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Coadministration of interleukin-18 and interleukin-12 induces a fatal
inflammatory response in mice: critical role of natural killer cell interferon-g
production and STAT-mediated signal transduction
William E. Carson, Julie E. Dierksheide, Saad Jabbour, Mirela Anghelina, Page Bouchard, George Ku, Haixin Yu, Heinz Baumann,
Manisha H. Shah, Megan A. Cooper, Joan Durbin, and Michael A. Caligiuri

The administration of therapeutic doses
of recombinant cytokines to patients with
malignant disease can be complicated by
systemic toxicities, which in their most
severe form may present as a systemic
inflammatory response. The combination
of interleukin (IL)–18 and IL-12 has syner-
gistic antitumor activity in vivo yet has
been associated with significant toxicity.
The effects of IL-18 plus IL-12 were exam-
ined in a murine model, and it was found
that the daily, simultaneous administra-

tion of IL-18 and IL-12 resulted in sys-
temic inflammation and 100% mortality
within 4 to 8 days depending on the strain
employed. Mice treated with IL-18 plus
IL-12 exhibited unique pathologic find-
ings as well as elevated serum levels of
proinflammatory cytokines and acute-
phase reactants. The actions of tumor
necrosis factor– a did not contribute to
the observed toxicity, nor did T or B cells.
However, toxicity and death from treat-
ment with IL-18 plus IL-12 could be com-

pletely abrogated by elimination of natu-
ral killer (NK) cells or macrophages.
Subsequent studies in genetically altered
mice revealed that NK-cell interferon– g

mediated the fatal toxicity via the signal
transducer and activator of transcription
pathway of signal transduction. These
data may provide insights into methods
of ameliorating cytokine-induced shock
in humans. (Blood. 2000;96:1465-1473)
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Introduction

Natural killer (NK) cells are large granular lymphocytes that
compose approximately 10% of peripheral blood mononuclear
cells and, along with macrophages, granulocytes, eosinophils, and
basophils, form the cellular arm of the innate immune system. NK
cells can mediate the lysis of malignant and virally infected cells
without prior sensitization and are also an important source of
immunomodulatory cytokines such as interferon (IFN)–g, tumor
necrosis factor (TNF)–a, and granulocyte-macrophage colony–
stimulating factor (GM-CSF).1-4 Macrophages infected with intra-
cellular pathogens or stimulated by bacterial products are able to
induce NK-cell production of IFN-g via the secretion of stimula-
tory monokines such as interleukin (IL)–12, IL-15, and IL-18,
factors for which NK cells constitutively express functional
receptor complexes.5-7 IFN-g is the prototypic macrophage-
activating factor, and the early production of this cytokine by
NK cells leads to marked enhancement of macrophage phagocyto-
sis, cytocidal activity, and cytokine production, which in turn
promote the effective clearance of infectious organisms.8,9 Thus,
cooperative interactions between NK cells and macrophages are
an important component of the innate immune response to infec-
tion in the time period that precedes the development of
specific immunity.10

IL-12 is produced primarily by macrophages and appears to
play a critical role in determining the outcome of infection through
its ability to coordinate and activate the various compartments of

cellular immunity.11,12IL-12 induces the secretion of IFN-g by both
T cells and NK cells and promotes the maturation and activation of
type-1 helper T (TH1) cells, thus favoring the development of
cellular immunity and immunologic memory over humoral immu-
nity. These properties of IL-12 suggested that it might be a
particularly effective antitumor agent, and experiments in a number
of murine models have confirmed the activity of IL-12 in this
regard.13,14 The ability of IL-12 to stimulate the production of
IFN-g has been confirmed in these models, and neutralization of
this cytokine has been shown to seriously inhibit the antitumor
activity of this cytokine treatment.15-17In general, IL-12 has shown
the greatest activity in murine models of melanoma and renal cell
carcinoma. Although endogenous production of IFN-g is clearly
necessary for the antitumor effects of IL-12, there is evidence that
other factors may contribute to the mechanism of action, since
exogenous administration of IFN-g is clearly less effective in the
treatment of these malignancies.16,18

IFN-g production can also be induced by IL-18, a cytokine
recently cloned from the spleens of mice inoculated withPropi-
onibacterium acnesand later challenged with lipopolysaccharide.19

IL-18 is secreted in a precursor form, and processing by the enzyme
caspase 1 is required for the active form of this cytokine to be
released.20 IL-18 is produced by activated macrophages, dendritic
cells, and Kupffer cells as well as by cells outside the immune
system.21 The combination of IL-18 and IL-12 induces synergistic
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IFN-g production in TH1 cells, presumably owing to the reciprocal
up-regulation of IL-18 and IL-12 receptor components by each
cytokine.21-23 IL-18 can activate NK cells independently of IL-12
effects; however, synergistic production of IFN-g is obtained
following costimulation with both factors.24-26Combination therapy
with IL-18 and IL-12 exhibited potent antitumor actions in a
murine model of malignant melanoma, but at the cost of significant
toxicities that included weight loss, diarrhea, and fatty degenera-
tion of the liver.27,28These toxicities, while unique to the combina-
tion of IL-18 and IL-12, underscore one of the major drawbacks to
the use of cytokines in the treatment of cancer, namely the
induction of systemic complications resembling the sequelae of
septic shock.

In the present report, we have employed a murine toxicity
model to characterize the lethal response to coadministration of
IL-18 plus IL-12. While doses of the individual cytokines were
well tolerated, the administration of IL-18 in combination with
IL-12 induced a unique fatal systemic inflammatory reaction
characterized by elevated serum levels of proinflammatory cyto-
kines and acute-phase reactants as well as by multiorgan pathology.
In the present report, we demonstrate that this toxicity is mediated
by NK-cell production of IFN-g and the signal transducer and
activator of transcription (STAT) pathway of signal transduction.

Materials and methods

Reagents

Recombinant (r) murine (mu) IL-12 (specific activity5 3.3 3 106

U/mg) (Genetics Institute, Andover, MA) was administered intraperito-
neally (IP) at a dose of 1mg/d.29 Unless otherwise specified, rmuIL-18
(Vertex Pharmaceuticals, Cambridge, MA) was administered at 0.5mg/d
IP. IL-12, IL-18, or IL-18 plus IL-12 was administered daily until death
of the animal. The rmuIL-10 was provided by Schering-Plough (Ken-
ilworth, NJ) (specific activity5 11 3 106 U/mg). All cytokine reagents
contained less than 0.015 experimental units (EU)/mL endotoxin as
measured by the E-Toxate system (Sigma, St Louis, MO). Depletion of
NK cells was accomplished via IP administration of an anti-asialo GM1
antibody (Wako BioProducts, Richmond, VA) every 3 days beginning 2
weeks prior to injection of cytokines (0.2 mg/injection).30 Mice were
depleted of monocytes/macrophages via IP and intravenous injection of
the F4/80 monoclonal antibody (mAb) (immunoglobulin G2b) 48 and 24
hours prior to cytokine therapy.31 N-nitro-1-arginine methyl ester
(L-NAME) was used at 0.2 mg per mouse daily IP to inhibit inducible
nitric oxide synthase (iNOS) activity.N-nitro-d-arginine methyl ester
(D-NAME) was used as a control reagent.32

