sections were incubated for 1–2 hr at
room temperature in 0.5% biotinylated antihamster IgG (Vec-
tor Laboratories) or biotinylated anti-Armenian hamster IgG
(Jackson ImmunoResearch) for 1–2 hr. The reaction product
was visualized with 0.01% hydrogen peroxide and 0.05%
diaminobenzidine as a chromogen. Specificity of immunostain-
ing was determined by incubation of tissue without primary
antibodies or after preincubation of diluted anti-TNF with
recombinant mouse TNF (Genzyme).

TUNEL Staining. We used a TUNEL method (ApopTag
kit, Oncor) on 10 mm thick dry cryostat sections for specific
staining of DNA fragmentation in apoptotic cells according to
the manufacturer’s instructions. As a negative control, we used
sections incubated with a reaction buffer and distilled water
instead of terminal deoxynucleotidyltransferase enzyme. Sec-
tions stained with the TUNEL method also were stained with
hematoxylin. Adjacent sections were stained with hematoxylin
as a nuclear stain and eosin. Sections were examined by light
microscopy.

RESULTS

Nontumor Bearing Animals. Previous work has established
that when IL-2 is administered by CHAI in a rat, it is lethal at
any dose $6 3 106 unitsyM2yday (15). A dose response study
(Table 1) established that the length of survival was directly
proportional to the dose of IL-2, and a dose of 30 3 106

unitsyM2yday was 100% lethal within 5 days.
To assess the protective effects of CNI-1493, a group of six

rats were given CHAI of IL-2 at a dose of 9 3 106 unitsyM2y
day and treated with daily CNI-1493 at doses of 1, 5, and 10
mgykgyday (Table 1). All of the CNI-1493 treated animals
survived the 14-day treatment without any obvious side effects.

In separate experiments, a group of five rats were treated
with daily i.p. CNI-1493 (1 mgykgyday) while receiving IL-2 by
CHAI at 30 3 106 unitsyM2yday. All of the animals survived
the full 14 days of IL-2 therapy at 30 3 106 unitsyM2yday with
no obvious side effects (diarrhea and lethargy). Animals
treated with 45 3 106 unitsyM2yday of IL-2 and 1 mgykgyday
of CNI-1493, however, died of toxicity within 9 days (Fig. 1).

A log rank analysis of these survival curves showed a P value
of 0.0001. In more recent experiments, two of five animals
treated with 45 3 106 unitsyM2yday of IL-2 and 5 mgykgyday
of CNI-1493 experienced a fatal toxicity. When the dose of
CNI-1493 was raised to 10 mgykgyday, then all of the animals
survived without toxicity.

Tumor Bearing Animals. Because the above results indi-
cated that CNI-1493 significantly protected against IL-2 tox-
icity, we examined whether the drug interfered with the
antitumor effect of the IL-2 infusion. Animals with established
hepatomas, tumor volume '1 cm3, were then treated with
CHAI of IL-2 (30 3 106 unitsyM2yday) and CNI-1493 (1
mgykgyday given i.p.). After 14 days, five had significant
reduction of the tumor mass (,1 mm3) and five had no
detectable tumor (Fig. 2). Histologic examination corrobo-
rated all of these objective findings.

As a control, four animals were given hepatoma cells
followed by no treatment. One of the four died after 10 days
with a tumor '10 times as large as the original measurement.
The other three were sacrificed at 14 days. All tumors had
grown by a factor of 10 or more. As an additional control, five
hepatoma-bearing animals were treated with daily i.p. injec-
tions of CNI-1493 at 1 mgykgyday alone. All animals had a
marked increase in tumor size after 14 days (Fig. 2). Because
of dose-limiting toxicity, animals in the control group sched-
uled to receive IL-2 infusion alone, could only receive 3 3 106

unitsyM2yday without fatal toxicity. At this dose, two of eight
animals had marked diminution of tumor and six had a marked
increase (Fig. 2).

