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Helicobacter infections are present in approximately 50% of humans, causing severe illnesses such as gastritis
and malignancies. Dendritic cells (DC) are critical antigen-presenting cells which link innate and adaptive
immune responses. The mechanism of dendritic cell regulation in Helicobacter-induced gastritis is poorly
understood. These studies characterized DC isolated from the lamina propria of Helicobacter-infected mice and
analyzed innate and adaptive immune responses elicited by Helicobacter antigen (Ag)-pulsed DC. The presence
of DC was elevated in the gastric lamina propria infiltrate of infected mice in comparison with controls. After
treatment with Helicobacter felis Ag, DC were polarized to secrete interleukin-6 as the dominant cytokine. In the
presence of DC and Helicobacter Ag, responder allogeneic T cells in culture exhibited limited cell division. We
suggest that the response of DC and T cells to Helicobacter Ag is critical to the chronic persistence of

Helicobacter-induced gastritis.

The gram-negative bacterium Helicobacter pylori colonizes
the mucus layer covering the gastric mucosa of an infected host
and induces histologic gastritis as the bacterium multiplies and
persists (9, 53, 55, 66). This bacterium infects more than 50%
of the world’s population. Over the course of a lifetime, in the
absence of adequate eradication therapy, the chronic infection
may be the gateway for chronic gastritis, gastric and duodenal
ulcers, and several forms of gastric lymphoma (10, 18, 20, 26).
The gastritis is characterized by neutrophilic as well as mono-
nuclear cell inflammation and subsequently high levels of
proinflammatory cytokines such as interleukin-6 (IL-6), among
others, in the gastric mucosa (15, 30, 71). As at other sites of
inflammation in the body, a mixed population of leukocytes
and neutrophils are present in the gastric mucosa in this dis-
ease, as they are drawn by the attraction of cytokines, chemo-
kines, and selectins. The term “active-chronic gastritis” has
historically been used to describe the continued predominance
of polymorphonuclear leukocytes in the inflammatory re-
sponse, which also contains significant numbers of lympho-
cytes.

Dendritic cells (DC) are professional antigen-presenting
cells (APCs) (3, 34, 43, 52) sparsely found in most tissues of the
body, including the gastrointestinal (GI) mucosa (6). DC have
been identified in the lamina propria of mice with chronic
Helicobacter infections (54). These cells have devised mecha-
nisms to come into direct contact with bacteria, including
opening tight junctions or acquiring bacteria from other cells
(60). Helicobacter cells most likely bind to the surface of DC
through Toll-like receptors (TLRs) (25, 35, 63) (even though
the specific TLRs utilized in this process have not yet been
identified), as well as through DC-specific ICAM-3-grabbing
nonintegrin (DC SIGN; CD209), a molecule found on human
gastric DC in stomach sections (1, 5). There is also the poten-
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tial for this bacterium or its components to interact with DC at
the cytoplasmic level through the nucleotide-binding oligomer-
ization domain 1 (Nodl; CARD 4) and Nod2 (CARD 15)
pathogen recognition molecules which respond to different
motifs in cell wall peptidoglycan (68). The response of antigen-
presenting cells to Helicobacter organisms is poorly under-
stood. They sense invading pathogens, capture these organ-
isms, and become activated. DC process and present microbial
particles on major histocompatibility complex (MHC) class II
molecules to T cells, which elicit an immune response (31).
The response of DC to a specific organism depends on the
signals integrated in response to the microbial pathogen and to
the cells in the environment. Interaction of Helicobacter anti-
gens with DC surface molecules can alter the way in which
these cells interact with other cell types or can induce changes
in intracellular signaling pathways within the DC leading to
cytokine polarization.

In our effort to address DC cytokine regulation with Helico-
bacter, and the ability of Helicobacter antigen (Ag)-treated DC
to interact with T cells, we conducted in vivo and in vitro
investigations using cells obtained from the gastric lamina pro-
pria of Helicobacter felis-infected mice and with DC exposed to
a preparation from this organism, H. felis antigen. Here, we are
the first authors to report the isolation of lamina propria
mononuclear cells (LPMC) from the gastric mucosa of mice
for phenotypic characterization of dendritic cells. After chronic H.
felis infection with 107 CFU, moderate numbers of LPMC were
recovered from the gastric lamina propria, compared with ap-
proximately 10-fold fewer from uninfected mice.

Because of the limitations posed by in vivo studies, to inves-
tigate the ability of Helicobacter to regulate DC innate and
adaptive immune responses, we employed bone marrow-de-
rived DC to study the potential of H. felis Ag to induce cyto-
kines in DC cultures and to regulate T-cell proliferation in-
duced by H. felis Ag-treated DC. We demonstrate that mouse
bone marrow-derived myeloid DC respond to H. felis Ag by
secreting predominately IL-6 in culture. Stimulation of T cells
with DC in the presence of H. felis Ag reduced the prolifera-
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tion of T cells in culture. We suggest that the increased pres-
ence of DC in the gastric mucosa of H. felis-infected mice may
contribute to gastric inflammation in Helicobacter infections.

