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Coadministration of interleukin-18 and interleukin-12 induces a fatal
inflammatory response in mice: critical role of natural killer cell interfeyon-

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- « 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—

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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Natural killer (NK) cells are large granular lymphocytes thatellularimmunity*112|L-12 induces the secretion of IFNby both
compose approximately 10% of peripheral blood mononucle@rcells and NK cells and promotes the maturation and activation o
cells and, along with macrophages, granulocytes, eosinophils, dppe-1 helper T (Ti1) cells, thus favoring the development of
basophils, form the cellular arm of the innate immune system. Néellular immunity and immunologic memory over humoral immu-
cells can mediate the lysis of malignant and virally infected cellsity. These properties of IL-12 suggested that it might be
without prior sensitization and are also an important source pérticularly effective antitumor agent, and experiments in a numb
immunomodulatory cytokines such as interferon (IFN)tumor of murine models have confirmed the activity of IL-12 in this
necrosis factor (TNF)x, and granulocyte-macrophage colony-regardi®4 The ability of IL-12 to stimulate the production of
stimulating factor (GM-CSF}* Macrophages infected with intra- IFN-y has been confirmed in these models, and neutralization
cellular pathogens or stimulated by bacterial products are ablethis cytokine has been shown to seriously inhibit the antitumos
induce NK-cell production of IFNy via the secretion of stimula- activity of this cytokine treatmer®17In general, IL-12 has shown
tory monokines such as interleukin (IL)-12, IL-15, and IL-18the greatest activity in murine models of melanoma and renal ce
factors for which NK cells constitutively express functionatarcinoma. Although endogenous production of lifNs clearly
receptor complexes’ IFN-y is the prototypic macrophage- necessary for the antitumor effects of IL-12, there is evidence thﬁ
activating factor, and the early production of this cytokine byther factors may contribute to the mechanism of action, sincé
NK cells leads to marked enhancement of macrophage phagocygegenous administration of IFiis clearly less effective in the
sis, cytocidal activity, and cytokine production, which in turrtreatment of these malignanci¥s®
promote the effective clearance of infectious organi&fghus, IFN-y production can also be induced by IL-18, a cytokine
cooperative interactions between NK cells and macrophages egeently cloned from the spleens of mice inoculated vRAtbpi-
an important component of the innate immune response to infemibacterium acneand later challenged with lipopolysaccharide.
tion in the time period that precedes the development &f-18is secretedina precursor form, and processing by the enzyme
specific immunityt? caspase 1 is required for the active form of this cytokine to be
IL-12 is produced primarily by macrophages and appears teleased? IL-18 is produced by activated macrophages, dendritic
play a critical role in determining the outcome of infection throughkells, and Kupffer cells as well as by cells outside the immune
its ability to coordinate and activate the various compartments sfsten?! The combination of IL-18 and IL-12 induces synergistic
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IFN-v production in ;1 cells, presumably owing to the reciprocalobtained from Biosource International (Camarillo, CA). Macrophage
up-regulation of IL-18 and IL-12 receptor components by eadhflammatory protein (MIP)-4, IL-6, and GM-CSF levels were measured
cytokine?'23|L-18 can activate NK cells independently of IL-12by means of ELISAs from R&D Systems (Minneapolis, MN). Serially
effects; however, synergistic production of IRNis obtained Filluted serum was anglyzed for haptoglobin aridacid gl.y(?op.roteln by
following costimulation with both factor&-26Combination therapy immunoelectrophoresis, and the area under the precipitation peak was
with IL-18 and IL-12 exhibited potent antitumor actions in Aluantified in arbitrary units with the use of the National Institutes of Health
. : o 0 i
murine model of malignant melanoma, but at the cost of significalff2d¢ Program 1.61. The data for each peak were converted into
toxicities that included weight loss, diarrhea, and fatty degeneljgl_lllgrams per milliliter by comparison with values obtained with cali-
tion of the liver?”28These toxicities, while unique to the combina brated mouse acute-phase plasma.
tion of IL-18 and IL-12, underscore one of the major drawbacks to
the use of cytokines in the treatment of cancer, namely tietection of IFN- y production by intracellular flow cytometry
induction of systemic complications resembling the sequelae aid propidium iodide staining
septic shock. i -
In the present report. we have emploved a murine toxicit?/pleens were harvested from C57BL/6 mice 24 hours after IP injection
P . port, ploy . . f IL-18 plus IL-12, minced with sterile scalpel blades to give a
model to characterize the lethal response to coadministration Of . . )
single-cell suspension, and cultured ex vivo for 4 hours in brefelden A to

