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We have previously shown that specific-pathogen-free interleukin-10 (IL-10)-deficient (IL-10 KO) mice
reconstituted with Helicobacter hepaticus develop severe colitis associated with a Th1-type cytokine response. In
the present study, we formally demonstrate that IL-12 is crucial for disease induction, because mice deficient
for both IL-10 and IL-12 p40 show no intestinal pathology following H. hepaticus infection. By using monoclonal
antibodies (MAbs) to IL-12, gamma interferon (IFN-y), and tumor necrosis factor alpha (TNF-a), we have
further analyzed the role of these cytokines in the maintenance of the Th1 response and inflammation in IL-10
KO mice with established H. hepaticus-induced colitis. Treatment of infected colitic IL-10 KO mice with
anti-IL-12 p40 resulted in markedly reduced intestinal inflammation, colonic IFN-y, TNF-a, and inducible
nitric oxide synthase (iNOS) mRNA levels, and H. hepaticus-specific IFN-y secretion by mesenteric lymph node
(MLN) cells compared to the findings in control MAb-treated mice. Moreover, the diminished pathology was
associated with decreased numbers of colonic CD3* T cells and significantly reduced frequencies of Helico-
bacter-reactive CD4* Thl cells in MLN. In contrast, anti-IFN-y and/or anti-TNF-« had no effect on intestinal
inflammation in IL-10 KO mice with established colitis. Using IL-10/IFN-y double-deficient mice, we further
show that IFN-v is not required for the development of colitis follwing H. hepaticus infection. MLN cells from
infected IL-10/IFN-y KO animals secreted elevated amounts of IL-12 and TNF-« following bacterial antigen
stimulation, indicating alternative pathways of disease induction. Taken together, our results demonstrate a
crucial role for IL-12 in both inducing and sustaining intestinal inflammation through recruitment and

maintenance of a pool of pathogenic Th1 cells.

Inflammatory bowel disease (IBD) is thought to be the con-
sequence of an aberrant mucosal immune response that dam-
ages tissues of the intestinal tract (29, 35, 39). From experi-
ments with different animal models, it has become clear that
the intestinal flora play an essential role in triggering the dis-
ease (2, 13, 33, 36, 42). This is also true for the enterocolitis
that spontaneously develops in interleukin-10 (IL-10)-deficient
(IL-10 KO) mice in conventional animal facilities (24), because
these animals display less severe or no disease when reared
under specific-pathogen-free (SPF) or germfree conditions (5,
37). That gut flora also play a role in human IBD has been
suggested by studies demonstrating associations between var-
ious bacterial species and disease, either by direct detection or
by disease-associated antimicrobial immune responses (6, 16,
35, 41, 43), as well as diminished inflammation following anti-
biotic or probiotic treatment of patients with disease (8, 20, 21,
32, 44).
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To study how the gut flora may influence the development of
intestinal pathology in IL-10 KO mice, we analyzed SPF-
reared IL-10-deficient mice on the C57BL/10SgSnAi back-
ground following reconstitution with a defined microbial agent,
Helicobacter hepaticus. As early as 2 to 4 weeks after inocula-
tion with this gram-negative bacterium, IL-10 KO animals dis-
played moderate to severe inflammation of the large bowel
that was associated with a Thl-type cytokine response by mes-
enteric lymph node (MLN) cells stimulated in vitro with
SHelAg, a soluble H. hepaticus antigen (Ag) preparation (25).
These intestinal lesions were absent in uninfected IL-10 KO
controls as well as in simultaneously infected wild-type (WT)
mice, the latter instead mounting an IL-10-dominated cytokine
response to the bacterium (25). The H. hepaticus-induced co-
litis in IL-10 KO mice was prevented by administration of
monoclonal antibody (MAD) to either IL-12 p40 or gamma
interferon (IFN-vy) from the start of the infection, suggesting
that interference with the development of the Thl response to
the bacterium or inhibition of the Thl-effector phase can ef-
fectively block disease induction (25). Subsequent studies (14)
analyzing germfree IL-10 KO mice on a C57BL/6 X 129/Ola
background 9 weeks after bacterial exposure have indicated
that H. hepaticus may not be sufficient for colitis induction and
suggest the contribution of resident background flora to the
pathological response. Moreover, it is clear that other bacterial
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species in the absence of H. hepaticus can also trigger intestinal
inflammation in IL-10-deficient mice (18, 37).

An important goal of IBD research is the development of
effective therapies for patients with Crohn’s disease and ulcer-
ative colitis. Because a dysregulated cytokine response has
been implicated in the pathogenesis of IBD, it is important to
know which of these factors are critical for the maintenance of
disease as they may offer new approaches for therapy. Previous
studies with murine colitis models have suggested that the
continuous presence of IL-12 is crucial for sustaining the in-
flammatory response (10, 27). However, its downstream IFN-y
effector molecule does not appear to play as important a role
in disease maintenance (10, 19). The latter observation seemed
somewhat surprising, because preventive treatment with anti-
IFN-y MADb blocks the development of disease in both spon-
taneous enterocolitis and the H. hepaticus-induced inflamma-
tion observed in IL-10 KO mice (5, 25).

In the present study, we have addressed the requirements
for IL-12, IFN-v, and TNF-« in disease maintenance in the H.
hepaticus/IL-10 KO colitis model by performing in vivo neu-
tralization of cytokines. In addition, for the first time in studies
of IBD, we have employed double-cytokine-deficient mice to
formally address the roles of IL-12, IFN-v, and IL-4 in disease
development. Our data demonstrate that IL-12 is crucial for
both induction and maintenance of colitis following H. hepati-
cus inoculation of IL-10-deficient mice. Moreover, while [IFN-y
may play a role in disease induction, this cytokine is not re-
quired for the development of colitis or for the ongoing in-
flammatory process after H. hepaticus infection. Instead, neu-
tralization of IL-12 correlates with reduced numbers of T cells
infiltrating the intestine as well as diminished frequencies of
SHelAg-specific Thl cells in MLN, suggesting an important
role for this cytokine in maintaining the pool of pathogenic cells.