MATERIALS AND METHODS

Animals. Adult C57BL/6J (H-2") or BALB/c (H-2%) mice (8 to 10 weeks old)
were purchased from the Jackson Laboratories (Bar Harbor, ME). Mice were
maintained in a specific-pathogen-free environment in the Case Western Re-
serve University School of Medicine (Cleveland, OH) under conditions required
by institutional guidelines.

Experimental infection of mice with Helicobacter felis and sacrifice of mice.
Mice were infected with H. felis strain CS1. H. felis was grown on Columbia agar
(Difco) with 7% horse blood in bell jars under microaerobic conditions using the
CampyPak Plus envelope system (5% O,, 10% CO,, and 85% N,) at 37°C for
96 h. Medium was supplemented with trimethoprim (20 pg/ml; Sigma), vanco-
mycin (6 wg/ml), amphotericin B (2.5 wg/ml), and polymyxin B (0.125 pg/ml).
Colonies were harvested from plates in 1 ml brucella broth using a sterile
bacterial spreader and transferred to 50 ml brain heart infusion medium (Difco)
containing 10% fetal bovine serum (FBS; Life Technologies) in 200-ml Erlen-
meyer flasks. Cultures were placed in bell jars on a rotary shaker at 125 rpm at
37°C and were maintained under microaerobic conditions as described above.
Organisms were determined to be sufficiently viable if >90% bacteria were
motile on microscopic examination at X400. The concentration of H. felis or-
ganisms was determined by optical density at 450 nm using a previously estab-
lished growth curve for Helicobacter pylori organisms (7). C57BL/6J mice were
infected with 1 X 107 CFU in 0.5 ml nutrient broth by gastric intubation, using
a device consisting of flexible tubing attached to an 18-gauge needle.

Animals were sacrificed later than 2 months after infection with H. felis for
isolation of LPMC. Mice were killed by CO, asphyxiation. Thin strips of gastric
tissue biopsy material were removed from the greater curvature of the stomach,
including both the antrum and the cardia, and the samples were placed in
Stuart’s urease test broth (62). H. felis colonization was indicated by a change in
broth color from orange to red, as urease was produced over a 24-h period. Since
the high motility of H. felis often results in confluent growth on nutrient agar, a
CFU determination could not be performed (45). A second strip of tissue was
removed from the greater curvature of the stomach, including both the antral
and fundic glandular mucosa, pinned flat on polystyrene floats, fixed in 10%
buffered formalin, paraffin embedded, and mounted on slides as 5-pm sections.
Sections were silver stained by the Steiner method (Histology Consultation
Services, Everson, WA) for direct visualization of bacteria.

Isolation of gastric 1 propria lear cells. Gastric tissue was
removed from mice, and collagenase digestion was performed (22, 67) to obtain
lamina propria mononuclear cells by methods customized for this organ. In
preparation, the remaining glandular portion of the stomach was removed from
each mouse, cleaned with a cell scraper, washed in Hanks balanced salt solution
(HBSS), and minced with scissors. Stomach tissue was pooled within each group
(infected or uninfected) of mice. Epithelial cells were removed over a period of
three incubations in a 37°C water bath. Tissue was first incubated in 20 ml HBSS
medium containing 5% FBS (Gibco BRL, Life Technologies, Grand Island, NY),
EDTA (0.05 M), penicillin-streptomycin-amphotericin B (Fungizone; 1.2%
[Cambrex Bioscience, Walkersville, MD]), HEPES buffer (0.6 mM), and 15
wg/ml dithiothreitol for 15 min, with intermittent removal of tissue and vigorous
pipetting. Samples were filtered in 100-pum strainers. This incubation process was
repeated in HBSS medium as described above and then in RPMI medium
(Gibco-BRL) supplemented with 10% FBS, penicillin-streptomycin (each at 100
units/ml), and HEPES buffer. Tissue was digested with a solution of 20 ml RPMI
medium containing supplements plus collagenase (1.75 mg/ml; Bochringer
Mannheim, Germany) and DNase (0.01 mg/ml; Boehringer Mannheim) for 50
min with intermittent pipetting. Recovered LPMC were serially filtered three
times, using strainer sizes of 100, 40, and 40 wm, respectively.