Mice

C.B-17 scid/scid (SCID) mice (BALB/c background), inbred BALB/c
control mice, and inbred C57BL/6 control mice were purchased from
Taconic (Taconic Farms, Germantown, NY).33 CD3e transgenic mice (B6 x
CBA background), mice deficient in the IFN-g gene (IFN-g2/2, C57BL/6
background), and TNFR p552/2 mice (C57BL/6 background) were pur-
chased from Jackson Laboratory (Bar Harbor, ME).34-36 STAT12/2 mice
(C57BL/6 background) were the gift of Dr Joan Durbin.37 STAT42/2 mice
(B6 x 129 background) were the gift of Dr James Ihle.38 Mice deficient in
the enzyme inducible nitric oxide synthase 2 (C57BL/6-Nos2tml/Lau,
iNOS2/2) were purchased from Jackson Laboratory.39 All experimental
groups contained at least 6 animals.

Analysis of cytokine-treated mice

Serum levels of IFN-g, IL-1b, and IL-10 were measured by means of
enzyme-linked immunosorbent assays (ELISAs) obtained from Endogen
(Woburn, MA). TNF-a levels were measured by means of an ELISA

obtained from Biosource International (Camarillo, CA). Macrophage
inflammatory protein (MIP)–1a, IL-6, and GM-CSF levels were measured
by means of ELISAs from R&D Systems (Minneapolis, MN). Serially
diluted serum was analyzed for haptoglobin anda1-acid glycoprotein by
immunoelectrophoresis, and the area under the precipitation peak was
quantified in arbitrary units with the use of the National Institutes of Health
Image program 1.61.40 The data for each peak were converted into
milligrams per milliliter by comparison with values obtained with cali-
brated mouse acute-phase plasma.

Detection of IFN- g production by intracellular flow cytometry
and propidium iodide staining

Spleens were harvested from C57BL/6 mice 24 hours after IP injection
of IL-18 plus IL-12, minced with sterile scalpel blades to give a
single-cell suspension, and cultured ex vivo for 4 hours in brefelden A to
allow target protein to be sequestered in the Golgi apparatus.41 Cells
were then surface-stained with DX5-PE (pan NK) mAb, washed in
fluorescence-activated cell sorter (FACS) buffer (phosphate-buffered
saline [PBS] with 1% fetal calf serum), and fixed in 2% paraformalde-
hyde for 30 minutes at room temperature. After fixation, cells were
permeabilized for 30 minutes in 25mL PBS plus 0.5% saponin.
Antimouse IFN-g–fluorescein isothiocyanate (FITC) or isotype control-
FITC mAbs were added at a final dilution of 1/100, and cells were
incubated for 30 minutes at room temperature. Cells were washed and
resuspended in 1 mL of FACS buffer for analysis on a Coulter XL
(Coulter, Miami, FL) flow cytometer as described.26 NK cells were
isolated from the spleens of cytokine-treated SCID mice and analyzed
for endonucleolytic cleavage of cellular DNA via a flow-cytometric
assay using propidium iodide, as described.42

Analysis of IFN- g transcript by Real Time reverse
transcriptase polymerase chain reaction

Real Time reverse transcriptase polymerase chain reaction (RT-PCR) was
used to determine IFN-g transcript levels in mouse spleens after treatment
with cytokine.26,43 Spleens were harvested, snap-frozen in liquid nitrogen,
and ground into a fine powder with a mortar and pestle on dry ice. Total
cellular RNA was extracted by means of the RNAqueous total RNA
isolation kit (Ambion, Austin, TX). Complementary DNA (cDNA) was
generated by means of standard methods,26 with the use of 2mg of cellular
RNA and random hexamers (Perkin Elmer, Norwalk, CT) as primers for
first-strand synthesis. The PCR mixture contained the following: cDNA
template (2.5mL); forward and reverse primers for muIFN-g (900 nm
each); 6-carboxy-fluorescein–labeled probe for muIFN-g (125 nm); for-
ward and reverse primers for 18S ribosomal RNA (rRNA, 50 nm each);
2,7-dimethoxy-4,5-dichloro-6-carboxyfluorescein–labeled probe (50 nm)
for 18S rRNA (internal control); and 2X TaqMan Universal PCR Master
Mix (PE Applied Biosystems, Foster City, CA). Reactions for analysis of
muIFN-g transcript and 18S rRNA (control) were performed in the same
well of capped 96-well optical plates. The following amplification scheme
was employed: 1 cycle at 50°C for 2 minutes (AmpErase uracil-N-
glycosylase deactivation), 1 cycle at 95°C for 10 minutes (AmpliTaq Gold
activation), followed by 40 cycles at 95°C for 15 seconds (denaturation),
and 60°C for 1 minute (anneal/extension). Real-time PCR data were
analyzed with the use of Sequence Detector software version 1.6 (PE
Applied Biosystems). Final quantitation was derived by means of the
comparative CT method26 and is reported as then-fold difference in
experimental cDNA (IL-12–, IL-18–, or IL-12– plus IL-18–treated mice) as
compared with a calibrator cDNA (PBS-treated mice).

Statistical analysis

Statistical significance was analyzed by means of Student pairedt test with
P , .05 considered significant.
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Results

Concomitant administration of IL-18 with IL-12 is lethal in mice

It has been previously demonstrated that IL-12 is well tolerated by
inbred murine strains when administered at a dose of 1mg/d.29

IL-18 exhibits antitumor actions in murine models of malignancy
when administered daily at a dose of 0.5 through 1.0mg/d.28 In
order to establish the toxicity of this cytokine combination, rmuIL-18
(0.1 mg/d or 0.5mg/d) was administered daily in combination with
rmuIL-12 (1 mg/d) to C57BL/6 mice via the IProute (Figure 1A).
Mice receiving IL-12 plus the lower dose of IL-18 exhibited only
mild signs of systemic toxicity, and no deaths were observed even
when injections were continued for a total of 14 days. In contrast,
mice receiving IL-12 with the higher dose of IL-18 all died within
6 to 8 days. Similar results were obtained with IL-18 plus IL-12 in
several different species of mice, including BALB/c mice, B6 x
CBA mice, and C.B-17 mice bearing thescid/scid(SCID) mutation
(Figure 1B). Indeed, SCID mice, which lack T and B cells,33

exhibited 100% mortality within 3 to 5 days of initiation of treatment. Of
note, mice receiving daily injections of IL-18 orIL-12 alone exhibited
minimal toxicity (Figure 1B and data not shown).