IL-18 plus IL-12. While doses of the individual cytokines were, " target protein to be sequestered in the Golgi appafdt@ells

well tolerated, the administration of IL-18 in combination witr\Nere then surface-stained with DX5-PE (pan NK) mAb, washed ing
IL-12 Ind.uced a unique fatal systemic Inflammatory reactiofy,orescence-activated cell sorter (FACS) buffer (phosphate—buffereg
characterized by elevated serum levels of proinflammatory cytgsjine [PBS] with 1% fetal calf serum), and fixed in 2% paraformalde-&
kines and acute-phase reactants as well as by multiorgan patholggye for 30 minutes at room temperature. After fixation, cells were$
In the present report, we demonstrate that this toxicity is mediatggrmeabilized for 30 minutes in 2RL PBS plus 0.5% saponin.

by NK-cell production of IFNy and the signal transducer andantimouse IFNy—fluorescein isothiocyanate (FITC) or isotype control-
activator of transcription (STAT) pathway of signal transduction. FITC mAbs were added at a final dilution of 1/100, and cells wereg
incubated for 30 minutes at room temperature. Cells were washed arg
resuspended in 1 mL of FACS buffer for analysis on a Coulter XL%—

se//:dny

Materials and methods (Coulter, Miami, FL) flow cytometer as describ&INK cells were
isolated from the spleens of cytokine-treated SCID mice and analyze
Reagents for endonucleolytic cleavage of cellular DNA via a flow-cytometric

. ) " o assay using propidium iodide, as descrijéd.
Recombinant (r) murine (mu) IL-12 (specific activity 3.3 X 10°

U/mg) (Genetics Institute, Andover, MA) was administered intraperito-

neally (IP) at a dose of fg/d?° Unless otherwise specified, rmulL-18 Analysis of IFN- v transcript by Real Time reverse
(Vertex Pharmaceuticals, Cambridge, MA) was administered ai8/8  transcriptase polymerase chain reaction