Determination of dendritic cell percentages in gastric LPMC. Cell surface
antigen expression of LPMC was determined by dual monoclonal antibody
(MADb) immunostaining (22). Briefly, after blocking nonspecific staining of cells
by preincubation with Fc receptor for immunoglobulin G (IgG) III/IT antibody
(CD16/CD32; PharMingen), LPMC were dual labeled with CD11c-phyco-
erythrin (HL3), and CD40 (3/23), CD80 (B7-1; 16-10A1), CD86 (B7-2; GL1),
CD11b (M1/70), or MHC class IT I-A® (AF6-120.1), all of which were fluorescein
isothiocyanate (FITC) labeled (PharMingen). The appropriate species-specific
IgG isotype controls were included in each experiment. At least 10,000 events
were acquired on a FACScan fluorescence-activated cell sorter (Becton Dickinson),
and analysis was performed using Cell Quest software.
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Generation of bone marrow-derived dendritic cells. Myeloid dendritic cells
were generated from C57BL/6J (B6) mouse bone marrow cells by conventional
means and as described elsewhere (21, 36). Briefly, after lysis of red blood cells,
leukocytes were cultured in 24-well plates, at 2 X 10° cells/ml, in RPMI culture
medium, containing RPMI buffer, supplemented with 10% FBS, 100 U/ml pen-
icillin/100 U/ml streptomycin, nonessential amino acids (0.1 mM; Gibco-BRL),
sodium pyruvate (1 mM;, Gibco-BRL), and HEPES buffer, in the presence of 7
ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF; R&D Sys-
tems, Minneapolis, Minn). Cultures were placed in a 5% CO,-humidified incu-
bator at 37°C, fed as described previously (21), and harvested after 5 days for
stimulation with H. felis antigen.

Preparation of H. felis antigen. H. felis antigen was prepared as described
elsewhere (8). Briefly, H. felis was harvested from approximately 50 plates in
sterile phosphate-buffered saline (PBS), and pelleted by centrifugation at
4,000 X g for 20 min. The pellet was resuspended in 2 ml PBS. Bacteria were
lysed using a probe sonicator at a power setting of 5 and a duty cycle of 5% on
the pulse setting by four 1-min blasts on ice. Bacteria were again centrifuged as
earlier to remove whole cells, and the lysate was filtered through a 0.22-pm-pore
filter. Protein concentration was determined by a method reported earlier (48).

Exposure of purified DC to H. felis antigen. DC were enriched using CD11c
Microbeads and MACS columns (miniMACS; Miltenyi Biotec, Auburn, CA)
according to the manufacturer’s instructions, routinely yielding cells of approx-
imately 95% purity. H. felis antigen was diluted to a stock concentration of 1
mg/ml and added to 1 ml purified DC (1 X 10%ml) in RPMI culture medium
(described above), in 24-well plates, to obtain a final concentration of 2 or 10
pg/ml H. felis Ag. Cultures were incubated at 37°C and harvested after 24 h for
phenotypic analysis of cells or after 72 h for analysis of cytokines released in
supernatants.

Quantitation of cytokines in culture. Stimulated DC supernatants were cen-
trifuged for the removal of dead cells and stored at —70°C. Cytokines released in
supernatants were measured by enzyme-linked immunosorbent assay (ELISA)
for bioactive IL-12 p70, IL-6, IL-10, and gamma interferon (IFN-vy), using Duoset
ELISA kits (R&D Systems, Minneapolis, MN).

Labeling of CD4™" T cells with CFSE. Spleens were harvested from mice, and
single-cell preparations of leukocytes were obtained. T cells were purified using
the CD4" MACS system (Miltenyi Biotec, Auburn, CA) and adjusted to a
concentration of 7.5 X 10°/ml. Cells were labeled with carboxyfluorescein diac-
etate succinimidyl ester (CFSE) (51, 64) as described by the authors (22). Cells
(2 x 10%ml) were cultured in 96-well flat-bottomed plates at 37°C in a 5%
CO,-humidified incubator for periods and conditions as indicated in the figure
legends, to allow incorporation of CFSE dye in dividing cells. On harvest, cells
were washed twice in HBSS-1% FBS buffer, and MAb was stained with CD4-
peridinin chlorophyll protein (PerCP) (L3T4; RM4-5). Greater than 25,000
events were collected in the live gate on a FACScan for analysis by Cell Quest
software.

Statistical analysis. The means and standard deviations of data are repre-
sented in figures as illustrated. Significant differences in cytokine production
were determined by Student’s ¢ test, using the limit of P < 0.05 as significant.

RESULTS

The gastric mucosa of H. felis-infected mice has an enriched
population of dendritic cells. To underscore the importance of
dendritic cells in gastric lamina propria inflammation of Heli-
cobacter infections, mice were infected with 107 CFU live H.
felis organisms for a period of over 2 months, after which we
isolated LPMC from the gastric lamina propria for character-
ization of CD11c-positive dendritic cells. Stomachs were har-
vested from groups of age-matched Helicobacter-infected and
uninfected mice, and LPMC were recovered by a collagenase
digestion procedure. No inflammation was observed in the
stomachs of uninfected B6 mice. However, gross morphology
of harvested stomachs from mice infected with H. felis showed
an obvious increase in size and paleness of tissue in compari-
son with uninfected stomachs. The presence of Helicobacter in
gastric tissue after infections has been routinely confirmed by
histological studies in earlier reports (7, 44). In addition, strips
of tissue were placed in urease broth from both uninfected and
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infected mice. Control uninfected mouse tissue did not pro-
duce a change in color of the broth, whereas there was a
definite change in color from yellow to pink over the course of
24 h in the broths containing tissue from Helicobacter-infected
mice, indicating the presence of the organism.