Histopathology

C57BL/6 mice receiving daily injections of IL-18 plus IL-12 were
subjected to histopathologic evaluation. Acute changes within the

gastrointestinal tract were prominent and consisted of a diffuse
degenerative enteropathy within both the small and the large
intestines (Figure 2A-B). Atrophy of the lymphoid tissues was also
noted. This may have resulted from apoptotic events within these
organs, as apoptotic bodies were frequently observed (Figure 2C).
Analysis of nonadherent splenic NK cells from cytokine-treated
SCID mice by propidium iodide staining confirmed this observa-
tion (Figure 2D). Examination of the liver revealed diffuse
moderate histiocytosis (macrophage proliferation) as well as dif-
fuse hepatocellular vacuolization. Pulmonary pathology consisted
of moderate diffuse perivascular and septal inflammation associated
with mononuclear cell infiltrates and alveolar edema (data not shown).

Taken together, these findings suggest that administration of
IL-18 with IL-12 induced an acute systemic inflammatory response
with marked injury to the liver, lung, and intestines. This interpreta-
tion is supported by our analysis of serum acute-phase reactants,
which revealed the presence of high levels of haptoglobin and
a1-acid glycoprotein in mice receiving the combination of IL-18
plus IL-12, but not in those receiving IL-18 alone (Figure 2E). We
have previously demonstrated that IL-12 alone is a relatively weak
stimulus for the induction of these acute-phase proteins.44 Taken
together, these data suggest that IL-18 and IL-12 exert synergistic
proinflammatory effects in the present model.

Serum cytokine levels

The combination of IL-18 plus IL-12 is a potent stimulus for
NK-cell secretion of IFN-g, TNF-a, GM-CSF, and MIP-1a/b in
vitro,26,45 and we considered whether overproduction of these
proinflammatory factors in response to coadministration of IL-18
plus IL-12 might be the origin of the observed toxicities. We
therefore measured serum levels IFN-g, TNF-a, GM-CSF, and
MIP-1a in SCID mice receiving daily injections of IL-18 plus
IL-12. IFN-g and TNF-a levels rose rapidly in SCID mice treated
with IL-18 plus IL-12, peaked at approximately 48 hours, and
remained elevated until the death of the animal (Figure 3A-B).
Serum levels of GM-CSF were only modestly elevated following
treatment with IL-18 plus IL-12 (Figure 3C), and levels of MIP-1a
were not significantly elevated at any time point (data not shown).45

Administration of IL-18 alone did not stimulate significant endoge-
nous production of IFN-g, whereas modest serum levels of IFN-g
(below 500 pg/mL) were observed in mice receiving injections of
IL-12 alone (Figure 3A).28,46Likewise, mice receiving injections of
IL-18 alone did not exhibit significant serum levels of TNF-a,
GM-CSF, or MIP-1a (data not shown).

Elevated serum levels of IL-1b, IL-6, and IL-10 have been
observed in animals and humans experiencing the toxic effects of
high-dose cytokine therapy, and we therefore measured the levels
of these factors in the serum of cytokine-treated mice (Figure
3C).47 IL-1b, IL-6, and IL-10 were markedly elevated in mice
receiving IL-18 plus IL-12; peak serum levels, however, occurred
at different points during the administration of cytokine treatments.
In keeping with its role as an early proinflammatory factor, IL-1b
levels peaked at 12 hours and remained elevated until the death of
the animal.48 IL-6 is an important mediator of the acute-phase
response, and serum levels of this cytokine appear to reflect the
combined influence of systemic TNF-a and IL-1b.49 As expected,
serum levels of this cytokine did not reach their peak until 24 hours,
whereupon they steadily declined. In contrast, IL-10 has distinct
anti-inflammatory properties and is normally released in quantity
during the resolution phase of inflammatory processes.50 In keeping

Figure 1. Administration of IL-18 in combination with IL-12 is lethal in C57BL/6
and SCID mice. (A) Four- to 6-week-old female C57BL/6 mice were injected daily IP
with rmuIL-18 (0.1 or 0.5 mg/d) plus rmuIL-12 (1 mg/d) and monitored for toxicity. No
deaths were observed in mice receiving IL-18 or IL-12 alone (not shown). (B) Four- to
6-week-old female C.B-17 SCID mice were injected daily IP with IL-18 (0.5 mg/d) plus
IL-12 (1 mg/d), or IL-18 alone and monitored for toxicity. These results are
representative of 4 separate experiments.
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with this, we observed that IL-10 levels did not become signifi-
cantly elevated until 36 to 48 hours following the initiation of
cytokine treatments.

Role of IFN- g and TNF-a in death induced by IL-18 plus IL-12

Administration of proinflammatory cytokines such as TNF-a or
IFN-g can induce a shocklike state in animals and humans, whereas
neutralization of these factors can markedly attenuate septic shock
in animal models.51 Given the presence of these factors in the
serum of mice receiving IL-18 plus IL-12, we proceeded to
investigate the toxicity of this cytokine treatment in mice that had
been rendered genetically deficient in the p55 TNF receptor (R) or
the IFN-g ligand. TNFR p552/2 mice were not protected from the

toxicity of IL-18 plus IL-12. In fact, mice lacking this receptor
component died slightly earlier than similarly treated mice of the
identical background (data not shown). In contrast, IFN-g2/2 mice
were completely resistant to the toxic effects of IL-18 plus IL-12,
whereas normal mice of the identical background all succumbed to
this treatment within 5 to 9 days (Figure 4). Gross examination of
the IFN-g2/2 mice revealed minimal pathology outside of some
minor changes within the spleen, which is in keeping with the
complete lack of measurable IFN-g in the serum of these mice (not
shown). Importantly, serum levels of TNF-a and IL-1b were still
significantly elevated at the 72-hour time point in IFN-g2/2 mice
receiving IL-18 plus IL-12. These experiments indicate that the
endogenous production of IFN-g in response to IL-18 plus IL-12 is

Figure 2. Histopathology and serum acute-phase proteins. (A) (B) Photomicrographs of small intestine from C57BL/6 control mice (panel A) and SCID mice (panel B)
treated with IL-18 plus IL-12 and killed at 72 hours. The small intestinal villi are severely blunted with crypt hyperplasia with abundant apoptotic cells in the crypt epithelium
(short arrow). H & E stain at 200 3. (C) The spleen of a C57BL/6 mouse treated with IL-12 plus IL-18 mice shows atrophy of the lymphoid tissue with abundant apoptotic
lymphocytes (long arrow) and reticuloendothelial hyperplasia within the marginal zone (curved arrow). H & E stain, 200 3 magnification. (D) Nonadherent splenocytes (85% to
90% NK cells by FACS) from PBS-treated (left panel) or IL-18 plus IL-12–treated SCID mice (right panel) were harvested at 48 hours and analyzed for the presence of apoptotic
cells via a flow-cytometric assay using propidium iodide staining.42Apoptotic nuclei appear within the hypodiploid region of the DNAhistogram (M1) owing to the endonucleolytic cleavage
of DNA. (E) SCID mice received daily injections of IL-18 plus IL-12 or IL-18 alone for 72 hours. Serum was harvested at the indicated time points and analyzed for the presence
of a1-acid glycoprotein (right panel) and haptoglobin (left panel) via immunoelectrophoresis. These results represent the mean of duplicate samples 6 SEM.
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a critical component of the observed toxicity and also suggest that
IL-18 plus IL-12 can induce the production of proinflammatory
cytokines in an IFN-g–independent fashion.