IP. IL-12, IL-18, or IL-18 plus IL-12 was administered daily until death

of the animal. The rmulL-10 was provided by Schering-Plough (KerReal Time reverse transcriptase polymerase chain reaction (RT-PCR) WQ}
ilworth, NJ) (specific activity= 11 X 10° U/mg). All cytokine reagents used to determine IFN-transcript levels in mouse spleens after treatment%
contained less than 0.015 experimental units (EU)/mL endotoxin &éth cytokine?643Spleens were harvested, snap-frozen in liquid nitrogen,Z
measured by the E-Toxate system (Sigma, St Louis, MO). Depletion and ground into a fine powder with a mortar and pestle on dry ice. Tota§
NK cells was accomplished via IP administration of an anti-asialo GMéellular RNA was extracted by means of the RNAqueous total RNAE
antibody (Wako BioProducts, Richmond, VA) every 3 days beginning 2olation kit (Ambion, Austin, TX). Complementary DNA (cDNA) was
weeks prior to injection of cytokines (0.2 mg/injectiolf)Mice were generated by means of standard mettfatith the use of 2.g of cellular
depleted of mOnOCyteS/maCrOphages via IP and intravenous injectionR:mA and random hexamers (Perkin E|mer’ Norwa”(’ CT) as primers forg
the F4/80 monoclonal antibody (mAb) (immunoglobuliag348 and 24 first-strand synthesis. The PCR mixture contained the following: cDNA=
hours prior to cytokine therapy. N-nitro-1-arginine methyl ester template (2.5u.L); forward and reverse primers for mulFN{900 nm
(L-NAME) was used at 0.2 mg per mouse daily IP to inhibit inducibleeach); 6-carboxy-fluorescein—labeled probe for mulFKE25 nmy; for-
nitric oxide synthase (iNOS) activityN-nitro-d-arginine methyl ester ward and reverse primers for 18S ribosomal RNA (rRNA, 50 nm each)
(D-NAME) was used as a control reagéfit. 2,7-dimethoxy-4,5-dichloro-6-carboxyfluorescein—labeled probe (50 nm)
for 18S rRNA (internal control); and 2X TagMan Universal PCR Master
Mix (PE Applied Biosystems, Foster City, CA). Reactions for analysis of
C.B-17 scid/scid (SCID) mice (BALB/c background), inbred BALB/c MUuIFN-y transcript and 18S rRNA (control) were performed in the same
control mice, and inbred C57BL/6 control mice were purchased froiiell of capped 96-well optical plates. The following amplification scheme
Taconic (Taconic Farms, Germantown, N®8)CD3e transgenic mice (B6 x was employed: 1 cycle at 50°C for 2 minutes (AmpErase uracil-N-
CBA background), mice deficient in the IFiNgene (IFNy~/—, C57BL/6  glycosylase deactivation), 1 cycle at 95°C for 10 minutes (AmpliTag Gold
background), and TNFR p55 mice (C57BL/6 background) were pur activation), followed by 40 cycles at 95°C for 15 seconds (denaturation),
chased from Jackson Laboratory (Bar Harbor, ME¥ STAT1/~ mice and 60°C for 1 minute (anneal/extension). Real-time PCR data were
(C57BL/6 background) were the gift of Dr Joan DurBIrfSTAT4/~ mice  analyzed with the use of Sequence Detector software version 1.6 (PE
(B6 x 129 background) were the gift of Dr James [Fflédice deficientin  Applied Biosystems). Final quantitation was derived by means of the
the enzyme inducible nitric oxide synthase 2 (C57BL/6-NB$2Y,  comparative ¢ method® and is reported as the-fold difference in
iINOS™") were purchased from Jackson Laboraf8npll experimental  experimental cDNA (IL-12—, IL-18—, or IL-12— plus IL-18—treated mice) as
groups contained at least 6 animals. compared with a calibrator cDNA (PBS-treated mice).
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Mice

Analysis of cytokine-treated mice

Statistical analysis
Serum levels of IFNy, IL-18, and IL-10 were measured by means of

enzyme-linked immunosorbent assays (ELISAs) obtained from Endog8tatistical significance was analyzed by means of Student paiestiwith
(Woburn, MA). TNFe levels were measured by means of an ELISAP < .05 considered significant.
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gastrointestinal tract were prominent and consisted of a diffuse

Results degenerative enteropathy within both the small and the large
_ S _ _ o intestines (Figure 2A-B). Atrophy of the lymphoid tissues was also
Concomitant administration of IL-18 with IL-12 is lethal in mice noted Th|s may have resulted from apopto’“c events W|th|n these

rgans, as apoptotic bodies were frequently observed (Figure 2C).
inbred murine strains when administered at a dose pfgid2e Analysis of nonadherent splenic NK cells from cytokine-treated
IL-18 exhibits antitumor actions in murine models of malignancyC!P Mice by propidium iodide staining confirmed this observa-
when administered daily at a dose of 0.5 through 1g3d2® In tion (Figure 2D). Examination of the liver revealed diffuse
order to establish the toxicity of this cytokine combination, rmulL-1810derate histiocytosis (macrophage proliferation) as well as dif-
(0.1 pg/d or 0.5ug/d) was administered daily in combination withfuse hepatocellular vacuolization. Pulmonary pathology consisted
rmulL-12 (1 pg/d) to C57BL/6 mice via the IPoute (Figure 1A). of moderate diffuse perivascular and septal inflammation associated
Mice receiving IL-12 plus the lower dose of IL-18 exhibited onlywith mononuclear cell infiltrates and alveolar edema (data not shown).
mild signs of systemic toxicity, and no deaths were observed even Taken together, these findings suggest that administration of
when injections were continued for a total of 14 days. In contragt,-18 with IL-12 induced an acute systemic inflammatory response
mice receiving IL-12 with the higher dose of IL-18 all died withinwith marked injury to the liver, lung, and intestines. This interpreta-

