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The goal of this study is to evaluate the contribution of mast cells to Helicobacter pylori immunity in a model
of vaccine-induced protection. Mast cell-deficient Kitl*'/Kitl*"* and control mice were immunized with H. pylori
sonicate plus cholera toxin and challenged with H. pylori, and the bacterial loads, inflammatory infiltrates, and
cytokine responses were evaluated and compared at 1, 2, and 4 weeks postchallenge. In vitro stimulation assays
were performed using bone marrow-derived mast cells, and recall assays were performed with spleen cells of
immunized mast cell-deficient and wild-type mice. Bacterial clearance was observed by 2 weeks postchallenge
in mast cell-deficient mice. The bacterial load was reduced by 4.0 log CFU in wild-type mice and by 1.5 log CFU
in mast cell-deficient mice. Neutrophil numbers in the gastric mucosa of immune Kitl>'/Kit!*"* mice were lower
than those for immune wild-type mice (P < 0.05). Levels of gastric interleukin-17 (IL-17) and tumor necrosis
factor alpha (TNF-«) were also significantly lower in immune Kit/*'/KifI5"? mice than in wild-type mice (P <
0.001). Immunized mast cell-deficient and wild-type mouse spleen cells produced IFN-y and IL-17 in response
to H. pylori antigen stimulation. TNF-a and CXC chemokines were detected in mast cell supernatants after 24 h
of stimulation with H. pylori antigen. The results indicate that mast cells are not essential for but do contribute
to vaccine-induced immunity and that mast cells contribute to neutrophil recruitment and inflammation in

response to H. pylori.

Helicobacter pylori infection of the gastric mucosa is accom-
panied by local inflammation consisting of neutrophils, mast
cells, lymphocytes, plasma cells, and macrophages as well as H.
pylori-specific immunoglobulin A (IgA) and IgG antibodies
(37). The inflammation, however, fails to eradiate H. pylori,
and infection generally persists for the life of the host. Mice
have been used extensively as an animal model for H. pylori
infection, and they can be protectively immunized against H.
pylori via a number of vaccination strategies (3). Although
vaccine-induced protection in mice was first observed over 15
years ago, the immunologic pathways involved in the protective
immune response to H. pylori are still being elucidated. A
series of studies using targeted deletions in knockout mice
have demonstrated that protective immunity can be achieved
in the absence of gamma interferon (IFN-vy) and interleukin-4
(IL-4) (11, 33). However, protection cannot be induced in
major histocompatibility complex class II-deficient mice, dem-
onstrating a requirement for CD4* T cells (7, 30). Other stud-
ies have confirmed that CD4" T cells are sufficient to transfer
protective immunity to recipient mice (16). Another crucial
factor in the protective immune response was demonstrated
using p40 knockout mice, which fail to generate protective
immunity following immunization (1, 11). Whether the impor-
tance of p40 is tied to its association with the p35 subunit of
IL-12 or the p19 subunit of IL-23 remains to be determined.
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The effector cells and molecules of vaccine-induced H. pylori
eradication also remain ill-defined. H. pylori resides predomi-
nantly at the apical surface of the gastric epithelium, and the
presence of epithelial cell tight junctions limits the immune
effector mechanisms that are capable of crossing the epithe-
lium to interact with H. pylori. Mice deficient in Ig production
can be protectively immunized comparably to wild-type mice
(2, 7). Several studies have begun to assess the importance of
granulocytes in Helicobacter eradication. Antibody-mediated
neutrophil depletion significantly compromised the ability of
IL-10-deficient mice to reduce the numbers of H. felis bacteria,
although bacterial clearance in that model was not vaccine
induced (18). More recently, investigators determined that
protective immunity in the H. felis mouse model could not be
achieved with mice genetically deficient in mast cells, providing
strong evidence that mast cells either kill the Helicobacter or-
ganism directly or at least are necessary to drive the mecha-
nism responsible for bacterial clearance (36).