Intracellular staining of murine splenocytes and measurement
of IFN-g transcript via Real-Time PCR

On the basis of the above results, we conducted a series of
experiments to determine which cell population might be the
primary source of IFN-g in this toxicity model. Using an anti–
muIFN-g mAb conjugated to a fluorescent moiety, we performed
intracellular staining of splenocytes obtained from cytokine-treated
C57BL/6 mice at 24 hours. These results are presented in Figure
5A and reveal that NK cells are the major source of IFN-g in mice
receiving IL-18 plus IL-12. More dramatic results were obtained in
SCID mice in which the percentage of NK cells are increased

relative to normal mice (Figure 5B). In order to analyze the
synergistic effects of IL-18 plus IL-12 at the transcript level, we
administered PBS, IL-18, IL-12, or IL-18 plus IL-12 to SCID mice
and analyzed splenocytes for IFN-g transcript via Real-Time PCR
at 24 hours. IL-12 alone stimulated significant transcription of the
IFN-g gene in comparison with PBS (50-fold induction), while
IL-18 alone was completely ineffective in this regard (no induc-
tion). However, the combination of IL-18 plus IL-12 resulted in a
significant 140-fold increase in transcript at the 24-hour time point
as compared with PBS-treated cells (P , .05). Taken together,
these experiments suggest that coadministration of IL-18 and IL-12
results in a marked and rapid increase in the transcription of the
IFN-g gene within the NK-cell compartment.

We next analyzed splenocytes for IFN-g transcript over time
using Real-Time PCR. We also examined levels of IL-10 transcript

Figure 3. Serum cytokine levels in SCID mice receiving daily injections of IL-18
plus IL-12. (A) Four- to 6-week-old female SCID mice received daily injections of
IL-12 (1 mg), IL-18 (0.5 mg/d), or IL-18 plus IL-12. Serum was obtained from
cytokine-treated mice at the indicated times and analyzed for the presence of
muIFN-g. (B) Serum levels of muTNF-a were measured by ELISA in SCID mice
receiving daily injections of IL-18 plus IL-12. (C) Serum levels of muGM-CSF were
measured by ELISA in SCID mice receiving daily injections of IL-18 plus IL-12. (D)
SCID mice received daily IP injections of IL-18 plus IL-12. Serum was obtained from
cytokine-treated mice at the indicated times and analyzed for the presence of IL-1b,
IL-6, and IL-10 by ELISA. Mice receiving IL-18 plus IL-12 survived from 3 to 5 days.
These results are representative of 3 separate experiments and represent the
mean 6 SEM of duplicate wells.

Figure 4. The role of IFN- g in the lethal toxicity of IL-18 plus IL-12. IFN-g2/2 (‚)
mice and C57BL/6 control mice (F) received daily IP injections of IL-18 plus IL-12 and
were monitored for toxicity. These experiments are representative of 2 separate
determinations.

Figure 5. Induction of IFN- g protein and transcript by IL-18 plus IL-12. Four- to
6-week-old C57BL/6 mice (A) or C.B-17 SCID mice (B) received IP injections of IL-18
plus IL-12, and their spleens were harvested at 24 hours. Splenocytes were cultured
for 4 hours in brefeldin A, permeabilized, stained with DX5-PE mAb (pan-NK) and
anti–muIFN-g–FITC mAb, and analyzed by flow cytometry with the use of a
mononuclear cell gate. (C) Real Time RT-PCR analysis of SCID splenocytes for
IFN-g and IL-10 transcripts at various times after IP injection of IL-18 plus IL-12.
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as we have previously determined that IL-10 is able to enhance
NK-cell production of IFN-g in vitro.52 This experiment is
presented in Figure 5C and reveals that IFN-g transcript levels are
markedly induced between 24 and 72 hours, after which they drop
rapidly. IL-10 transcript levels are also induced within this time
frame, but these remain elevated until 96 hours. Thus, the drop in
transcriptional activity of the IFN-g gene is not easily ascribed to
reduced production of IL-10.

Role of NK cells in the toxicity of IL-18 plus IL-12

Our results suggested that NK cells were the major source of IFN-g
in this model. To determine whether the toxicity of this model was
critically dependent on the actions of NK cells, we administered
IL-18 plus IL-12 to SCID mice depleted of NK cells by pretreat-
ment with an anti-asialo GM1 antibody. We have previously
determined that this regimen removes the majority of NK cells
(approximately 98%) in most murine strains while leaving the
macrophage compartment largely unaffected.30 This treatment
completely abrogated the toxicity of IL-18 plus IL-12 in both SCID
mice and normal C57BL/6 mice, whereas control mice all died
within 5 days of the initiation of treatment (Figure 6A and data not
shown). Importantly, antibody-treated mice exhibited very low
serum levels of IFN-g, TNF-a, and IL-1b (less than 10 pg/mL) at
all time points (data not shown). To confirm the role of NK cells in

the lethal reaction to IL-18 plus IL-12, we next administered IL-18
and IL-12 to CD3e transgenic mice that completely lack mature
NK cells and T cells owing to a developmental block.34 Control
mice of the appropriate background died between 4 and 7 days,
whereas CD3e transgenic mice all survived this treatment (Figure
6B). In keeping with our hypothesis, CD3e transgenic mice
demonstrated very little reaction to IL-18 plus IL-12 at the
histologic level (see Figure 9A-B) and exhibited a complete lack of
serum IFN-g. Taken together. these data suggest that NK-cell–
secreted IFN-g is the major mediator of toxicity in mice receiving
IL-18 plus IL-12.