FIG. 1. Survival curves for animals treated with IL-2 alone (dose
of IL-2 indicated in parenthesis is 3106 unitsyM2yday) or IL-2 plus
CNI-1493 (dose of CNI-1493 is mgykg). Log rank analysis, P 5 0.0001.

Table 1. Outcome and survival for animals treated with IL2 with
or without CNI-1493

IL-2 Dose*,
unitsyM2yday

Number
of rats

CNI-1493†

mgykg Outcome

Mean
survival,

days 6 SD

6 3 106 8 0 all died 14.25 6 7.8
15 3 106 5 0 all died 7.0 6 2.0
30 3 106 5 0 all died 4.4 6 7.8

9 3 106 2 1 no side effects .14
9 3 106 2 5 no side effects .14
9 3 106 2 10 no side effects .14

30 3 106 5 1 no side effects .14
45 3 106 5 1 all died 5.7 6 2.0
45 3 106 5 5 2 died
45 3 106 5 10 no side effects .14

*Administered CHAI.
†Single i.p. administration daily.
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Histologic Confirmation of CNI-1493 Protective Effect.
CHAI of IL-2 produced severe, multiple organ damage.
Histological analysis of hemotoxylinyeosin and TUNEL-
stained sections revealed significant abnormalities within the
lungs, liver, and kidneys of animals treated with IL-2 (3 3 106

uyM2yd) alone (Fig. 3 B, E, and H). The lungs showed
thickening of the alveolar walls with congestion, mononuclear
cell infiltration, interstitial and intra-alveolar edema, fibrin
deposition, and hyaline membrane appearance. The erythro-
cyte infiltration (see arrows in 3B) is consistent with the most
common side effect of IL-2 treatment, vascular leak syndrome.
The liver parenchyma of animals treated with IL-2 exhibited
proliferation of small bile ducts and a pleomorphic mononu-
clear cell infiltration in periportal and sinusoidal spaces (Fig.
3E). The kidneys showed a minimal interstitial mononuclear
cell infiltration extending into the glomerular capsule (Fig 3H).
By contrast, histologic sections from the lungs, liver, and
kidneys from animals treated with IL-2 and CNI-1493, resem-

bled nontreated controls in their histologic appearance (Fig. 3
C, F, and I).

Tumor Cell Death. Immunocytochemical examination of the
tumors in animals after CHAI of IL-2 alone revealed ex-
tremely high levels of apoptotic cell death in the tumor tissue
with all stages of chromatin condensation and the appearance
of multiple apoptotic bodies (Fig. 4C). No TUNEL positive
cells were detected within the hepatomas from animals not
treated with IL-2 (Fig. 4A) or animals treated with CNI-1493
alone (Fig. 4B). The addition of CNI1493 to the IL-2 treatment
did not decrease the level of apoptosis observed in the
hepatomas sections (Fig. 4D).

Apoptosis in Normal Tissues. Sections of lung, liver, and
kidneys from untreated animals showed no evidence of apo-
ptosis. In animals treated with IL-2, however, there was
marked evidence of apoptosis in all three organs. By contrast,
in those animals treated with IL-2 and CNI-1493 the lungs,
livers, and kidneys again showed no evidence of apoptosis. Fig.
5 shows this described effect in representative sections of
kidney.

TNF Expression. Sections of the lungs, livers, and kidneys of
animals given IL-2 alone, IL-2 and CNI-1493, or control
treatments also were stained for immunoreactive TNF. No
TNF expression was noted in liver or lungs obtained from
untreated animals (liver shown in Fig. 6A). By contrast, tissue
from the livers of animals treated with CHAI of IL-2 showed
a high expression of TNF immunoreactive protein (Fig. 6B).
Liver and lung samples from animals treated with both CNI-
1493 and CHAI of IL-2 showed minimal TNF expression
similar to control animals (Fig. 6C).