MATERIALS AND METHODS

Experimental animals and infections. Six- to 12-week old, female SPF C57BL/
6NAi IL-4 KO, C57BL/10SgSnAi IL-10 KO, C57BL/6 IL-12 p40 KO (back-
crossed to the 12th, 10th, and 5th generations, respectively), C57BL/10SgSnAi
WT, and double-deficient IL-10/IL-4 KO and IL-10/IL-12 p40 KO mice (gener-
ated by crossing the above-mentioned single-cytokine-deficient mice as described
previously (22, 48) were obtained from Taconic Farms (Germantown, N.Y.). The
animals employed tested negative for antibodies to specific murine viruses and
were free of Helicobacter species as assessed by PCR. The IL-4 KO and IL-10 KO
lines were originally obtained from R. Kiithn and W. Miiller (University of
Cologne, Cologne, Germany), and the IL-12-deficient animals were obtained
from J. Magram (Hoffmann-La Roche, Inc., Nutley, N.J.). IL-10/IFN-y double-
deficient mice were generated by crossing C57BL/10Sg SnAi IL-10 KO males
with C57BL/6Ai IFN-y KO females (Taconic Farms), and the progeny were
intercrossed to generate IL-10/IFN-y KO offspring. All animals were housed in
sterile microisolator cages with autoclaved bedding, food, and water at the
animal facility at the National Institute of Allergy and Infectious Diseases in
accordance with the procedure outlined in the Guide for the Care and Use of
Laboratory Animals (26a) under an animal study proposal approved by the
National Institute of Allergy and Infectious Diseases Animal Care and Use
Committee.

Mice were inoculated intraperitoneally (i.p.) or intragastrically (i.g.) with 0.5
ml of an H. hepaticus suspension (standard Frederick isolate 1A) (17, 45) pre-
pared to a McFarland turbidity standard of 1.0 in phosphate-buffered saline
(PBS), representing 2.45 X 10 CFU/ml. We have previously demonstrated that
these two routes of inoculation with H. hepaticus result in the same intestinal
histological changes in IL-10 KO mice (25). The bacteria were confirmed to be
H. hepaticus by PCR before injection (4). Age-matched uninfected animals were
included as controls.

In vivo MAb treatment. Four weeks after bacterial inoculation, by which time
colitis is established in IL-10 KO animals (25), mice were injected i.p. every 3 to
4 days for 4 weeks with 1 mg of anti-IL-12 (MAb C17.8; initially provided by G.
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Trinchieri) (49), anti-IFN-y (XMG-6) (9), anti-TNF-«a (XT22-11) (1), a combi-
nation of anti-IFN-y and anti-TNF-a, or control MAb GL113 (anti-B-galactosi-
dase) in 0.5 ml of PBS. All MAbs were purified from ascites fluid by two
sequential 50% ammonium sulfate precipitations. Four days after the last MAb
injection, mice were sacrificed, MLN cells were collected for in vitro culture, and
intestinal tissues were collected for histology and reverse transcriptase (RT)-
PCR analysis.

Pathology and immunohistochemistry. Tissues were fixed in Bouin’s fixative or
10% neutral buffered formalin, embedded in paraffin, sectioned at 5 pwm, and
stained with hematoxylin and eosin (H&E). A longitudinal section of the entire
cecum was made together with a cross section of the ascending colon about 1 cm
from the cecum. Sections were evaluated in a blinded fashion by the same
pathologist (A.W.C.), and an average score of what was seen throughout the
whole section was assigned based on a four-scale scoring system with emphasis
on the number of infiltrating cells in the lamina propria and the number of crypt
abscesses. Hyperplasia was evaluated by microscopic examination of mucosal
thickness with an ocular micrometer. A score of 0 denotes no inflammation with
only a few infiltrating lymphocytes; 1 corresponds to a mild lesion equivalent to
a one-cell-thick layer in the lamina propria; 2 is roughly equivalent to an average
two-cell thickness of lymphocytes; 3 implies roughly a three-to-four-cell thick-
ness; and 4 is equivalent to a more-than-four-cell thickness or the presence of
severe lesions, such as ulcers or crypt abscesses. Results are presented as the
mean score * standard error (SE) of 3 to 5 mice/group. The absence of an error
bar indicates that all animals within a group had identical scores. In certain cases,
histopathologic median and range values are also given.

Colonic tissues fixed in Bouin’s fixative were used for immunohistochemical
staining of T cells with a polyclonal rabbit anti-human CD3 antibody (which
cross-reacts with mouse CD3; DAKO Corp., Carpinteria, Calif.) and an ABC
Vectastain Elite kit (Vector Laboratories, Inc., Burlingame, Calif.) (25).

Antigen preparation. SHelAg was prepared from cultures of H. hepaticus as
described previously (25). Briefly, the organisms were harvested and washed
extensively in PBS followed by sonication at 4°C to lyse the bacteria. Cell debris
was removed by centrifugation at 8,000 X g (Sorvall RC2-B, SS-34 rotor) for 30
min at 4°C. The supernatant was sterile filtered, protein content was determined
by Bradford’s technique (Pierce, Rockford, Ill.), and the Ag was stored at —40°C
until use.

Cell cultures and cytokine assays. Single-cell suspensions were prepared from
MLN, and cells were resuspended in tissue culture medium (RPMI 1640 sup-
plemented with 10% heat-inactivated fetal calf serum [FCS], 100 U of penicillin
per ml, 100 pg of streptomycin per ml, 2 mM glutamine, 20 mM HEPES, 1 mM
sodium pyruvate, 0.1 mM nonessential amino acids, and 50 .M 2-mercaptoetha-
nol). Experiments were performed with MLN suspensions from individual mice
or with cells pooled from 3 to 5 mice per group.