Depletion/deactivation of monocytes/macrophages

Given the ability of NK-cell–derived cytokines to potentiate
macrophage effector functions3,10 and the presence of activated
macrophages in the liver of mice receiving IL-18 plus IL-12, the
role of macrophages in the toxicity of this model was investigated.
SCID mice can be depleted of monocytes and macrophages by 50%
in bone marrow, spleen, and blood, and 100% in the peritoneal
cavity by injection of the F4/80 mAb via the intravenous and IP
routes 48 and 24 hours prior to the administration of IL-18 plus
IL-12.44 Alternatively, macrophages can be deactivated via admin-
istration of IL-10.44,53 Our preliminary experiments revealed that
these maneuvers led to partial protection in the present model
(approximately 50% survival), which is consistent with our experi-
ence in other models of cytokine-induced inflammation (not
shown).44 Therefore, in order to deactivate any macrophages
remaining after the administration of F4/80 mAb, mice also
received IP injections of muIL-10 beginning 48 hours prior to the
initiation of cytokine treatment. This regimen afforded significant
protection from the toxicity of IL-18 plus IL-12, and mice in this
group exhibited 100% survival (Figure 7). Of note, NK cells
obtained from the spleens of mice receiving F4/80 mAb and IL-10
were fully responsive to stimulation with IL-18 plus IL-12 in vitro,
as measured by IFN-g production (data not shown). Taken together,
these data suggest that monocyte/macrophage effector functions
play a significant role in mediating the lethal toxicity of IL-18
plus IL-12.

Figure 6. Death induced by administration of IL-18 plus IL-12 is critically
dependent on the NK-cell compartment. (A) SCID mice were depleted of NK cells
by pretreatment with an anti-asialo GM1 antibody (see “Materials and methods”).
Control mice were pretreated with injections of PBS. Mice in both groups subse-
quently received daily IP injections of IL-18 plus IL-12 and were monitored for
survival. This experiment was repeated 3 times with similar results. (B) CD3e
transgenic mice (‚) received daily injections of IL-18 plus IL-12 via the IP route.
Normal mice of the identical background served as controls (F). This experiment was
repeated twice with similar results.

Figure 7. The role of the macrophage compartment in the toxicity of IL-18 plus
IL-12. SCID mice were partially depleted of macrophages by pretreatment with the
F4/80 mAb (‚). Control mice were pretreated with injections of a control mAb (F).
Mice that had been treated with F4/80 mAb also received daily IP injections of
rmuIL-10 (5 mg) beginning 2 days prior to cytokine treatment.44 Mice in both groups
subsequently received daily IP injections of IL-18 plus IL-12 and were monitored for
survival. This experiment was repeated twice with similar results.

1470 CARSON et al BLOOD, 15 AUGUST 2000 z VOLUME 96, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/4/1465/1666895/1465.pdf by guest on 11 June 2024



The toxicity of IL-18 plus IL-12 is not abrogated in mice
exhibiting deficiencies in iNOS activity

Nitric oxide has been identified in the serum of mice receiving
IL-18 plus IL-12 and has been implicated in the gastrointestinal
toxicity observed in some murine models of infection.21 In
addition, the fungicidal activity of murine peritoneal exudate cells
is synergistically induced by treatment with IL-18 plus IL-12.54

This activity correlated with NK-cell production of IFN-g, which
in turn induced the production of nitric oxide. For these reasons, we
investigated the role of nitric oxide in the toxicity of IL-18 plus
IL-12 administration. Mice rendered deficient in the enzyme iNOS
were treated with IL-18 plus IL-12 as were control mice of the
identical background. Contrary to what we might have predicted,
both groups of mice were equally susceptible to the toxic effects of
this cytokine treatment. Similar results were obtained in SCID mice
in which the activity of iNOS was inhibited via the administration
of L-NAME (data not shown). Taken together, these results
strongly suggest that nitric oxide is not a critical mediator of the
lethal reaction to IL-18 plus IL-12.

Role of STAT signaling in the toxicity of IL-18 plus IL-12

The binding of IL-12 to its specific receptor complex results in
phosphorylation of STAT4 as well as STAT1, STAT3, and
STAT5.55-57 Mice rendered genetically deficient in STAT4 do not
produce IFN-g following administration of IL-12 and exhibit
distinct immunologic defects.38 In addition, costimulation of T
cells with IL-18 and IL-12 results in nuclear translocation of
phosphorylated STAT4 and AP-1, and these transcription factors
must bind to specific regions of the IFN-g promoter in order for
transcription to be initiated.58 We were therefore interested in the
effects of IL-18 plus IL-12 in mice exhibiting a genetic deficiency
in the STAT4 transcription factor. STAT42/2 mice and mice of the
appropriate background received IL-18 plus IL-12 daily via the IP
route. Background mice all died within 6 days of the initiation of
therapy, whereas the STAT42/2 mice all survived (Figure 8A). In
fact, these mice exhibited essentially no toxicity whatsoever even
when injections were carried out for a period of 2 weeks. Histologic
analysis of these mice confirmed the protective effects of the
STAT4 mutation (not shown), and analysis of serum from these
mice demonstrated only very low levels of IFN-g (less than 50
pg/mL at all time points). These results suggest that the toxic
effects of IL-18 plus IL-12 are dependent on the activation of
STAT4 and confirm the importance of this transcription factor in
the induction of IFN-g gene expression.

Binding of IFN-g to its receptor also results in activation of the
Janus kinase (JAK)–STAT pathway of signal transduction in vivo.
In fact, IFN-g–mediated gene expression appears to require the
translocation of STAT1 homodimers to the cell nucleus, where they
bind to specific elements in the promoters of IFN-responsive
genes.8 STAT12/2 mice exhibit marked deficiencies in antiviral
immunity, and one might predict that high levels of IFN-g might
not induce significant toxicity in this murine strain.37 In order to
examine the role of STAT1 in the toxicity of this cytokine
treatment, we administered IL-18 plus IL-12 to STAT12/2 mice and
normal mice of the identical background. STAT12/2 mice receiving
this cytokine combination exhibited 100% survival whereas control
mice all died within 6 to 8 days (Figure 8B). As was demonstrated
with STAT42/2 mice, minimal systemic toxicity was observed
following administration of IL-18 plus IL-12 to mice lacking the
STAT1 protein. Serum IFN-g levels in STAT12/2 mice were
comparable to those observed in normal mice of the identical

background treated with IL-18 plus IL-12, yet the pathology
observed at the organ level was minimal (Figure 9C-D), which
suggests that the toxic effects of IFN-g are mediated largely via the
JAK-STAT signaling pathway. Of note, serum levels of IL-1b and
TNF-a were also maintained in the STAT12/2 mouse following
administration of IL-18 plus IL-12, a finding that provides further
support for the role of IFN-g–induced gene regulation in the
toxicity of this model.

Discussion

We have demonstrated that coadministration of IL-18 and IL-12
results in a systemic inflammatory response that is fatal within a
matter of days. Analysis of mice treated with this cytokine
combination revealed histopathologic evidence of systemic inflam-
mation and a concomitant acute-phase response. The toxicity of
this cytokine combination was abrogated in mice lacking NK cells,
but not in T-cell– and B-cell–deficient SCID mice. Production of
IFN-g by activated NK cells appeared to be the mechanism of
death as mice deficient in IFN-g exhibited complete protection,
while mice deficient in TNF-a signaling components remained
susceptible to this treatment. Intracellular lymphocyte staining
confirmed that NK cells were the potent producers of IFN-g
following coadministration of IL-18 and IL-12, not T or B cells.