DISCUSSION

Although IL-2 is the most potent therapy known for metastatic
renal cell cancer and metastatic melanoma, the associated
dose-limiting toxicities such as hypotension and pulmonary
edema attributed to the vascular leak syndrome have pre-
vented its successful use in most patients with this disease.
Previous work in our laboratory established a rat model using
continuous infusion IL-2, which demonstrated all of the tox-
icities observed in IL-2 treated patients (15). When adminis-
tered at any dose over 3 3 106 unitsyM2yday, continuous IL-2
infusion is uniformly fatal in this rat model. Because the
features of IL-2 toxicity are so similar to those seen in
endotoxic shock, it has been postulated that the major toxic-

FIG. 2. Tumor volumes (product of measurements in three directions) in animals with no treatment (control), treated with CNI-1493 (1
mgykgyd) alone, IL-2 alone (3 3 106 unitsyM2yd), or CNI-1493 plus IL-2 (30 3 106 unitsyM2yd) in combination. Pretreatment (Pre Tx)
measurements were taken 6 days after injection of tumor cells into the liver. Post-treatment (Post Tx) measurements were taken after 14 days of
treatment or at death of animal.

FIG. 3. Hematoxylinyeosin stained sections of lung (A–C), liver
(D–F), and kidney (G–I) samples from animals with no treatment (A,
D, and G), IL-2 infusions (B, E, and H), and IL-2 plus CNI-1493
treatments (C, F, and I). The lung after IL-2 treatment (B) shows
thickened alveolar walls and erythrocytic infiltration (arrows), the liver
(E) shows bile duct proliferation and mononuclear cell infiltration, and
the kidney (H) shows minimal interstitial mononuclear cell infiltra-
tion. Histologic appearance of tissue from animals treated with IL-2
plus CNI-1493 from the lung (C), liver (F), and kidney (I) resembled
untreated controls.
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ities of IL-2 are mediated by TNF. Previous work showed that
when anti-TNF antibody was given with IL-2 in a mouse model,

the toxic effects of IL-2 were attenuated and the antitumor
activity seemed to be unchanged (7). Unfortunately, recent
clinical data using a soluble TNF receptor in a similar para-
digm have been disappointing. Studies with pentoxifylline,
which inhibits TNF by blocking its transcription, followed a
similar history (8, 9). In the laboratory, pentoxifylline was able
to block the toxicity of IL-2, without interfering with its
antitumor activity. However, when pentoxifylline was used in
a clinical Phase I trial with IL-2, a dose of pentoxifylline high
enough to block plasma TNF levels in humans proved intol-
erably toxic itself. Another demonstrated TNF inhibitor, liso-
fylline, was studied in a randomized placebo-controlled trial
(10), but again, no evaluation of prevention of IL-2 toxicity
could be made because of the dose limitations of lisofylline
toxicity.

Although TNF may be a critical mediator of IL-2 toxicity,
other factors also may play important roles. IL-2 is a potent
inducer not only of proinflammatory cytokines such as TNF
but also of other effectors such as NO (16). Studies using a p75
TNF receptor IgG chimera in patients receiving IL-2 treatment
showed no decrease in NO production (17). This treatment led
to a decrease in serum TNF bioactivity but did not reduce the
toxicity of IL-2. This result suggests that, in addition to
interfering with TNF, other factors such as NO might have to
be blocked for effective reduction of IL-2 toxicity.

CNI-1493, a tetravalent guanylhydrazone, is a potent post-
transcriptional inhibitor of macrophage activation that appears
to act by blocking the phosphorylation of p38 MAP kinase (11,
22). A large body of evidence in multiple animal models
suggests that this compound can be useful to prevent the
macrophage mediated sequelae of disease and trauma, includ-
ing sepsis, cerebral ischemia, and endotoxemia through inhi-
bition of proinflammatory cytokine responses (11, 22, 24–27).
Because IL-2 toxicity is thought to be mainly mediated by the
products of macrophage activation including TNF and NO, we
reasoned that CNI-1493 might prevent IL-2 toxicity. We have
considered the possibility that the protective effects of CNI-
1493 in vivo may be in part due to inhibiting endothelial cell
activation. This possibility does not seem likely because evi-

FIG. 4. Immunocytochemical analysis by TUNEL staining of experimental hepatoma in the animals with no treatment (A), given CNI-1493
only (B), given IL-2 only (3 3 106 unitsyM2yd) (C), and given IL-2 (30 3 106 unitsyM2yd) plus CNI-1493 (D). Notice the apoptotic cells with positive
brown granules in C and D.