LPMC were isolated from groups of Helicobacter-infected
and uninfected mice. The yield of LPMC from stomachs was
low in comparison to the known cellularity of other mouse
organs such as the spleen and colon. In these studies, stomachs
from H. felis-infected B6 mice were pooled in groups of two to
three in three separate experiments and LPMC were obtained
by collagenase digestion of gastric tissue. The average recovery
of LPMC per infected mouse was 2.28 X 10°. LPMC numbers
recovered from Helicobacter-infected mice were more than
10-fold greater than those from uninfected mice. In the latter
case, we pooled stomachs from five uninfected control mice in
separate experiments and recovered approximately 0.15 X 10°
LPMC per mouse. The increased recovery of cells isolated
from the gastric lamina propria of H. felis-infected mice cor-
relates with higher percentages of CD11c (a characteristic DC
marker)-positive stained cells in LPMC. CD11c-positive cells
were mostly positive for the myeloid DC marker CD11b and
for MHC class II I-A® and expressed low to moderate levels of
costimulatory molecules CD40, CD80, and CD86. The levels of
CDllc staining observed in uninfected mouse LPMC were
negligible (Fig. 1). Increased numbers of DC in the gastric
lamina propria of H. felis-infected mice may contribute to the
mechanism of persistence of Helicobacter in a chronic infection.

Interleukin-6 is the predominant cytokine product of H. felis
antigen-pulsed dendritic cells. Inoculation of mice with H. felis
organisms resulted in a robust infection and visual inflamma-
tion of the gastric mucosa and a corresponding increase of DC
in LPMC. Little is known about the significance of DC in
chronic Helicobacter gastritis or the response of these cells to
the organism. DC at sites of infection and inflammation have
an innate capacity to alter cytokines in the immediate environ-
ment. Even though Helicobacter-infected mice have signifi-
cantly more DC in the stomach than uninfected mice, it is
difficult to recover vast numbers of these cells from the gastric
lamina propria due to the characteristic low-cellular nature of
the stomach with regard to leukocytes. Therefore, in order to
determine how H. felis could alter DC, we conducted our
subsequent studies using DC generated from bone marrow
cells of B6 mice and investigated the ability of H. felis Ag
prepared from live organisms by sonication, to polarize these
cells towards the release of certain cytokines. Bone marrow-
derived DC were generated in the presence of GM-CSF over
the course of 5 days. To determine the cytokine response
elicited by DC in response to H. felis Ag, we examined the
production of IFN-y and IL-12, since Thl cytokines are re-
ported to be involved in the course of Helicobacter infection
(17, 61). In addition, we studied the ability of DC to release
IL-6 and IL-10 in DC on stimulation with H. felis Ag. IL-6 is
associated with models of chronic inflammation in the gastro-
intestinal tract and in H. pylori stimulation of human mono-
cyte-derived DC (15, 39, 40, 70), whereas IL-10 is a downregu-
latory cytokine in the gut (2, 42).

IL-6 was not released in cultures of resting DC. Stimulation
of DC with H. felis Ag in culture for a period of 3 days resulted
in significantly high levels of IL-6 in DC cultures. Both high (10
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FIG. 1. Phenotypes of CD11c-positive cells in the gastric mucosa.
Groups of H. felis-infected and control uninfected mice (three and five
mice, respectively) were sacrificed. Stomachs were removed and
pooled, and LPMC were extracted by collagenase digestion. Cells were
MAD dual stained for DC-specific marker CD11c-phycoerythrin and
CD40-, CD80-, CD86-, CD11b-, or MHC class IT I-A’-FITC. Addition
of cell percentages in the upper quadrant reflects the total percentage
of CD11c-positive cells. The upper right quadrant shows the percent-
age of cells positive for both markers. Expression of CD11c-positive
cells in H. felis-infected mice is representative of three separate exper-
iments.

pg/ml) and low (2 pg/ml) doses of H. felis Ag were potent
stimulators of IL-6 in DC cultures (Fig. 2A). H. felis Ag stim-
ulated the release of low levels of IL-10 from DC (Fig. 2B),
while levels of IFN-y and IL-12 were undetectable. The levels
of detection for these cytokines were 16, 31, 31, and 39 pg/ml
for IL-6, IL-10, IFN-y, and IL-12 p70, respectively.