To measure cytokine responses, MLN cells (3 X 10%ml) were cultured in
medium alone or with 0.3 pg of SHelAg per ml or plate-bound anti-CD3 (2.5
pg/well; MAb 145-2C11; PharMingen, San Diego, Calif.) in 24-well plates in a
total volume of 1 ml/well. In certain experiments, anti-CD4 (GK1.5; rat immu-
noglobulin G2b [IgG2b]; 10 pg/ml) (12), anti-CD8 (2.43; rat IgG2b; 10 pg/ml)
(34), or anti-IL-12 (C17.8; rat IgG2a; 20 pg/ml) (49) MAbs were added to
parallel SHelAg cultures. Supernatants were collected 72 h later, and IFN-y and
IL-12 were measured by enzyme-linked immunosorbent assay (ELISA) with
MAD from PharMingen, while TNF-a was detected with a kit from R&D Sys-
tems (Minneapolis, Minn.).

Intracellular staining for IFN-y. Analysis of intracellular cytokine expression
was performed with cells from the same SHelAg-stimulated cultures used in the
cytokine secretion assays according to a previously described protocol (23).
Briefly, MLN cells were incubated for an additional 18 h in fresh medium added
to replace the culture supernatant collected at 72 h. Thereafter, cells were
stimulated in 1-ml cultures in 24-well plates coated overnight with 2.5 ug of
anti-CD3 per well (145-2C11; PharMingen). Nine hours later, brefeldin A (10
wg/ml; Sigma, St Louis, Mo.) was added, and after 5 h, cells were washed once
in RPMI, stained with Cy-chrome-labeled anti-CD4 (RM4-5; PharMingen), and
fixed for 15 min in 2% paraformaldehyde (Sigma) at room temperature. After 30
min of incubation in permeabilization buffer (PBS containing 0.1% saponin
[Calbiochem-Novabiochem. Corp., La Jolla, Calif.], 0.1% FCS, and 20 mM
HEPES) with 10% normal mouse serum and anti-FcyRII/IIT (2.4G2; 5 pg/ml;
PharMingen) at 4°C, cells were stained for 30 min with pretitrated phycoerythrin
(PE)-labeled anti-IFN-y (XMG1.2; PharMingen) at 4°C, washed twice with
permeabilization buffer, and resuspended in PBS plus 0.5% FCS. Cell fluores-
cence was measured with a FACScan flow cytometer, and data were analyzed
with CellQuest software (Becton Dickinson).

RT-PCR and Southern blotting for detection of cytokine mRNA. Since in
general, the degree of inflammation in the colon was found to proportionally
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reflect that observed in the cecum, the colon was chosen for RT-PCR analyses to
avoid lymphocyte patches present irregularly throughout the cecum while pre-
serving the intact cecum for histological examination. Colonic tissue (3 to 5 mm
of ascending colon) was homogenized in RNA STAT-60 (Tel-Test, Friendswood,
Tex.) with a tissue Polytron (Omni, Waterbury, Conn.), and total RNA was
isolated as recommended by the manufacturer. An RT-PCR procedure was
performed to determine relative quantities of mRNA for various cytokines (46,
47). Briefly, 1 pg of RNA was reverse transcribed with random hexamer oligo-
nucleotides (Boehringer Mannheim, Indianapolis, Ind.) and Superscript II RT
(GIBCO BRL, Gaithersburg, Md.). cDNA was then amplified with specific
primer pairs for IFN-y (32 cycles), TNF-a (28 cycles), inducible nitric oxide
synthase (iNOS) (26 cycles), or the housekeeping gene hypoxanthine phospho-
ribosyltransferase (HPRT; 24 cycles) by using Tag DNA polymerase and de-
oxynucleotide triphosphates (both from GIBCO BRL). After an initial incuba-
tion at 95°C for 3 min, temperature cycling was initiated as follows: 94°C for 2
min, 54°C for 2 min, and 72°C for 3 min. An additional extension for 5 min was
performed at the end of the last cycle. For the experiment shown in Fig. 8C to
E, 1 min was used at the 94 and 54°C steps, and 30 cycles were used for TNF-a.
PCR products were electrophoresed in a 1.5% agarose gel and then transferred
onto Hybond-N+ nylon membranes (Amersham, Little Chalfont, United King-
dom), followed by hybridization with specific fluorescein-labeled probes (46, 47).
Blots were developed with the ECL enhanced chemiluminescence detection
system (Amersham) and exposed to autoradiographic film (ECL-Hyperfilm;
Amersham). The signal intensities of bands were scanned, and the optical density
was quantified with NIH Image sortware (National Institutes of Health, Be-
thesda, Md.). The primers and probes were as follows: HPRT sense, GTTGGA
TACAGGCCAGACTTTGTTG; HPRT antisense, GATTCAACTTGCGCTCA
TCTTAGGC; HPRT probe, GTTGTTGGATATGCCCTTGAC; IFN-y sense,
TACTGCCACGGCACAGTCATTGAA; IFN-y antisense, GCAGCGACTCC
TTTTCCGCTTCCT; IFN-y probe, GGAGGAACTGGCAAAAGGA; TNF-a
sense, GATCTCAAAGACAACCAACTAGTG; TNF-a antisense, CTCCAGC
TGGAAGACTCCTCCCAG; TNF-a probe, CCCGACTACGTGCTCCTCA
CC; iNOS sense, CCCTTCCGAAGTTTCTGGCAGCAGC; iNOS antisense,
GGCTGTCAGAGCCTCGTGGCTTTGG; iNOS probe, CAAGGTCTACGTT
CAGGACATC.

Statistical analysis. The statistical significance of differences in cytokine ex-
pression between groups was evaluated by using Student’s two-tailed ¢ test.
Comparison of grades of inflammation between the groups was performed by
nonparametric Wilcoxon-Mann-Whitney test.