6 to 8 days. Similar results were obtained with IL-18 plus IL-12 iion is supported by our analysis of serum acute-phase reactanig,
several different species of mice, including BALB/c mice, B6 xvhich revealed the presence of high levels of haptoglobin ané
CBAmice, and C.B-17 mice bearing theid/scid(SCID) mutation «1-acid glycoprotein in mice receiving the combination of IL-18 &
(Figure 1B). Indeed, SCID mice, which lack T and B céfls, plus IL-12, but not in those receiving IL-18 alone (Figure 2E). Weg
exhibited 100% mortality within3to 5 days of initiation of treatment. Of]ave previous|y demonstrated that IL-12 alone is a re|ative|y Weag
note, mice receiving daily injections of IL-18 br-12 alone exhibited stimulus for the induction of these acute-phase prot‘@iﬁ'ﬂken
minimal toxicity (Figure 1B and data not shown). together, these data suggest that IL-18 and IL-12 exert synergis
Histopathology proinflammatory effects in the present model.

It has been previously demonstrated that IL-12 is well tolerated

C57BL/6 mice receiving daily injections of IL-18 plus IL-12 wereSerum cytokine levels

subjected to histopathologic evaluation. Acute changes within th&. ~ombination of IL-18 plus IL-12 is a potent stimulus for
NK-cell secretion of IFNy, TNF-«, GM-CSF, and MIP-&/B in

vitro,2645 and we considered whether overproduction of thes%
proinflammatory factors in response to coadministration of IL-18
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therefore measured serum levels IFNTNF-«, GM-CSF, and
MIP-1a in SCID mice receiving daily injections of IL-18 plus
IL-12. IFN-y and TNFe« 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 followingg
20 treatment with IL-18 plus IL-12 (Figure 3C), and levels of MIR-1 f
were not significantly elevated at any time point (data not shdtvn).
Administration of IL-18 alone did not stimulate significant endoge-$
s+ s 6 7 s s nousproduction of IFNy, whereas modest serum levels of IRN-
(below 500 pg/mL) were observed in mice receiving injections ofz
IL-12 alone (Figure 3A¥846Likewise, mice receiving injections of
_A— IL-18 alone IL-18 alone did not exhibit significant serum levels of TNE-
—@— IL-18 plus IL-12 GM-CSF, or MIP-Xx (data not shown).
Elevated serum levels of ILgl IL-6, and IL-10 have been
60 + observed in animals and humans experiencing the toxic effects of
high-dose cytokine therapy, and we therefore measured the levels
40 | 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, -1
; T 7 T T : . levels peaked at 12 hours and remained elevated until the death of
Time (days) the animal® IL-6 is an important mediator of the acute-phase

_ S _ o ) ) response, and serum levels of this cytokine appear to reflect the
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 combined influence of systemic TNFand lL'lB'Ag As eXpeCted’
with rmulL-18 (0.1 or 0.5 a/d) plus rmulL-12 (1 wo/d) and monitored for toxicity. No ~ Serum levels of this cytokine did not reach their peak until 24 hours,
deaths were observed in mice rece_iving IL—l_8_0rIL—12 glone (potshown). (B) Four-to Whereupon they steadily declined. In contrast, IL-10 has distinct
6-week-old female C.B-17 SCID mice were injected daily IP with IL-18 (0.5 p.g/d) plus anti-inflammatory properties and is normally released in quantity