H. felis antigen regulates the expression of dendritic cell
surface molecules. The expression of MHC class II is a func-
tion of the ability of DC to interact with and influence T-cell
responses. MHC class II is critical in the process of antigen
presentation of molecules to T cells and in the induction of
T-cell proliferation. To investigate how H. felis Ag can regulate
DC surface molecules involved in T-cell responses and cyto-
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FIG. 2. H. felzs antigen stimulates IL-6 in dendritic cell cultures.
C57BL/6] mouse bone marrow-derived DC were generated in the
presence of GM-CSF over 5 days. Cells were harvested and DC were
purified over CD11c MACS columns. DC were treated with H. felis Ag
at 2 or 10 pg/ml (D + HF2 and D + HF10, respectively) in 24-well
plates and incubated for 3 days of culture. Supernatants were col-
lected, frozen, and assayed for cytokines by ELISA. Error bars show
standard deviations over duplicate wells. P values are for significant
increases in cytokine production above PBS-treated control DC. Panel
A shows IL-6 release, and panel B shows IL-10 release. Results are
representative of three independent experiments.

kine production, we monitored the phenotypic response of DC
MHC class II to H. felis Ag, as well as the ability of this
bacterial preparation to regulate expression of costimulatory
molecules CD40, CD80, and CD86 on the surface of DC. On
exposure of bone marrow-derived DC to H. felis Ag for over-
night culture and subsequent MAb staining, CD80 and CD86
expression on the surface of DC were not significantly altered
(not shown). The expression of CD40 was increased, while
MHC class II I-A® was consistently reduced after exposure of
DC to H. felis Ag for 24 h (Fig. 3A and B). Further analysis of
dot plots (not shown) revealed that over three separate exper-
iments, total CD40 expression on DC increased 10, 10, and
16% (12% on average) in H. felis Ag-treated (10 pg/ml) com-
pared with control medium-treated DC. For this parameter,
MHC class II expression was downregulated 29, 31, and 41%
(34% decrease on average) with H. felis Ag treatment of DC.
Similar trends in phenotypic changes were observed whether
DC were exposed to 2 or 10 pg/ml H. felis Ag (Fig. 3A and B).

Helicobacter antigen stimulates low synergistic release of
interleukin-6 in DC-T-cell cultures. In the host, dendritic cell-
T-cell interaction is capable of inducing adaptive immune re-
sponses in T cells. The amplitude of this response may be
regulated by the presence of microorganisms interacting with
DC and subsequent changes in DC. In our system, we inves-
tigated the ability of H. felis Ag to modulate cytokine produc-
tion in B6 DC cocultured with T cells for a period of 4 days.
Purified CD4" T cells were obtained from spleens of unin-
fected B6 or BALB/c mice or from H. felis-infected B6 mice to
address the possibility that T cells from infected mice may elicit
a different immune response from those of control mice.

We observed that B6 mice DC incubated with H. felis Ag
stimulated the release of IL-6. When BALB/c T cells were
incubated with DC in the presence of H. felis Ag, there was an
increase in IL-6 levels in cultures in comparison with cultures
without H. felis Ag. This increase was not statistically signifi-
cant. DC cocultured with B6T cells from naive mice or H.
felis-infected mice released similar levels of IL-6 in the pres-
ence of H. felis Ag in three of three experiments. As seen in
Fig. 4, this increase in IL-6 release was only marginally signif-
icant (P = 0.04) in comparison with H. felis Ag stimulation of
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DC alone in culture and only occurred in one group. Thus, in
DC-T-cell cocultures, the greater response observed is due to
the stimulation of DC by H. felis Ag (Fig. 2 and 4) rather than
to the action of H. felis Ag on T cells. In comparison with high
levels of IL-6 release in cocultures, levels of interleukin-10
detected were low. Low levels of IFN-y were detected from H.
felis Ag-treated DC cultured with or without the addition of T
cells (Fig. 4A, B, and C). IL-12 p70 levels were below the limits
of detection in all cultures (not shown). H. felis Ag did not
stimulate significant levels of any cytokine examined in cultures
of T cells alone (Fig. 4A, B, and C).

Because there was not potent augmentation of cytokine re-
lease on exposure of DC-T-cell cultures to Helicobacter Ag, we
conducted experiments to determine whether T cells used in
these studies were capable of eliciting cytokine responses in
the presence of H. felis Ag modulation. Thus, we incubated
C57BL/6 or BALB/c T cells in the absence of DC in 24-well
plates coated with anti-CD3 antibody. H. felis Ag and soluble
anti-CD28 were added to these cultures, which were then in-
cubated for 4 days. As described above (Fig. 4), T cells cultured
in medium alone released minimal levels of cytokines. Both
BALB/c and B6 mouse T cells cultured in the presence of H.
felis Ag and additional stimulation (anti-CD3/CD28) exhibited
robust cytokine responses. The predominant cytokine released
was IFN-v, with moderate levels of IL-10 and minimal levels of
IL-6 (Fig. 5A and B).