RESULTS

IL-10/IL-12 double-deficient mice fail to develop colitis after
H. hepaticus infection, while IL-10/IL-4 KO animals are as
susceptible to disease as IL-10 KO mice. We have previously
shown that SPF-reared IL-10 KO mice develop colitis after
experimental infection with H. hepaticus and that the disease is
dramatically reduced when the animals are treated with anti-
IL-12 or anti-IFN-y MAD from the start of the infection (25).
To formally investigate the role of IL-12 in disease induction,
we here analyzed intestinal pathology in mice doubly deficient
for IL-10 and IL-12 that were infected with H. hepaticus for 5
weeks. As shown in Fig. 1A, while infected IL-10 KO mice
displayed severe intestinal pathology, IL-10/IL-12 double-de-
ficient animals showed no disease after bacterial inoculation,
and their cecal histological scores were comparable to those of
WT controls as well as single IL-12 KO mice. While these data
obtained from a single time point postinfection do not rule out
the possibility of later compensatory mechanisms, they indicate
at the very minimum that IL-12 is crucial for initial disease
induction.

To examine if IL-4 plays a protective role in our model of
colitis, mice deficient in this cytokine were analyzed in parallel.
In contrast to IL-10-deficient mice, however, IL-4 KO mice
showed no intestinal pathology upon H. hepaticus infection,
and as expected, only IL-4-deficient mice also lacking IL-10
developed colitis after inoculation with the bacterium (Fig.
1A). Our previous findings demonstrated a strong association
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FIG. 1. H. hepaticus does not trigger colitis in IL-10/IL-12 double-
deficient mice. WT, IL-10 KO, IL-10/IL-12 KO, IL-12 KO, IL-10/IL-4
KO, and IL-4 KO animals were infected i.g. with H. hepaticus (black
bars), and intestinal pathology and cytokine responses were analyzed 5
weeks later. Gray bars represent uninfected controls. (A) Inflamma-
tion in the cecum (typhlitis). Bars represent mean histology scores =
SE of four mice/group, with a median value for infected IL-10 KO of
3 (all mice scored as 3) and that of infected IL-10/IL-4 KO of 3.5
(range, 2 to 4). Similar results were observed for the colon, although
scores were lower (not shown). (B) IFN-y levels detected in 72-h
supernatants from MLN cells (3 X 10%ml) stimulated with 0.3 pg of
SHelAg per ml. Bars represent means = standard deviations of dupli-
cate ELISA values from MLN cells pooled from 4 mice/group. No
IFN-y was detected from cells cultured in medium alone.

between Helicobacter-induced colitis in IL-10 KO mice and a
Thl-cytokine response to SHelAg (25). This pattern was con-
firmed in the present study, because only MLN cells from
cytokine-deficient mice with disease responded with significant
IFN-y production to SHelAg stimulation (Fig. 1B).

Anti-IL-12 treatment of H. hepaticus-infected IL-10 KO mice
with established disease reduces intestinal inflammation. To
investigate the role of IL-12 in the maintenance of established
H. hepaticus-induced colitis, IL-10 KO mice infected 4 weeks
earlier were treated every 3 to 4 days with 1 mg of neutralizing
anti-IL-12 p40 MAb. After 4 weeks of treatment, mice were
sacrificed, and large bowel inflammation was scored. Infected
animals treated with anti-IL-12 showed a marked reduction in
cecal inflammation (typhlitis) compared to mice receiving con-
trol MAb (Fig. 2A). The diminished inflammation observed in
anti-IL-12-treated infected mice was characterized by dimin-
ished hyperplasia and reduced numbers of infiltrating cells in
the lamina propria compared to those in animals receiving
control MAb (Fig. 3).

Diminished colitis in anti-IL-12-treated IL-10 KO mice with
established disease correlates with reduced Helicobacter-asso-
ciated Thl-cytokine responses in vitro and in vivo. To further
characterize the immune response in infected IL-10 KO mice
with reduced intestinal inflammation after anti-IL-12 treat-
ment of established disease, we measured IFN-v as a marker of
a Thl response after in vitro stimulation of MLN cells with
anti-CD3 or SHelAg. As previously reported for IL-10-defi-
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FIG. 2. Treatment with anti-IL-12 diminishes established H. hepati-
cus-induced colitis and SHelAg-induced IFN-vy responses in IL-10 KO
mice. IL-10 KO mice were infected i.p. with H. hepaticus (black bars).
Four weeks later, animals were treated with anti-IL-12 or control MAb
for an additional 4 weeks before analysis. Uninfected (Uninf.) IL-10
KO mice (gray bars) were included as controls. (A) Pathology in the
cecum. Bars represent mean histology scores = SE of individual mice
from three separate experiments with uninfected (n = 6), infected
control MAb-treated (n = 9), and infected anti-IL-12-treated (n = 9)
IL-10 KO mice. Median scores for the different groups were as follows:
uninfected = 1 (range, 1 to 2), infected plus control MAb = 4 (range,
3 to 4), and infected plus anti-IL-12 = 2 (all mice scored as 2). Similar
results were observed for the colon, although scores were lower (data
not shown) (Fig. 8). Comparable effects of anti-IL-12 treatment on
pathology were seen in a separate experiment (not shown) in which
mice were infected by the i.g. route. (B and C) IFN-y levels detected
in 72-h supernatants from MLN cells (3 X 10°ml) stimulated with
plate-bound anti-CD3 (B) or 0.3 pg of SHelAg per ml (C). Bars
represent means = SE of ELISA values from individual MLN cell
suspensions from mice in two of the three experiments shown in panel
A in which anti-CD3 and SHelAg stimulations were performed. No
IFN-y was detected from cells cultured in medium alone.