FIG. 5. Immunocytochemical analysis of cellular apoptosis in the
kidney by TUNEL staining in untreated control animals (A), IL-2 alone
treated animals (B), and IL-2 plus CNI-1493-treated animals (C). Notice
the apoptotic cells (arrows) in the sample from an IL-2 alone treated
animal (B). Few or no apoptotic profiles were found in comparable sections
from controls (A) or the animals treated with IL-2 plus CNI-1493 (C).
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dence previously obtained shows that CNI-1493 does not
inhibit endothelial-derived NO production (24).

The present series of experiments demonstrated that CNI-
1493 was well tolerated at doses that suppressed the toxic
effects of continuous infusion IL-2, such that .10 times the
normally fatal dose of IL-2 could be administered safely to rats
when given in conjunction with CNI-1493. Microscopic eval-
uation of tissues from the lungs, liver, and kidneys of animals
that received infusional IL-2 showed marked abnormalities
consistent with the pathologic changes seen in vascular leak
syndrome. When animals were treated with IL-2 and CNI-
1493, these pathologic changes nearly were prevented com-
pletely. Thus, CNI-1493 protected against microscopic tissue
and cellular damage as well as fatality and overt organ toxicity.

These rat hepatomas have shown poor response to treatment
with continuous hepatic artery infusion (CHAI) of IL-2 given
at a constant rate (18), a result that may be attributable to
dose-limiting toxicity of the IL-2 treatment. When CNI-1493
was administered in conjunction with continuous CHAI of
IL-2 to animals with preexisting tumors, allowing tenfold
higher doses of IL-2 to be infused, all animals had a significant
tumor response. One-half of all tumors were eradicated com-
pletely whereas one-half were reduced from '200 mm3 to
slightly ,1 mm3. Thus, CNI-1493 although nearly completely
attenuating host toxicities to IL-2, did not interfere with the
antitumor activity of the IL-2. These data also indicate that the
higher doses of IL-2 that can be tolerated in the context of

protective dosing with CNI-1492 may provide significantly
improved antitumor activity.

On a cellular level, tumors that were treated with IL-2 alone
showed evidence of apoptosis on microscopic examination. If
tumor bearing animals were treated with both IL-2 and
CNI-1493, the amount of apoptosis in the tumors was un-
changed. In the liver parenchyma of nontumor bearing ani-
mals, apoptosis was less extensive when both CNI-1493 and
IL-2 were used than after IL-2 alone. Thus, CNI-1492 pro-
tected normal cells and tissue from the apoptosis induced by
IL-2 treatment but did not interfere with the desired thera-
peutic induction of apoptosis in tumor cells.

The mechanism of the IL-2 antitumor effect is not under-
stood. However, because CNI-1493 cotreatment with IL-2
significantly reduced tissue TNF levels, it seems unlikely that
the main antitumor effects of IL-2 are mediated through TNF.
It does seem likely, by contrast, that the potentially fatal and
dose-limiting toxic effects of IL-2 are mediated by TNF,
possibly in combination with other proinflammatory cytokines
that also are suppressed by CNI-1493.

CNI-1493 may prove useful as a research tool to elucidate the
distinct mechanisms involved in IL-2 host toxicity vs. tumor cell
toxicity in the setting of normal immunocompetence. The effi-
cacy of CNI-1493 coadministration with IL-2 in this animal model
argues strongly for assessment of its protective effect in humans
where in the clinical setting IL-2 has proven somewhat effective
in the treatment of renal cell carcinomas and melanomas and may
be useful at higher doses for a wide number of malignancies.

We would like to thank Dr. Glenn Rice and Dr. Kurt Manogue for
help on the manuscript.
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