Helicobacter antigen limits T-cell division in DC-T-cell co-
cultures. In inflammatory conditions of the gut, dendritic cells
and T cells are in close proximity (47). In H. felis-infected mice,
in addition to the population of cells recruited to the gastric
mucosa, DC can also potentially induce cell division and pro-
liferation in T cells. To test the hypothesis that H. felis Ag-
treated DC may regulate the level of T-cell division, naive
CD4" T cells were purified from BALB/c mouse spleens, la-
beled with CFSE, added to B6 DC (ratio of 1 DC to 2 T cells)
in the presence of H. felis Ag, and cultured for 4 days. Cells
were harvested and then labeled with CD4-PerCP, and CFSE dye
inclusion was determined by flow cytometry. As shown by the
amplitude and numbers of cell division peaks, there was robust
T-cell division when DC were cultured with T cells in the presence
of medium, in comparison with that observed for T cells alone.
DC-T-cell division resulted in five division peaks in T cells. When
H. felis Ag (2 or 10 pg/ml) was added to cocultures with BALB/c
T cells and B6 DC, there was then significantly less division in T
cells, as shown by the reduction in division peaks. T cells alone did
not proliferate in response to H. felis Ag (Fig. 6).

DISCUSSION

The present study demonstrates that gastritis observed in H.
felis-infected mice has a distinct and significant portion of den-
dritic cells in the lamina propria infiltrate. We observed a
paucity of dendritic cells in the stomachs of naive control
C57BL6/J mice (and BALB/c mice; M. Drakes, personal ob-
servations, 2006), whereas approximately 10% of the lamina
propria cell population recovered from the gastric tissue of H.
felis-infected mice stained positive for DC markers. A similar
elevation in dendritic cells was recently reported in the lamina
propria of the intestine of IBD mice by the authors (22) and is
consistent with the notion that in the gastrointestinal tract the
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FIG. 3. H. felis antigen regulates MHC class II expression on DC. Bone marrow-derived DC cultured from B6 mice were harvested and purified
on CD11c MACS columns to obtain the DC population. Cells were treated with medium or H. felis Ag at 2 or 10 pg/ml (D + HF2 and D + HF10,
respectively) for 24 h of culture. (A) DC were treated with H. felis Ag (2 ng/ml), harvested, and MAD stained with CD11c-phycoerythrin and
I-A°-FITC or CD40-FITC. Panel B shows changes in phenotypic expression of CD11c-positive cells on exposure to different doses of H. felis Ag.
Isotype control background percentages were subtracted. Results are representative of three separate experiments.

increased presence of DC drives inflammation and dysregula-
tion of immune responses. H. felis was specifically chosen for
these studies since many mouse-adapted H. pylori strains in-
duce either mild disease or require lengthy colonization peri-

ods to develop significant levels of gastritis. The limited gas-
tritis achieved by H. pylori infection would make it impractical
to isolate DC from the gastric mucosa since, unlike the colon,
few leukocytes are present in the absence of disease.
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FIG. 4. IL-6 release in DC-T-cell cultures induced by H. felis Ag treatment. Purified B6 DC (1 X 10°/ml) were added to purified CD4" T cells
(2 X 10%ml) in 96-well flat-bottomed plates. H. felis Ag (10-pl volume) was added at 2 and 10 pg/ml (HF2 and HF10, respectively), and cultures
were incubated for 4 days. Supernatants were harvested and assayed for cytokines by ELISA. Results are shown for experiments using T cells from
unmanipulated B6 control mice (A), H. felis-infected B6 mice (B), and unmanipulated BALB/c mice (C). Means and standard deviations over
duplicate assay wells are indicated. Results are representative of two to three separate experiments.

This is the first study to characterize DC in isolated lamina gastrointestinal mucosa is difficult in that the epithelial cell
propria mononuclear cells of gastric tissue. We employed a monolayer must be removed from the tissue and then cells
modification of our multistep isolation procedure originally must be released from the extracellular matrix through colla-
developed to recover LPMC from the large bowel of mice with genase digestion. Even when cell release is highly efficient,
colitis (22, 24). Isolation of cells from the lamina propria of the large numbers of contaminating epithelial cells and monocytes
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FIG. 5. Stimulation of cytokine release in T cells on exposure to H. felis Ag. Purified CD4" T cells (1 X 10°) were cultured in 24-well plates
coated with anti-CD3 Ab (1 wg/ml), and soluble anti-CD28 (2 wg/ml) was added to wells. Cultures were set up with and without H. felis Ag (10
wg/ml) and incubated in a 37°C, 5% CO,-humidified incubator for 4 days. Supernatants were harvested for cytokine analysis by ELISA. The
standard deviations and means over duplicate wells are shown for experiments using C57BL6/J (A) or BALB/c (B) mouse T cells. Significance was
determined against unstimulated T cells in medium (<50 pg/ml cytokine in each case). P values were determined for cytokine levels of >300 pg/ml.

are typically present. The present study utilized a novel pro-
cedure applicable to the gastric lamina propria, allowing for
suitable numbers of cells to be retrieved for phenotypic char-
acterization of DC through MAD staining and flow cytometry,
providing for a more quantitative analysis than by immunohis-
tochemistry (54).