cient mice with spontaneous enterocolitis (10), MLN cells from
anti-IL-12- and control MAb-treated IL-10 KO animals with
established H. hepaticus-induced intestinal inflammation se-
creted comparable amounts of IFN-y following anti-CD3 stim-
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FIG. 3. Reduced intestinal pathology after anti-IL-12 treatment of
IL-10 KO mice with established H. hepaticus-induced cecal lesions.
IL-10 KO mice were infected with H. hepaticus and treated with anti-
IL-12 or control MAb between weeks 4 and 8 of infection. Shown are
representative ceca of an uninfected IL-10 KO mouse (A) or infected
IL-10 KO mouse treated with control MAb (B) or anti-IL-12 (C). All
sections shown were located in the mid-cecum 1 to 1.5 cm from the
cecal-colic junction on a longitudinal section of the entire cecum and
represent scores of 1.0 (A), 3.5 (B), and 2.0 (C). Formalin-fixed tissues
were stained with H&E. Magnification, X 110.

ulation (Fig. 2B). Importantly, however, while infected control
MAb-treated animals displayed a strong SHelAg-induced
IFN-vy response, infected mice receiving anti-IL-12 secreted
significantly reduced levels of this cytokine following bacterial
Ag stimulation (Fig. 2C).

To analyze cytokine responses at the site of inflammation,
ascending colon samples were collected, and various cytokines
were analyzed by RT-PCR. Figure 4 shows pooled data from
three independent experiments in which such analysis was per-
formed. Compared to uninfected mice, infected animals
treated with control MAb showed markedly increased mRNA
levels of IFN-y, TNF-«, and iNOS (Fig. 4). More importantly,
however, infected IL-10 KO animals receiving anti-IL-12 once
disease was established showed significantly reduced levels of
mRNA for IFN-y, TNF-«, and iNOS compared to the control
MAb-treated animals (Fig. 4), suggesting a wholesale decrease
in Thl-cell activity in these mice after anti-IL-12 treatment.

Anti-IL-12 treatment of IL-10 KO mice with established
disease reduces the number of colonic CD3™ T cells and the
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FIG. 4. IFN-y, TNF-a, and iNOS mRNA expression in colon of anti-IL-12-treated H. hepaticus-infected IL-10 KO mice. Colonic tissues from
uninfected or H. hepaticus-infected IL-10 KO mice treated with control MAb or anti-IL-12 between weeks 4 and 8 of infection were collected and
processed for RT-PCR analysis of IFN-y, TNF-«, iNOS, and HPRT. (A) The results shown are autoradiographs after hybridization of PCR
products with probes specific for IFN-y, TNF-a, iNOS, or HPRT. (B) The intensities of the bands in panel A were measured, the cytokine/HPRT
ratio was calculated for each mouse, and the mean * SE for each group was determined. ND, not detected. Data are from the same individual
mice in the three separate experiments shown in Fig. 2, with the exception of one anti-IL-12-treated mouse from which RNA preparation was not
successful. * and #, P < 0.001 and P = 0.039, respectively, compared to control MAb-treated group. It should be noted that the data do not allow
quantitative comparison between the cytokines, but only comparison of the same cytokine among groups of mice.

frequency of Helicobacter-reactive IFN-y-producing CD4" Th1
cells. IL-12 is known to be required for optimal IFN-y produc-
tion by CD4™ T cells. Similarly, the SHelAg-induced IFN-y
response by MLN cells from infected IL-10 KO mice was
shown to be dependent on CD4™ cells as well as IL-12, because
addition of either anti-CD4 or anti-IL-12, but not anti-CD8
MAD to cultures completely abrogated the response (Fig. 5).
Thus, to assess whether the reduced Thl-cell activity in ani-
mals treated in vivo with anti-IL-12 was due to blocking the
ability of T cells to secrete cytokines and/or to a decrease in
T-cell numbers, we performed immunohistochemical staining
for CD3" T cells on colonic tissue sections. Data from three
independent experiments (n = 6 mice/group) showed that,
compared to uninfected controls (12.5 = 3.5 CD3™ cells/x40
field), infected IL-10 KO mice treated with control MAb

showed an increase in the number of colonic T cells (38.0 = 7.2
CD3™ cells/<40 field), and this number was significantly re-
duced in anti-IL-12-treated infected mice (20.3 = 4.5 CD3™
cells/x40 field; P = 0.023 compared to control MAb-treated
group). The colonic sections of infected control MAb-treated
mice were characterized by hyperplasia and areas of higher
T-cell density distributed irregularly throughout the lamina
propria (Fig. 6). In colon sections of anti-IL-12-treated mice,
these accumulations of CD3™ T cells were absent and reduced
hyperplasia was observed (Fig. 6).

To analyze the effect of anti-IL-12 treatment on the gener-
ation of Helicobacter-reactive Thl cells, the presence of IFN-
v-producing SHelAg-reactive CD4™ cells in MLN was ana-
lyzed by intracellular cytokine staining. After one round of in
vitro stimulation of MLN cells with SHelAg, the frequency of
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FIG. 5. IL-12 and CD#4 cell dependence of SHelAg-induced IFN-y
responses in H. hepaticus-infected IL-10 KO mice. IL-10 KO mice
were infected i.p. with H. hepaticus, and cytokine responses were an-
alyzed 7 weeks later. MLN cells (3 X 10°/ml) were cultured in medium
alone or with 0.3 pg of SHelAg per ml without or with the addition of
anti-CD4, anti-CD8 (both at 10 wg/ml), or anti-IL-12 (20 pg/ml) as
indicated. IFN-y levels were measured in 72-h supernatants. Bars
represent means * standard deviations of duplicate ELISA values.
The data shown are from one representative experiment of six per-
formed (with 4- to 9-week-infected mice).

IFN-vy-producing CD4™ cells in cultures from infected control
MAD-treated mice was approximately sixfold increased com-
pared to that of cells from uninfected animals (Fig. 7). Impor-
tantly, this frequency was significantly decreased in infected
anti-IL-12-treated mice (Fig. 7).