IL-12 (1 pg/d), or IL-18 alone and monitored for toxicity. These results are ] ) . d
representative of 4 separate experiments. during the resolution phase of inflammatory proceé%&skeeplng

80 —/\— IL-18 (0.1 ug/d) plus IL.-12
_e— IL-18 (0.5 pgid) plus IL-12
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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 X. (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 X 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.*2 Apoptotic nuclei appear within the hypodiploid region of the DNA histogram (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 al-acid glycoprotein (right panel) and haptoglobin (left panel) via immunoelectrophoresis. These results represent the mean of duplicate samples = SEM.
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with this, we observed that IL-10 levels did not become signiftoxicity of IL-18 plus IL-12. In fact, mice lacking this receptor
cantly elevated until 36 to 48 hours following the initiation ofcomponent died slightly earlier than similarly treated mice of the
cytokine treatments. identical background (data not shown). In contrast, NN mice
were completely resistant to the toxic effects of IL-18 plus IL-12,
whereas normal mice of the identical background all succumbed to
Administration of proinflammatory cytokines such as ThFor this treatment within 5 to 9 days (Figure 4). Gross examination of
IFN-y can induce a shocklike state in animals and humans, wheréag IFN-y~~ mice revealed minimal pathology outside of some
neutralization of these factors can markedly attenuate septic shagikor changes within the spleen, which is in keeping with the
in animal model$! Given the presence of these factors in theomplete lack of measurable IFiNin the serum of these mice (not
serum of mice receiving IL-18 plus IL-12, we proceeded tshown). Importantly, serum levels of TNiand IL-13 were still
investigate the toxicity of this cytokine treatment in mice that hasignificantly elevated at the 72-hour time point in IRNt mice
been rendered genetically deficient in the p55 TNF receptor (R) mceiving IL-18 plus IL-12. These experiments indicate that the
the IFN+y ligand. TNFR p55/~ mice were not protected from the endogenous production of IFjin response to IL-18 plus IL-12 is

Role of IFN-y and TNF-« in death induced by IL-18 plus IL-12
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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 IFNtranscript via Real-Time PCR
at 24 hours. IL-12 alone stimulated significant transcription of the
IFN-y 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 celB < .05). Taken together,
these experiments suggest that coadministration of IL-18 and I1L-12
results in a marked and rapid increase in the transcription of the
IFN-vy gene within the NK-cell compartment.

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

/
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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 pg), IL-18 (0.5 pg/d), or IL-18 plus IL-12. Serum was obtained from
cytokine-treated mice at the indicated times and analyzed for the presence of
mulFN-y. (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-1f,
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 *= SEM of duplicate wells.

A PBS-treated

IL-18 plus |L-12-treated

DX5-PE

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 IFNy—independent fashion. B

IFN-y—FITC >

PBS-treated IL-18 plus IL-12-treated

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

On the basis of the above results, we conducted a series afi
experiments to determine which cell population might be the
primary source of IFNy in this toxicity model. Using an anti—
mulFN-y 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 g\ mice
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0 1 2 3 4 5 6 7 8 9 10 Figure 5. Induction of IFN- +y protein and transcript by IL-18 plus IL-12.  Four- to
Time (days) 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

Figure 4. The role of IFN- v in the lethal toxicity of IL-18 plus IL-12.  IFN-y~/= (A)  for 4 hours in brefeldin A, permeabilized, stained with DX5-PE mAb (pan-NK) and

mice and C57BL/6 control mice (@) received daily IP injections of IL-18 plus IL-12 and
were monitored for toxicity. These experiments are representative of 2 separate
determinations.

anti-mulFN-y—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-y and IL-10 transcripts at various times after IP injection of IL-18 plus IL-12.
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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 (A) received daily injections of IL-18 plus IL-12 via the IP route.
Normal mice of the identical background served as controls (®). This experiment was
repeated twice with similar results.