Gastric lamina propria DC of Helicobacter-infected mice
were of the myeloid subclass, expressing the characteristic
CD11b, as well as moderate levels of costimulatory molecules,
the latter of which are essential for interaction with effector T
cells in the gastrointestinal tract. Although enough cells can be
isolated for phenotypic characterization, the numbers of den-
dritic cells present in the gastric mucosa of these mice make it
difficult to perform the ex vivo investigations required to eval-
uate dendritic cell function. With the knowledge that DC pro-
cess and present bacterial Ag to T cells during the course of
infections, we evaluated the effect of H. felis Ag on DC func-
tion using DC propagated from mouse bone marrow cells in
the presence of GM-CSF conditioning medium. Bone marrow-
derived and peripheral blood dendritic cells have been used
almost exclusively to examine dendritic cell function for Heli-
cobacter infections (32, 33, 41, 59). The present study goes
beyond the scope of previous reports by investigating not only
the innate immune response of DC to Helicobacter Ag in light
of cytokine polarization, but by also examining several aspects
of the adaptive immune response that is elicited by T cells on
stimulation with DC and H. felis Ag. Our system was designed
to model immunological events in the gastric lamina propria in

an “active-chronic” Helicobacter infection, with the compo-
nents of infiltrated DC and other cells, in the presence of
bacterial antigens.

Infection of mice with H. felis, an original cat isolate (44),
has been widely used as a model for the study of H. pylori
pathogenesis and immunity. H. felis readily infects mice and
induces the type of chronic hyperinflammation observed in
gastric biopsies of H. pylori-infected patients. Although clinical
isolates of H. pylori have since been adapted to mice, experi-
mental H. felis infections continue to be more appropriate for
several different aspects of Helicobacter research. First, H. felis
infection causes a pronounced gastritis to develop within weeks
of infection, facilitating the study of Helicobacter-associated
immunopathogenesis (44). This is in contrast to most mouse-
adapted strains of H. pylori which require longer periods to
induce gastric inflammation and yet yield a much milder form
of the disease. The dynamics of H. felis-associated gastritis in
murine models allow for studies regarding vaccine-induced
protective immunity (14, 16, 27, 46, 56), the role of T regula-
tory cells in persistent infection (4, 37), and the contribution of
innate factors in immunopathogenesis (37). Second, the ad-
vanced pathology associated with H. felis infections includes
prominent lymphoid aggregates and severe progressive gastri-
tis which advances to metaplasia, dysplasia, and cancer. Thus,
the H. felis model is an effective tool to study the effects of
Helicobacter infection and eradication on gastric mucosa-asso-
ciated lymphoid tissue lymphoma and gastric adenocarcinoma
(13, 38).
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FIG. 6. H. felis Ag inhibits T-cell division in DC-T-cell cultures.
Purified B6 DC (1 X 10%ml) and CFSE-labeled BALB/c T cells (2 X
10%ml) were incubated in 96-well flat-bottomed plates in multiple
wells, in the presence and absence of H. felis Ag (2 and 10 pg/ml [HF2
and HF10, respectively]). At day 4 after the start of culture, wells were
harvested and pooled. Cells were MAb stained with CD4-PerCP.
CFSE dye incorporation in T cells was assessed by flow cytometry (FL1
channel). Dead cells were gated out, and >25,000 events were col-
lected to analyze differences in cell division peaks. Results are repre-
sentative of two independent experiments.

In our studies, we determined cytokine levels in superna-
tants harvested over a period of 3 to 4 days as indicated, to
better correlate with the optimum time of day 4 at which we
harvested assays for monitoring of T-cell division. Stimulation
of dendritic cells with a sonicated preparation of H. felis or-
ganisms (H. felis Ag) induced significant levels of IL-6 and
some IL-10. This is consistent with the findings of Kranzer and
coworkers, who noted abundant IL-6 and IL-10 production in
cells stimulated with live H. pylori in two separate studies (40,
41). Polarization of DC to produce IL-6 in the presence of H.
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felis Ag is of direct interest to the process of gastric inflamma-
tion. IL-6 is becoming recognized as a marker of activated DC
and of dysregulation in the GI tract. It is a proinflammatory
cytokine produced by intestinal DC of IBD mice in the absence
of exogenous stimulation of these cells (22). It has been iden-
tified in a range of inflammatory diseases in the GI tract and at
other sites in the body, including the Helicobacter-infected mu-
cosa (15, 39, 70).