Anti-IFN-y and/or anti-TNF-«a treatment of IL-10 KO mice
does not ameliorate established intestinal inflammation. We
have previously shown that treatment with neutralizing anti-
IFN-y from the start of the infection inhibits the development
of colitis in IL-10 KO mice inoculated with H. hepaticus (25).
To investigate the role of IFN-y in disease maintenance, we
treated colitic IL-10 KO mice with a MAD to this cytokine
between weeks 4 and 8 of the infection. In contrast to anti-IL-
12-treated animals, infected IL-10 KO mice treated in parallel
with neutralizing anti-IFN-y showed no or only minimal re-
duction in intestinal inflammation (cecal scores: uninfected,
1.5 = 0.7; infected, 4.0 = 0; infected plus control MAD, 3.8 =
0.5; infected plus anti-IL-12, 2.0 £ 0; infected plus anti-IFN-y,
3.0 = 1.2; n = 4 mice/group). The anti-IFN-y-treated mice also
had similar or increased SHelAg-stimulated IFN-y responses
compared to control MAb-treated animals as measured in
supernatants from MLN cultures or by intracellular staining
(not shown). One possible explanation for these results could
be that blockade of other Thl cytokines, in particular TNF-q,
is required to reduce pathology. Thus, to explore this possibil-
ity, a separate experiment was performed in which groups of
five mice were treated with anti-IL-12, anti-IFN-y, anti-TNF-q,
or a combination of anti-IFN-y and anti-TNF-a between
weeks 4 and 8 of H. hepaticus infection. When histology scores
were analyzed, only the group treated with anti-IL-12 showed
a reduction in intestinal inflammation (Fig. 8A and B). The
same pattern was observed when cytokine mRNA levels were
analyzed at the site of inflammation. Thus, only the group
given anti-IL-12 showed a significant reduction in colonic
mRNA levels for IFN-y, TNF-a, and iNOS, while anti-IFN-y
and/or anti-TNF-a treatment had no effect on the mRNA
levels of these factors (Fig. 8C to E).

IFN-v is not absolutely required for the development of H.
hepaticus-induced colitis. As shown in our original study, treat-
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FIG. 6. Immunostaining for CD3" cells in colons of IL-10 KO
mice, all with hematoxylin counterstain. IL-10 KO mice were infected
with H. hepaticus and treated with anti-IL-12 or control MADb between
weeks 4 and 8 of infection. Shown are representative colon sections of
an uninfected IL-10 KO mouse (A) or infected IL-10 KO mouse
treated with control MAD (B) or anti-IL-12 (C). Magnification, X125.

ment with anti-IFN-y blocks intestinal inflammation when
given to IL-10 KO mice between weeks 0 and 4 of H. hepaticus
infection (25). Our present data suggest a less important role
for IFN-y once disease is established, because IL-10-deficient
mice given anti-IFN-y between weeks 4 and 8 of infection
showed no reduction in intestinal pathology. To analyze if
Helicobacter-induced colitis can develop in the absence of
IFN-v, we next analyzed H. hepaticus infection in IL-10/IFN-y
double-deficient mice and found that these IL-10/IFN-y KO
animals were as susceptible to disease as IL-10 single-deficient
mice (Fig. 9A). Histological examination revealed no evident
differences in terms of cell types infiltrating the intestine in the
two groups of colitic mice (not shown). These data suggested
to us the existence of alternative pathways for the development
of colitis following H. hepaticus infection. As expected, MLN
cells from infected IL-10 KO mice secreted large amounts of
IFN-y when SHelAg-induced Th1-cytokine responses were an-
alyzed (Fig. 9B). Importantly, MLN cells from infected IL-10/
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FIG. 7. Diminished frequency of SHelAg-induced IFN-y-express-
ing CD4" T cells in H. hepaticus-infected IL-10 KO mice treated with
anti-IL-12. MLN cells from uninfected (Uninf.) or H. hepaticus-in-
fected IL-10 KO mice treated with control MAb or anti-IL-12 between
weeks 4 and 8 of infection were cultured for 72 h with SHelAg followed
by overnight incubation in medium alone. Thereafter, cells were stim-
ulated for 9 h with plate-bound anti-CD3 followed by an additional 5 h
in the presence of brefeldin A. The cells were then stained with Cy-
chrome-labeled anti-CD4 followed by PE-labeled anti-IFN-y and an-
alyzed by flow cytometry. Each dot indicates the percentage of CD4*
cells expressing IFN-y from an individual mouse. The data are pooled
from four separate experiments.

IFN-v-deficient mice produced IL-12 following SHelAg stim-
ulation in amounts comparable to those of infected IL-10 KO
animals (Fig. 9C). Moreover, the IL-10/IFN-y KO mice
showed a dramatically increased SHelAg-specific TNF-a re-
sponse compared to that of the IL-10-deficient animals (Fig.
9D).

DISCUSSION

In the present study, we have demonstrated a crucial role for
IL-12 in both disease induction and maintenance in the murine
model of IBD involving H. hepaticus infection of IL-10 KO
mice. The mechanism by which IL-12 exerts its function in-
volves the generation and maintenance of pathogenic Th1 cells
as well as sustaining their numbers at the site of inflammation.

We have previously shown that administration of anti-IL-12
or anti-IFN-y MAb from the start of the infection prevents
colitis in IL-10 KO animals receiving H. hepaticus (25). To
further investigate the requirement for these cytokines in dis-
ease induction, we have utilized for the first time in studies of
IBD mice doubly deficient for IL-10 and IL-12, IL-10 and
IFN-vy, and IL-10 and IL-4. The IL-10/IL-12 double-deficient
mice showed no intestinal pathology after H. hepaticus inocu-
lation, and levels of IFN-y were undetectable in culture super-
natants from MLN cells stimulated with SHelAg. In contrast,
both IL-10/IFN-v- and IL-10/IL-4-deficient animals developed
colitis following H. hepaticus challenge. Importantly, H. hepati-
cus infection of IL-4 KO mice did not result in intestinal
inflammation, confirming that IL-10, and not IL-4, is the crit-
ical cytokine for protection against Helicobacter-induced coli-
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tis, as well as demonstrating that IL-4 is not required for the
generation of this IL-10-dependent mechanism.