Figure 8. The role of STAT proteins in mediating the toxicity of IL-18 plus IL-12.
(A) STAT42/2 (‚) mice and B6 x 129 background control mice (F) received daily
injections of IL-18 and IL-12 via the IP route and were monitored for toxicity. (B)
STAT12/2 (‚) mice and C57BL/6 control mice (F) received daily injections of IL-18
and IL-12 via the IP route and were monitored for toxicity. Both experiments were
repeated once with similar results.
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Interruption of IL-12 signaling in STAT4-deficient mice or abroga-
tion of IFN-g signaling in STAT1-deficient mice was also protec-
tive, thus confirming the importance of these signaling components
and pathways in mediating the effects of this cytokine treatment.
The complete protection afforded by the depletion of macrophages
suggests that coadministration of IL-18 and IL-12 induces NK cells
to secrete IFN-g, which in turn activates macrophages via the
STAT1 pathway to mediate the fatal inflammatory effect.

NK cells appear to be central to the toxicity of cytokine
combinations utilizing IL-12. The combination of IL-2 plus IL-12
is similar to that of IL-18 plus IL-12 in that it exhibits synergistic
antitumor activity in experimental systems, unfortunately at the
cost of severe systemic toxicity.59 We recently examined the effects
of IL-2 plus IL-12 in a murine model and found that this cytokine
treatment induced a lethal inflammatory response that was similar
in many respects to septic shock, as evidenced by the presence of
increased pulmonary edema, multiple organ system toxicities, and
elevated serum levels of proinflammatory cytokines and acute-
phase reactants.44 Cellular-depletion experiments revealed that this
cytokine-induced toxicity reaction was dependent on the NK-cell
compartment and its ability to mobilize the effector functions of
monocytes/macrophages, as was the case in the present model.
Interestingly, however, the lethal reaction to IL-2 plus IL-12 was
not critically dependent on any of the known cytokine products or
effector molecules of the NK-cell compartment (eg, IFN-g, TNF-a,
MIP-1a, STAT1, perforin, Fas) or on any of the factors currently
thought to be involved the induction of septic shock (eg, IL-1b,
IL-6, IL-1 converting enzyme (ICE), TNF-related apoptosis–
inducing ligand (TRAIL), iNOS, or nuclear factor (NF)kB).44 In

contrast to the results obtained in the current study, it is apparent
that the toxicity of IL-2 plus IL-12 is not dependent on NK-cell
production of IFN-g or the actions of its downstream mediator,
STAT1.44 We therefore predicted that STAT42/2 mice would be
fully susceptible to the toxicity of IL-2 plus IL-12.38,60 Unexpect-
edly, we have recently determined that STAT42/2 mice are in fact
completely protected from the toxicity of IL-2 plus IL-12 adminis-
tration (W.E.C., unpublished data, January 2000). This finding
implies that IL-2 plus IL-12 is able to induce systemic inflamma-
tion via a STAT4-dependent pathway that does not require the
actions of IFN-g. The existence of such a pathway is supported by
the work of Simpson et al,61 who examined the role of IL-12 and
STAT4 signal transduction in 2 separate models of experimental
colitis. They determined that mice treated with anti–IL-12 antibod-
ies or reconstituted with T cells from STAT4-deficient mice
exhibited a significantly milder course of disease, whereas mice
reconstituted with T cells from IFN-g2/2 mice proceeded to
develop severe colitis with wasting. Thus, as with T cells, it is
likely that the proinflammatory actions of STAT4 are not limited to
the induction of IFN-g gene expression in NK cells.

We have shown that the combination of IL-18 plus IL-12 induces a
severe enteropathy characterized by villus atrophy, crypt hyperplasia,
and abundant apoptotic cells in the crypt epithelium. Despite the severity
of these gastrointestinal changes, we cannot say with certainty that they
represent the primary cause of death. We observed only mild degenera-
tive changes in the gastrointestinal tract of mice receiving IL-12 alone44

and believe that the addition of IL-18 to this regimen may somehow
exacerbate this process. Work by other investigators suggests that
overproduction of nitric oxide might play a role in mediating the
pathologic tissue damage associated with dysregulated or inappropriate
production of IFN-g.28,62Induction of iNOS has been reported follow-
ing the administration of IL-12 to mice, and inhibition of this enzyme
abrogates the gastrointestinal lesions associated withToxoplasma gondii
infection in SCID mice.32,63However, this maneuver did not ameliorate
the toxicity of IL-18 plus IL-12 despite the near complete lack of nitric
oxide species in mice treated with an iNOS inhibitor. Similarly, no
protection from gastrointestinal mucosal lesions was observed in
iNOS-deficient mice treated with IL-18 plus IL-12. These findings
suggest that nitric oxide is not the primary mediator of lethality in the
present model, but they obviously do not exclude nitric oxide as a
potential contributor to the observed gastrointestinal toxicity that results
from treatment with IL-18 plus IL-12.

To the best of our knowledge, the toxicity of an anticancer cytokine
treatment has never before been ascribed to a specific signaling pathway.
This discovery suggests a distinct strategy for ameliorating the toxicity
of this cytokine treatment as well as characterizing the factors that might
mediate its antitumor effects. Further study of NK-cell activation
following costimulation is also warranted given the role of this cell type
in the toxicity of the present model. Current efforts in our laboratory are
now directed at a closer analysis of the immunobiology associated with
the administration of cytokine combinations that induce systemic
inflammatory responses.

References

1. Robertson MJ, Ritz J. Biology and clinical rel-
evance of human natural killer cells. Blood. 1990;
76:2421.

2. Bancroft GJ. The role of natural killer cells in in-
nate resistance to infection. Curr Opin Immunol.
1993;5:503.

3. Biron CA. Activation and function of natural killer
cell responses during viral infections. Curr Opin
Immunol. 1997;9:24.

4. Carson WE, Giri JG, Lindemann MJ, et al. Inter-
leukin-15 is a novel cytokine which activates hu-
man natural killer cells via components of the in-
terleukin-2 receptor. J Exp Med. 1994;180:1395.

5. Trinchieri G. Cytokines acting on or secreted by
macrophages during intracellular infection (IL-10,
IL-12, IFN-g). Curr Opin Immunol. 1997;9:17.

6. Carson WE, Ross ME, Baiocchi RA, et al. Endog-
enous production of interleukin 15 by activated

human monocytes is critical for optimal produc-
tion of interferon-gamma by natural killer cells in
vitro. J Clin Invest. 1995;96:2578.

7. Bohn E, Sing A, Zumbihl R, et al. IL-18 (IFN-
gamma-inducing factor) regulates early cytokine
production in, and promotes resolution of, bacte-
rial infection in mice. J Immunol. 1998;160:299.