as we have previously determined that IL-10 is able to enhanggs |L-12.
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the lethal reaction to IL-18 plus IL-12, we next administered IL-18
and IL-12 to CD2 transgenic mice that completely lack mature
NK cells and T cells owing to a developmental blgékControl
mice of the appropriate background died between 4 and 7 days,
whereas CD8transgenic mice all survived this treatment (Figure
6B). In keeping with our hypothesis, CP3ransgenic 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 IFNsy. Taken together. these data suggest that NK-cell-
secreted IFNy 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 functioh¥ 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§’o
in bone marrow, spleen, and blood, and 100% in the peritone&
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 adming
istration of IL-10%453 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)#* Therefore, in order to deactivate any macrophagei
remaining after the administration of F4/80 mAb, mice alsoé
received IP injections of mulL-10 beginning 48 hours prior to the??';
initiation of cytokine treatment. This regimen afforded significantg
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-1(§
were fully responsive to stimulation with IL-18 plus IL-12 in vitro,
as measured by IFN-production (data not shown). Taken together, 5
these data suggest that monocyte/macrophage effector functiofés

O L/¥/9

1/G68

NK-cell production of IFNy in vitro.52 This experiment is
presented in Figure 5C and reveals that Hyitanscript 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¢ 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 oflFN-
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 unaffededhis treatment
completely abrogated the toxicity of IL-18 plus IL-12 in both SCID_,

Figure 7. The role of the macrophage compartment in the toxicity of IL-18 plus

mice and normal C57BL/6 mice, whereas control mice all dieg 1> scip mice were partially depleted of macrophages by pretreatment with the
within 5 days of the initiation of treatment (Figure 6A and data ndt4/80 mAb (2). Control mice were pretreated with injections of a control mAb (@).
ShOWﬂ) Importantly antibody-treated mice exhibited very |O\N|ice that had been treated with F4/80 mAb also received daily IP injections of

serum levels of IFNy, TNF-«, and IL-138 (less than 10 pg/mL) at

rmulL-10 (5 pg) beginning 2 days prior to cytokine treatment.** Mice in both groups
subsequently received daily IP injections of IL-18 plus IL-12 and were monitored for

all time points (data not shown). To confirm the role of NK cells iRurvival. This experiment was repeated twice with similar results.

play a significant role in mediating the lethal toxicity of IL-18 &
s
100 A Ab: g
3
§
80 -
£
3
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The toxicity of IL-18 plus IL-12 is not abrogated in mice A 100
exhibiting deficiencies in iINOS activity

Nitric oxide has been identified in the serum of mice receiving 80 +
IL-18 plus IL-12 and has been implicated in the gastrointestinal
toxicity observed in some murine models of infectfddnin
addition, the fungicidal activity of murine peritoneal exudate cells
is synergistically induced by treatment with IL-18 plus IL-¥2.
This activity correlated with NK-cell production of IFN; which 40
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 mic8
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.

100

[ S
S
»
'S
»

% survival

60 -

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 40
phosphorylation of STAT4 as well as STAT1, STAT3, and
STAT55557 Mice rendered genetically deficient in STAT4 do not
produce IFNy following administration of IL-12 and exhibit
distinct immunologic defect® In addition, costimulation of T
cells with 1L-18 and IL-12 results in nuclear translocation of 0l . . : i : . i
phosphorylated STAT4 and AP-1, and these transcription factors 0 1 2 3 4 5 6 7 8 o
must bind to specific regions of the IFiNpromoter in order for Time (days)

transcription to be initiate®® We were therefore interested in therigure 8. The role of STAT proteins in mediating the toxicity of IL-18 plus IL-12.
effects of IL-18 plus IL-12 in mice exhibiting a genetic deficiencyfA) STAT4~~ (2) mice and B6 x 129 background control mice (®) received daily
in the STAT4 transcription factor. STAT4 mice and mice of the injections of IL-18 and IL-12 via the IP route and were monitored for toxicity. (B)

i i X ) STAT1~/~ (A) mice and C57BL/6 control mice (®) received daily injections of IL-18
appropriate background received IL-18 plus IL-12 daily via the 1Bg 1L-12 via the IP route and were monitored for toxicity. Both experiments were