To evaluate the importance of IL-12 for disease mainte-
nance, 4-week H. hepaticus-infected 1L-10 KO animals were
treated with MAD to this cytokine for an additional 4 weeks
before intestinal pathology was analyzed. Following this pro-
tocol, anti-IL-12-treated infected IL-10 KO mice showed a
significant reduction in intestinal inflammation compared to
control MAb-treated animals. These results agree with those
of Neurath et al. (27) and Davidson et al. (10), who demon-
strated a role for anti-IL-12 in reversing 2,4,6-trinitrobenzene
sulfonic acid (TNBS)-induced colitis in BALB/c mice and the
spontaneous enterocolitis of IL-10 KO mice, respectively. The
reduced pathology observed after anti-IL-12 treatment of H.
hepaticus-infected 1L-10 KO mice with established colitis cor-
related with reduced levels of mRNA for IFN-y, TNF-«, and
iNOS in the colon. That anti-IL-12 was not merely acting by
blocking cytokine secretion by Thl cells was confirmed by
immunohistochemical staining of colon showing reduced num-
bers of lamina propria-infiltrating CD3™ cells in the mice re-
ceiving anti-IL-12 MAb. An additional piece of evidence link-
ing the presence of H. hepaticus-reactive pathogenic Th1 cells
with intestinal disease was the finding of significantly reduced
frequencies of SHelAg-specific IFN-y-secreting CD4™ T lym-
phocytes in MLN of anti-IL-12-treated infected mice recover-
ing from colitis. Importantly, analysis of culture supernatants
from these MLN cells stimulated in vitro with SHelAg showed
a significantly diminished IFN-vy response to the bacterium, but
not to anti-CD3 stimulation, implying selective loss of H. he-
paticus-specific CD4" T lymphocytes. Fuss et al. (19) have
reported that the main effect of anti-IL-12 on established
TNBS colitis is the induction of Fas-mediated apoptosis of the
Th1 cells causing inflammation. Although we cannot rule out
that anti-IL-12 induced apoptosis in our model as well, at-
tempts to detect terminal deoxynucleotidyltransferase-medi-
ated deoxyuridine triphosphate nick end-labeling (TUNEL)-
positive cells in the anti-IL-12-treated mice in the present
study have so far been unsuccessful. It is also important to
point out that the recently described cytokine IL-23, composed
of the p19 protein in combination with the p40 subunit of
IL-12, induces strong proliferation of mouse memory CD4" T
cells (28). Thus, it is possible that the beneficial effect of the
anti-IL-12 p40 MAD used in these and previous colitis studies
is associated with its ability to neutralize IL-23.

In the case of TNBS colitis, anti-IL-12 treatment frequently
abrogated the established inflammation completely (27). In
contrast, we observed that Helicobacter-infected anti-IL-12-
treated IL-10 KO mice showed some degree of residual in-
flammation compared to uninfected controls. Even if the anti-
IL-12 treatment was continued for six additional injections
(total of 7 weeks of MAb treatment of established colitis), no
further reduction in pathology was observed (not shown). Sim-
ilar results have been reported for the spontaneous enteroco-
litis in IL-10 KO mice in which anti-IL-12 treatment, either
alone or combined with daily administrations of recombinant
IL-10, did not reverse disease completely (10). One important
difference between the colitis models triggered by TNBS versus
those triggered by bacterial flora is the continuous presence of
the agent provoking disease. Thus, in the case of colitis in-
duced by TNBS, this molecule is given at a single time and
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FIG. 8. Treatment with anti-IFN-y and/or anti-TNF-« has no effect on established H. hepaticus-induced intestinal inflammation in IL-10 KO
mice. IL-10 KO mice were infected with H. hepaticus and treated with the indicated MAD between weeks 4 and 8 of infection. Uninfected (Uninf.)
animals were included as controls. Four days after the last MAb injection, mice were sacrificed, and intestinal inflammation and colonic cytokine
mRNA levels were determined. (A and B) Pathology in the cecum (A) and ascending colon (B). Bars represent mean histology scores * SE of
5 mice/group. Median scores for the cecum and colon for the different groups were as follows: uninfected = 1 (range, 0.5 to 1) and 0.5 (range,
0 to 1), infected plus control MAb = 4 (range, 2 to 4) and 1 (range, 0.5 to 4), infected plus anti-IL-12 = 2 (range, 1 to 2) and 0.5 (range, 0 to 2),
infected plus anti-IFN-y = 3 (range, 2 to 4) and 1.5 (range, 1 to 2), infected plus anti-TNF-a = 2 (range, 2 to 4) and 1 (range, 1 to 2.5), and infected
plus anti-IFN-y plus anti-TNF-a = 4 (range, 3 to 4) and 1 (range, 0.5 to 4). (C to E) RT-PCR analysis of IFN-y (C), TNF-a (D), and iNOS (E)
mRNA levels in colon expressed as a cytokine/HPRT ratio for each mouse as described in the legend to Fig. 4. Bars represent mean values = SE

of 5 mice/group. a, anti; ND, not detected.

subsequently disappears from the body. In contrast, in the
IL-10 KO colitis model, H. hepaticus or other flora are contin-
uously present, thereby constantly recruiting new bacterium-
specific Th cells from the pool of naive cells. Consequently, it
may not be surprising that, although ameliorating disease, anti-
IL-12 administration will not reduce the inflammation to levels
observed in uninfected mice, because this treatment preferen-
tially affects activated T cells.