We also detected low levels of IFN-y on stimulation of DC
with H. felis Ag, but no IL-12. Although several published
studies have reported the induction of DC IL-12 ranging from
10? to 10° pg/ml (32, 33, 41), in general, those laboratories have
used live H. pylori as a stimulus for their dendritic cells. In
keeping with our findings, Voland and colleagues reported
only 50 pg/ml IL-12 when using the purified H. pylori antigens
HpaA and Omp18 (69), a level which may not be of biological
significance in our system. Additionally, stimulation assays
by Kranzer and coworkers reported differential cytokine re-
sponses when stimulating DC with live H. pylori organisms and
H. pylori sonicate. These workers showed that stimulation with
live H. pylori generated abundant IL-12, whereas H. pylori
sonicate failed to stimulate any detectable IL-12 (41), as ob-
served in our study. In separate studies, others have reported
that only intact bacteria will induce significant levels of IL-12 in
DC (19).

Our results showed that treatment of DC with H. felis Ag
resulted in upregulation of costimulatory molecule CD40. This
indicates that H. felis sonicate is capable of activating DC. We
also showed that DC exposed to H. felis Ag in vitro displayed
reduced levels of surface MHC class IT I-A". The observation
of reduced MHC class II expression is in contrast to other
studies in which HLA DR was shown to be elevated in expres-
sion after stimulation with live H. pylori (33, 41). We consider
the possibility that in our studies, H. felis Ag may have caused
a transient increase in DC maturation followed by cell death of
the more mature DC early in culture. However, examination
of our ex vivo T-cell allostimulation studies seems to argue
against this latter possibility. In these studies, we observed that
H. felis sonicate-pulsed DC inhibited T-cell division. There was
significantly reduced allogeneic T-cell division when T cells
were cultured with DC in the presence of H. felis Ag as com-
pared to in culture medium. DC expressing low MHC class 11
induce little T-cell proliferation (23, 49), and hence in our
studies reduced T-cell division may be as a consequence of H.
felis Ag-induced MHC class II downregulation. T-cell division
in response to treatment of Helicobacter proteins has been
previously studied, but not in the context of concomitant DC
stimulation, as we have done here. In other studies, specific
proteins from Helicobacter including vacuolating cytotoxin A
have been reported to inhibit T-cell proliferation to subse-
quent antigen challenge (28, 29, 65). Our studies are of prime
importance, because these investigations have shed light on the
ability of T cells to elicit an immune response to DC stimula-
tion, under the regulation of Helicobacter Ag, a system of great
relevance to the events occurring in the gastric lamina propria
in infection. The observed inhibition of T-cell proliferation
does not appear to be due to the death of T cells, since in
preliminary investigations H. felis Ag did not induce apoptosis
in T cells (M. Drakes, personal observations). Additionally, T
cells stimulated with anti-CD3 (plate bound)/CD28 (soluble)
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in the presence of H. felis Ag released high levels of IFN-y in
cultures, indicating that T cells are functional in the presence
of H. felis Ag. Thus, other mechanisms of H. felis Ag-induced
T-cell inhibition may be responsible; for example, Helicobacter
Ag may be inducing cell cycle arrest or the suppression of
nuclear factor of activated T cells (29, 65).

In a series of novel investigations, we have characterized the
phenotypes of DC from the gastric lamina propria of H. felis-
infected mice. We suggest a prime role for these classical
antigen-presenting cells as initiators of immune dysregulation
in the gastric lamina propria. IL-6, the dominant cytokine
released on H. felis Ag stimulation of DC, may be a crucial
cytokine to drive the inflammatory responses and create an
appropriate environment for the continued recruitment of cells
to the site of inflammation. On the other hand, the chronicity
of the infection may be perpetuated and maintained by the
ability of Helicobacter Ag-primed DC to limit division of T cells
at the site of inflammation and by the potential of DC-T-cell
interaction to release low but critical levels of IL-10 or to
induce T regulatory cells. In fact, increasing evidence is being
reported with respect to immunosuppressive activity of H. py-
lori (12, 28) and the presence of downregulatory IL-10-produc-
ing T cells in the gastric mucosa of infected mice and humans
(11, 37), and it is likely that local dendritic cells play a role in
limiting the T-cell response to Helicobacter infections. Al-
though infection is associated with gastritis, the absence of
either IL-10-producing T cells or CD25" regulatory T cells
results in more severe gastritis and a reduction or clearance of
bacteria from the gastric mucosa (50, 57, 58). We suggest that
in a Helicobacter infection, the balance of events occurring
between the recruitment of cells to the gastric lamina propria
combined with limited T-cell expansion and other downregu-
latory factors such as the presence of IL-10, may be a sufficient
condition to render a state of “active-chronic” inflammation in
the stomach.
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