route. Background mice all died within 6 days of the initiation ofepeated once with similar results.
therapy, whereas the STAT4 mice all survived (Figure 8). In

fact, these mice exhibited essentially no toxicity whatsoever even ) g
when injections were carried out for a period of 2 weeks. HistologR@ckground treated with IL-18 plus IL-12, yet the pathology 2

analysis of these mice confirmed the protective effects of tPServed at the organ level was minimal (Figure 9C-D), whichg
STAT4 mutation (not shown), and analysis of serum from theS¥99ests that the toxic effects of IFNare mediated largely via the
mice demonstrated only very low levels of IFN{less than 50 JAK-STAT signaling pathyvay. _Of note, serum levels of IB-a_nd
pg/mL at all time points). These results suggest that the toxT(!\lF,'o‘, were also maintained in the ,ST,AT/I mouse followmg
effects of IL-18 plus IL-12 are dependent on the activation Cﬁdmlnlstratlon of IL-18 plus IL-.12, a finding that prov@es .further
STAT4 and confirm the importance of this transcription factor iFr”F’p_O“ for_the role of IFNy-induced gene regulation in the
the induction of IFNy gene expression. toxicity of this model.

Binding of IFN-y to its receptor also results in activation of the
Janus kinase (JAK)-STAT pathway of signal transduction in vivo.
In fact, IF_NJy—mediated gene expression appears to require thiscyssion
translocation of STAT1 homodimers to the cell nucleus, where they
bind to specific elements in the promoters of IFN-responsiwle have demonstrated that coadministration of IL-18 and IL-12
geneg: STAT1~ mice exhibit marked deficiencies in antiviralresults in a systemic inflammatory response that is fatal within a
immunity, and one might predict that high levels of IRNmight matter of days. Analysis of mice treated with this cytokine
not induce significant toxicity in this murine straihln order to  combination revealed histopathologic evidence of systemic inflam-
examine the role of STAT1 in the toxicity of this cytokinemation and a concomitant acute-phase response. The toxicity of
treatment, we administered IL-18 plus IL-12 to STAT1mice and this cytokine combination was abrogated in mice lacking NK cells,
normal mice of the identical background. STAT1mice receiving but not in T-cell- and B-cell-deficient SCID mice. Production of
this cytokine combination exhibited 100% survival whereas contrifN-y by activated NK cells appeared to be the mechanism of
mice all died within 6 to 8 days (Figure 8B). As was demonstrategkeath as mice deficient in IFM-exhibited complete protection,
with STAT4~/~ mice, minimal systemic toxicity was observedwhile mice deficient in TNFx signaling components remained
following administration of IL-18 plus IL-12 to mice lacking the susceptible to this treatment. Intracellular lymphocyte staining
STAT1 protein. Serum IFNs levels in STATI/~ mice were confirmed that NK cells were the potent producers of HFN-
comparable to those observed in normal mice of the identidallowing coadministration of IL-18 and IL-12, not T or B cells.