To further dissect the mechanism behind disease reversal
following anti-IL-12 treatment, we used neutralizing MADbs to
IFN-y and/or TNF-« in vivo. However, neither MADb, alone or
in combination, reduced the inflammation in infected IL-10
KO mice with established disease. Although we cannot exclude
the possibility that IFN-y and TNF-o were not completely
neutralized in these experiments, the inability of anti-IFN-y
and anti-TNF-a to reverse disease is consistent with findings
from other colitis models in which these MAbs were tested
separately (5, 10, 19, 31). Similar to our data obtained with
anti-IFN-vy, we have found that treatment of IL-10 KO mice
with one of the iNOS inhibitors aminoguanidine or L-N°-(1-
iminoethyl)-lysine (L-NIL) from the start of H. hepaticus in-
fection blocked the development of colitis, whereas adminis-
tration of aminoguanidine to IL-10 KO mice with established
disease had no effect (A.G.R. and M.C.K., unpublished re-
sults). Thus, it appears that neutralization of cytokines pro-
duced by T cells (such as IFN-y and TNF-«) and their down-
stream effectors (e.g., NO) is not enough to block the
inflammatory process once established. Rather, the absolute
number of pathogenic Th1 cells would have to be diminished in
order to reduce the inflammation. The precise mechanism by
which these intestinal T cells sustain the inflammation remains
unknown. Using the TNBS colitis model, Stiiber et al. (40)
have demonstrated that the CD40-CD40L interaction is crucial
for the in vivo priming of Th1 cells via the stimulation of IL-12

secretion by antigen-presenting cells (APCs). Recent data have
shown that blockade of the CD40-CD40L interaction by anti-
CD154 MAD is efficient also in reducing established colitis in
T-cell-reconstituted SCID or RAG KO mice and in bone mar-
row-transplanted Tge26 mice (11, 26). The authors reported
reduced IL-12 production and speculate that the anti-CD154
treatment blocks T cells in their ability to activate APC,
thereby impairing the development of colitis, possibly through
interference with T-cell-dependent macrophage activation
and/or cytokine secretion.

Our finding that IL-10/IFN-y double-deficient mice were as
susceptible to Helicobacter-induced colitis as IL-10 KO animals
indicates that IFN-y is not required for disease induction.
Similarly, in the two colitis models of Tge26 mice and
CD45RB" cell transfer into RAG KO mice, recipients recon-
stituted with T cells from IFN-y KO animals developed intes-
tinal inflammation comparable in severity to that observed in
mice receiving wild-type cells (38). IFN-y also appears to be
dispensable for disease induction in the TNBS colitis model,
because both BALB/c IFN-y KO and 129/Sv/Ev IFN-yR1 KO
mice developed disease following administration of this hapten
(7, 15). Despite the absence of IFN-v, the intestinal inflamma-
tion in H. hepaticus-infected IL-10/IFN-y KO animals was
characterized by the same type of cell infiltrates as those of
single IL-10-deficient mice. In addition, both strains of mice
displayed a Thl response to the bacterium. The discrepancy
between the IL-10/IFN-y KO animal experiments and our ini-
tial observation that anti-IFN-y MAD given to IL-10 KO mice
blocks disease when given from the start of the infection could
possibly be explained by the qualitatively different cytokine
profiles mounted by these two mouse strains. Thus, in IL-10
KO mice, IFN-y may be the crucial cytokine for disease de-
velopment, while in IL-10/IFN-y KO animals, TNF-a may play
the important role, because this is the dominant cytokine pro-
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FIG. 9. IL-10/IFN-y KO mice develop colitis following inoculation
with H. hepaticus. WT, 1L-10 KO, IL-10/IL-12 KO, and IL-10/IFN-y
KO animals were infected i.g. with H. hepaticus (black bars), and
intestinal pathology and cytokine responses were analyzed 4 weeks
later. Gray bars represent uninfected controls. (A) Pathology in the
cecum. Bars represent mean histology scores = SE of 3 to 5 mice/
group, with the following median values for infected mice: WT = 1 (all
mice scored as 1, n = 3), IL-10 KO = 3 (range, 3 to 3.5, n = 4),
IL-10/IL-12 KO = 1 (range, 1 to 1.5, n = 4), and IL-10/IFN-y KO =
4 (range, 3 to 4, n = 5). Similar results were observed for colon,
although scores were lower (not shown). (B to D) IFN-y (B), IL-12
(C), and TNF-a (D) levels detected in 72-h supernatants from MLN
cell cultures stimulated with SHelAg. Bars represent means + SD of
duplicate ELISA values from MLN cells pooled from 3 to 5 mice/
group. The data shown are from one representative experiment of two
performed. ND, not detected. No IFN-y, IL-12, or TNF-a was de-
tected from cells cultured in medium alone, and no IL-4 was detected
in supernatants from SHelAg-stimulated cultures.
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duced after encounter with the bacterium. Importantly, MLN
cells from both colitic IL-10 KO and IL-10/IFN-y KO mice
infected with H. hepaticus secreted IL-12 following SHelAg
stimulation, suggesting an important function for this cytokine
in disease induction regardless of the absence or presence of
IFN-y.

In humans, anti-TNF-« therapy appears to be the most ef-
fective treatment to date for patients with Crohn’s disease and
ulcerative colitis (3). Interestingly, in a recent report, the ben-
eficial effects of anti-TNF-« treatment were described as being
attributed not merely to TNF neutralization, but rather to a
more general effect on T lymphocytes, raising new possibilities
of combined anticytokine and anti-T-cell strategies to treat
these chronic diseases (30). Similarly, data from several differ-
ent colitis models have now demonstrated that neutralization
of cytokines produced by T cells may not be sufficient to block
an ongoing inflammatory process in the gut. Rather, it appears
crucial to reduce the number of pathogenic cells at the site of
inflammation to see improvement of disease. Our data are
consistent with these conclusions and add a further dimension
to the scenario by demonstrating a reduction in H. hepaticus-
reactive, presumably pathogenic CD4" Thl cells in MLNs of
mice recovering from colitis. Further studies on the nature and
mechanism of action of these bacteria-reactive T lymphocytes
may lead to new strategies for therapeutic interventions involv-
ing targeting of microbe-specific T cells in the treatment of
patients with IBD.
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