8. Boehm U, Klamp T, Groot M, Howard JC. Cellular

Figure 9. Photomicrographs of intestine and spleen from CD3 e transgenic and
STAT1-deficient mice treated for 72 hours with IL-18 plus IL-12. In contrast to the
lesions seen in C57BL/6 control mice and SCID mice (Figure 2A-C), the small
intestinal villi of both CDeTG mice (A) and STAT12/2 mice (C) are normal. The spleen
from both the CD3eTG mice (B) and STAT12/2 mice (D) show normal lymphoid tissue
(white pulp and increased extramedullary hematopoiesis in the red pulp, arrows). H &
E stain, 200 3 (panels A and D) or 100 3 (panels B and C) magnification.

1472 CARSON et al BLOOD, 15 AUGUST 2000 z VOLUME 96, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/4/1465/1666895/1465.pdf by guest on 11 June 2024



responses to interferon-g. Annu Rev Immunol.
1997;15:749.

9. Young HA, Hardy KJ. Role of interferon-gamma
in immune cell regulation. J Leukoc Biol. 1995;58:
373.

10. Brown E, Atkinson JP, Fearon DT. Innate immu-
nity: 50 ways to kill a microbe. Curr Opin Immu-
nol. 1997;6:73.

11. Gately MK, Renzetti LM, Magram J, et al. The
interleukin-12/interleukin-12-receptor system:
role in normal and pathologic immune responses.
Annu Rev Immunol. 1998;16:495.

12. Trinchieri G. Interleukin 12: a cytokine produced
by antigen-presenting cells with immunoregula-
tory functions in the generation of T helper cells
type I and cytotoxic lymphocytes. Blood. 1994;84:
4008.

13. Brunda MJ, Luistro L, Warrier RR, et al. Antitumor
and antimetastatic activity of interleukin 12
against murine tumors. J Exp Med. 1993;178:
1223.

14. Tannenbaum CS, Tubbs R, Armstrong D, Finke
JH, Bukowski RM, Hamilton TA. The CXC che-
mokines IP-10 and Mig are necessary for IL-12-
mediated regression of the mouse RENCA tumor.
J Immunol. 1998;161:927.

15. Coughlin CM, Salhany KE, Gee MS, et al. Tumor
cell responses to IFN-gamma affect tumorigenic-
ity and response to IL-12 therapy and antiangio-
genesis. Immunity. 1998;9:25.

16. Fujiwara H, Clark SC, Hamaoka T. Cellular and
molecular mechanisms underlying IL-12-induced
tumor regression. Ann N Y Acad Sci. 1996;795:
294.

17. Ogawa M, Yu WG, Umehara K, et al. Multiple
roles of interferon-gamma in the mediation of in-
terleukin 12-induced tumor regression. Cancer
Res. 1998;58:2426.

18. Meyskens FL, Kopecky KJ, Taylor CW, et al. Ran-
domized trial of adjuvant human interferon
gamma versus observation in high-risk cutane-
ous melanoma: a Southwest Oncology Group
study. J Natl Cancer Inst. 1995;87:1710.

19. Okamura H, Tsutsi H, Komatsu T, et al. Cloning of
a new cytokine that induces IFN-gamma produc-
tion by T cells. Nature. 1995;378:8.

20. Gu Y, Kuida K, Tsutsui H, et al. Activation of inter-
feron-gamma inducing factor mediated by inter-
leukin-1beta converting enzyme. Science. 1997;
275:206.

21. Okamura H, Kashiwamura S, Tsutsui H, Yoshi-
moto T, Nakanishi K. Regulation of interferon-g
production by IL-12 and IL-18. Curr Opin Immu-
nol. 1998;10:259.

22. Kohno K, Kataoka J, Ohtsuki T, et al. IFN-
gamma-inducing factor (IGIF) is a costimulatory
factor on the activation of Th1 but not Th2 cells
and exerts its effect independently of IL-12. J Im-
munol. 1997;158:1541.

23. Xu D, Chan WL, Leung BP, et al. Selective ex-
pression and functions of interleukin 18 receptor
on T helper (Th) type 1 but not Th2 cells. J Exp
Med. 1998;188:1485.

24. Tomura M, Zhou XY, Maruo S, et al. A critical role
for IL-18 in the proliferation and activation of
NK1.11 CD32 cells. J Immunol. 1998;160:4738.

25. Takeda K, Tsutsui H, Yoshimoto T, et al. Defective
NK cell activity and Th1 response in IL-18-defi-
cient mice. Immunity. 1998;8:383.

26. Fehniger TA, Shah MH, Turner MJ, et al. Differen-
tial cytokine and chemokine gene expression by
human NK cells following activation with IL-18 or
IL-15 in combination with IL-12: implications for
the innate immune response. J Immunol. 1999;
162:4511.

27. Coughlin CM, Salhany KE, Wysocka M, et al. In-
terleukin-12 and interleukin-18 synergistically in-
duce murine tumor regression which involves in-
hibition of angiogenesis. J Clin Invest. 1998;101:
1441.

28. Osaki T, Peron JM, Cai Q, et al. IFN-gamma-in-
ducing factor/IL-18 administration mediates IFN-
gamma- and IL-12-independent antitumor effects.
J Immunol. 1998;160:1742.

29. Wigginton JM, Komschlies KL, Back TC, Franco
JL, Brunda MJ, Wiltrout RH. Administration of in-
terleukin 12 with pulse interleukin 2 and the rapid
and complete eradication of murine renal carci-
noma. J Natl Cancer Inst. 1996;88:38.

30. Baiocchi RA, Caligiuri MA. Low-dose interleukin 2
prevents the development of Epstein-Barr virus
(EBV)-associated lymphoproliferative disease in
scid/scid mice reconstituted i.p. with EBV-sero-
positive human peripheral blood lymphocytes.
Proc Natl Acad Sci U S A. 1994;91:5577.

31. Salazar-Mather TP, Ishikawa R, Biron CA. NK cell
trafficking and cytokine expression in splenic
compartments after IFN induction and viral infec-
tion. J Immunol. 1996;157:3054.

32. Kurzara-Koblish H, Hunter CA, Wysocka M,
Trinchieri G, Lee WFM. Immune supression by
recombinant interleukin (rIL)-12 involves inter-
feron-g induction of nitric oxide synthase 2
(iNOS) activity: inhibitors of NO generation reveal
extent of rIL-12 vaccine adjuvant effect. J Exp
Med. 1998;188:1603.

33. Bosma GC, Custer RP, Bosma MJ. A severe
combined immunodeficiency mutant in the
mouse. Nature. 1983;301:527.

34. Wang B, Biron C, She J, et al. Block in both early
T lymphocyte and natural killer development in
transgenic mice with high-copy numbers of the
human CD3e gene. Proc Natl Acad Sci U S A.
1994;91:9402.

35. Dalton DK, Pitts-Meek S, Keshav S, Figari IS,
Bradley A, Stewart TA. Multiple defects of im-
mune cell function in mice with disrupted inter-
feron-gamma genes. Science. 1993;259:1739.