20
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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 IFNs or the actions of its downstream mediator,
STAT14* We therefore predicted that STAT4 mice would be
fully susceptible to the toxicity of IL-2 plus IL-128:80 Unexpect
edly, we have recently determined that STAT4mice 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 IFNsy. The existence of such a pathway is supported by
the work of Simpson et & 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 mic
reconstituted with T cells from IFN-/~ mice proceeded to
STAT1-deficient mice treated for 72 hours with IL-18 plus IL-12. In contrast to the develOp severe colitis with WaSting‘ Thus’ as with T Ce"S’ it is
lesions seen in C57BL/6 control mice and SCID mice (Figure 2A-C), the small  likely that the proinflammatory actions of STAT4 are not limited to
intestinal villi of both CDeTG mice (A) and STAT1~/~ mice (C) are normal. The spleen  the induction of IFNy gene expression in NK cells.
from both the CPSETG mice (B) and STAT1~/~ mice _(D)_show normal lymphoid tissue We have shown that the combination of IL-18 plus IL-12 induces %
(white pulp and increased extramedullary hematopoiesis in the red pulp, arrows). H & . .
E stain, 200 X (panels Aand D) or 100 X (panels B and C) magpnification. severe enteropathy characterized by villus atrophy, crypt hyperplasig,
and abundant apoptotic cells in the crypt epithelium. Despite the severi@
Interruption of IL-12 signaling in STAT4-deficient mice or abroga®f these gastrointestinal changes, we cannot say with certainty that thgy
tion of IFN-y signaling in STAT1-deficient mice was also protecfepresent the primary cause of death. We observed only mild degenes-
tive, thus confirming the importance of these signaling componerité changes in the gastrointestinal tract of mice receiving IL-12 &one 3
and pathways in mediating the effects of this cytokine treatmer@nd believe that the addition of IL-18 to this regimen may somehovg
The complete protection afforded by the depletion of macrophag@¥acerbate this process. Work by other investigators suggests “ﬁt
suggests that coadministration of IL-18 and IL-12 induces NK celfyerproduction of nitric oxide might play a role in mediating the &
to secrete IFNy, which in turn activates macrophages via théathologic tissue damage associated with dysregulated or |nappropr|ge
STAT1 pathway to mediate the fatal inflammatory effect. production of IFNy.2862Induction of iINOS has been reported follow
NK cells appear to be central to the toxicity of cytokindng the administration of IL-12 to mice, and inhibition of this enzyme
combinations utilizing IL-12. The combination of IL-2 plus IL-12 abrogates the gastrointestinal lesions associatedwithplasma gondii
is similar to that of IL-18 plus IL-12 in that it exhibits synergisticinfection in SCID mice2¢3However, this maneuver did not ameliorate
antitumor activity in experimental systems, unfortunately at th#e toxicity of IL-18 plus IL-12 despite the near complete lack of nitric
cost of severe systemic toxicit§We recently examined the effectsoxide species in mice treated with an iINOS inhibitor. Similarly, ﬂO“
of IL-2 plus IL-12 in a murine model and found that this cytokineprotection from gastrointestinal mucosal lesions was observed lg
treatment induced a lethal inflammatory response that was simil©S-deficient mice treated with IL-18 plus IL-12. These findingsg
in many respects to septic shock, as evidenced by the presencaugigest that nitric oxide is not the primary mediator of lethality in thec
increased pulmonary edema, multiple organ system toxicities, api¢sent model, but they obviously do not exclude nitric oxide as af
elevated serum levels of proinflammatory cytokines and acutgstential contributor to the observed gastrointestinal toxicity that results
phase reactanté Cellular-depletion experiments revealed that thifom treatment with IL-18 plus IL-12. 5
cytokine-induced toxicity reaction was dependent on the NK-cell To the best of our knowledge, the toxicity of an anticancer cytoklneg
compartment and its ability to mobilize the effector functions ofeatment has never before been ascribed to a specific signaling pathway
monocytes/macrophages, as was the case in the present mot@ discovery suggests a distinct strategy for ameliorating the toxicity
Interestingly, however, the lethal reaction to IL-2 plus IL-12 wasf this cytokine treatment as well as characterizing the factors that might
not critically dependent on any of the known cytokine products enediate its antitumor effects. Further study of NK-cell activation
effector molecules of the NK-cell compartment (eg, IFNFNF-«,  following costimulation is also warranted given the role of this cell type
MIP-1a, STAT1, perforin, Fas) or on any of the factors currentlyn the toxicity of the present model. Current efforts in our laboratory are
thought to be involved the induction of septic shock (eg, B,-1 now directed at a closer analysis of the immunobiology associated with
IL-6, IL-1 converting enzyme (ICE), TNF-related apoptosisthe administration of cytokine combinations that induce systemic
inducing ligand (TRAIL), iNOS, or nuclear factor (NKB).** In  inflammatory responses.

R
Figure 9. Photomicrographs of intestine and spleen from CD3 € transgenic and
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