36. Peschon JJ, Torrance DS, Stocking KL, et al. TNF
receptor-deficient mice reveal divergent roles for
p55 and p75 in several models of inflammation.
J Immunol. 1998;160:943.

37. Durbin JE, Hackenmiller R, Simon MC, Levy DE.
Targeted disruption of the mouse Stat1 gene re-
sults in compromised innate immunity to viral dis-
ease. Cell. 1996;84:443.

38. Thierfelder WE, van Deursen JM, Yamamoto K,
et al. Requirement for Stat4 in interleukin-12-me-
diated responses of natural killer and T cells. Na-
ture. 1996;382:171.

39. Laubach VE, Shesely EG, Smithies O, Sherman
PA. Mice lacking inducible nitric oxide synthase
are not resistant to lipopolysaccharide-induced
death. Proc Natl Acad Sci U S A. 1995;92:10688.

40. Gauldie J, Baumann H. Cytokines and acute
phase protein expression. In: Kimball ES, ed. Cy-
tokines and Inflammation. Boca Raton, FL: CRC
Press, Inc; 1991:275.

41. Nylander S, Kalies I. Brefeldin A, but not monen-
sin, completely blocks CD69 expression on
mouse lymphocytes: efficacy of inhibitors of pro-
tein secretion in protocols for intracellular cyto-
kine staining by flow cytometry. J Immunol Meth-
ods. 1999;224:69.

42. Carson WE, Haldar S, Baiocchi RA, Croce CM,
Caligiuri MA. The c-kit ligand suppresses apopto-
sis of human natural killer cells through the up-
regulation of bcl-2. Proc Natl Acad Sci U S A.
1994;91:7553.

43. Gibson UE, Heid CA, Williams PM. A novel
method for real time quantitative RT-PCR. Ge-
nome Res. 1996;6:995.

44. Carson WE, Yu H, Dierksheide J, et al. A fatal cy-
tokine induced systemic inflammatory response
reveals a critical role for natural killer cells. J Im-
munol. 1999;162:4943.

45. Ushio S, Namba M, Okura T, et al. Cloning of the
cDNA for human IFN-gamma-inducing factor, ex-
pression in Escherichia coli, and studies on the
biologic activities of the protein. J Immunol. 1996;
156:4274.

46. Rempel JD, Wang M, HayGlass KT. In vivo IL-12
administration induces profound but transient
commitment to T helper cell type 1-associated
patterns of cytokine and antibody production.
J Immunol. 1997;159:1490.

47. Hack CE, Aarden LA, Thijs LG. The role of cyto-
kines in sepsis. Adv Immunol. 1997;66:101.

48. Hesse DG, Tracey KJ, Fong Y, et al. Cytokine ap-
pearance in human endotoxemia and primate
bacteremia. Surg Gynecol Obstet. 1988;166:147.

49. Damas P, LeDoux D, Nijs M, et al. Cytokine se-
rum levels during severe sepsis in humans: IL-6
as a marker of severity. Ann Surg. 1992;215:356.

50. Marchant A, Deviere J, Byl B, De Groote D, Vin-
cent DL, Goldman M. Interleukin-10 production
during septicaemia. Lancet. 1994;343:707.

51. Dinarello CA: Cytokines as mediators in the
pathogenesis of septic shock. Curr Topics Micro-
biol Immunol. 1996;216:134.

52. Carson WE, Lindemann MJ, Baiocchi R, et al.
The functional characterization of interleukin-10
receptor expression on human natural killer cells.
Blood. 1995;85:3577.

53. Bogdan C, Vodovotz Y, Nathan C. Macrophage
deactivation by interleukin-10. J Exp Med. 1991;
174:1549.

54. Zhang T, Kawakami K, Qureshi MH, Okamura H,
Kurimoto M, Saito A. Interleukin-12 (IL-12) and
IL-18 synergistically induce the fungicidal activity
of murine peritoneal exudate cells against Crypto-
coccus neoformans through production of
gamma interferon by natural killer cells. Infect
Immun. 1997;65:3594.

55. Jacobson NG, Szabo SJ, Weber-Nordt RM, et al.
Interleukin 12 signaling in T helper type 1 (Th1)
cells involves tyrosine phosphorylation of signal
transducer and activator of transcription (Stat)3
and Stat4. J Exp Med. 1995;181:1755.

56. Yu CR, Lin JX, Fink DW, Akira S, Bloom ET, Yam-
auchi A. Differential utilization of Janus kinase-
signal transducer activator of transcription signal-
ing pathways in the stimulation of human natural
killer cells by IL-2, IL-12, and IFN-alpha. J Immu-
nol. 1996;157:126.

57. Gollob JA, Murphy EA, Mahajan S, Schnipper CP,
Ritz J, Frank DA. Altered interleukin-12 respon-
siveness in Th1 and Th2 cells is associated with
the differential activation of STAT5 and STAT1.
Blood. 1998;91:1341.

58. Walker W, Aste-Amezaga M, Kastelein RA,
Trinchieri G, Hunter CA. IL-18 and CD28 use dis-
tinct molecular mechanisms to enhance NK cell
production of IL-12-induced IFN-gamma. J Immu-
nol. 1999;162:5894.

59. Wigginton JM, Komschlies KL, Back TC, Franco
JL, Brunda MJ, Wiltrout RH. Administration of in-
terleukin 12 with pulse interleukin 2 and the rapid
and complete eradication of murine renal carci-
noma. J Natl Cancer Inst. 1996;88:38.

60. Kaplan MH, Sun YL, Hoey T, Grusby MJ. Im-
paired IL-12 responses and enhanced develop-
ment of Th2 cells in Stat4-deficient mice. Nature.
1996;382:174.

61. Simpson SJ, Shah S, Comiskey M, et al. T cell-
mediated pathology in two models of experimen-
tal colitis depends predominantly on the interleu-
kin 12/signal transducer and activator of
transcription (Stat)-4 pathway, but is not condi-
tional on interferon gamma expression by T cells.
J Exp Med. 1998;187:1225.

62. Karupiah G, Chen JH, Mahalingam S, Nathan CF,
MacMicking JD. Rapid interferon gamma-depen-
dent clearance of influenza A virus and protection
from consolidating pneumonitis in nitric oxide
synthase 2-deficient mice. J Exp Med. 1998;188:
1541.

63. Khan IA, Schwartzman JD, Matsuura T, Kasper
LH. A dichotomous role for nitric oxide during
acute Toxoplasma gondii infection in mice. Proc
Natl Acad Sci U S A. 94:13955,1997.

IL-18 PLUS IL-12 LEADS TO FATAL INFLAMMATION IN MICE 1473BLOOD, 15 AUGUST 2000 z VOLUME 96, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/4/1465/1666895/1465.pdf by guest on 11 June 2024