The involvement of mast cells in Helicobacter infection has
been limited to the examination of mast cell-deficient mice that
are the result of heterozygous mutations in the c-Kit gene,
specifically, Kit""”""*" mice. These mice have a number of phe-
notypic abnormalities, including being profoundly deficient in
tissue mast cells in multiple anatomical sites (39). They are an
extremely useful model system to probe the role of mast cells
in inflammatory and other types of reactions in vivo. It is
important, however, to appreciate the intricacies and limita-
tions of the model. In particular, there have been several re-
ports that in the settings of both cutaneous and intestinal
chronic inflammation, mast cell populations develop at the
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TABLE 1. Oligonucleotide sequences used as primers in either
standard or real-time PCR

(regi,l:ce) Forward primer (5'-3") Reverse primer (5'-3")

cagA GATAACAGGCAAGC  CTGCAAAAGATTG
TTTTGAGG TTTGGCAG

vacA ATGGAAATACAACA CTCCAGAACCCAC
AACACA ACGATT

GAPDH” (13) TGTAGACCATGTAGT AGGTCGGTGTGAA
TGAGGTCA CGGATTTG

IL-17 (13) GCTCCAGAAGGCCCT AGCTTTCCCTCCG
CAGA CATTGA

TNF-a (6) CCCAAAGGGATGAG  ACAGGCTTGTCAC
AAGT TCGAA

“ GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

inflammatory site in Kit"/"”"" mice, presumably due to remain-
ing low levels of tyrosine kinase activity seen in the mutant c-kit
receptor (9, 14, 38). Whereas the W mutant allele produces
truncated c-Kit proteins without the transmembrane domain
(29), the WY mutant contains a point mutation in the tyrosine
kinase domain, resulting in reduced, but not complete, elimi-
nation of the tyrosine kinase activity of c-Kit. No such inflam-
mation-associated mast cells have been reported for the Kitl>'/
Kitls" mast cell deficiency model. Thus, we wished to examine
mast cell involvement in Helicobacter pathogenesis using this
alternative mast cell-deficient mouse model.

Additionally, although H. felis has been used extensively in
the past to study Helicobacter pathogenesis and immunity, H.
felis has several characteristics that distinguish it from H. pylori.
H. felis lacks several important H. pylori virulence factors, such
as VacA and CagA; it does not attach to the host epithelium;
and it possesses pathogen-associated molecular pattern mole-
cules that differ from those of H. pylori and consequently ac-
tivate host cells via Toll-like receptor molecules much differ-
ently than H. pylori (23). In addition to these distinct
mechanisms of pathogenesis, it is not possible to quantitatively
culture H. felis, so that estimates of the magnitude of infection
utilize less sensitive assays, such as the rapid urease test or
visually counting spiral organisms in silver-stained sections.
The purpose of this study, therefore, was to assess the contri-
bution of mast cells to vaccine-induced protective immunity
against challenge with H. pylori in mice, to extend this analysis
to a second model of mast cell deficiency, and to begin to
characterize the activity of mast cells when stimulated with H.
pylori antigens. We now show that while the lack of mast cells
does compromise the protective immune response, immunized
mast cell-deficient mice do clear the bacteria better than un-
immunized mice. We also demonstrate that the gastric mucosa
of immunized mice following challenge consists of both muco-
sal and connective-type mast cells and that stimulation of the
mucosal mast cells promotes a cytokine response that favors
the recruitment of other granulocytes.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6 mice and specific-pathogen-free, mast cell-deficient
mice (WCB6F1/J Kitl*/Kit]"%; stock no. 100401) were purchased from The
Jackson Laboratory (Bar Harbor, ME). All mice were housed in autoclaved
microisolator cages and provided with autoclaved water and sterilized food ad
libitum. The Institutional Animal Care and Use Committee of Case Western
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TABLE 2. Virulence factors identified in Helicobacter strains

Presence (+) or absence (—) of:

Strain
cagA vacA CagA
H. pylori strains
SS1 + + +
P82 - - -
P16 - + -
HpM5 + + +
HpMS5-cagA + + -
61090 + + +
61090-v1 + - +

H. felis strain

Reserve University and the University of Maryland Medical School approved all
procedures involving mice.

Bacteria and bacterial products. H. pylori SS1 (21), H. pylori 60190 and its
isogenic vacA-deficient derivative 60190-v1 (a generous gift from Richard Peek,
Vanderbilt University, Nashville, TN), clinical isolates P16 and P82, and our
mouse-adapted H. pylori strain HpMS5 and its isogenic cag4-deficient derivative
HpM5-cagA were all grown on Columbia blood agar containing 7% defibrinated
horse blood (Cleveland Scientific, Bath, OH) and antibiotics under microaero-
philic conditions as previously described (12). H. felis was grown on brain heart
infusion medium (Difco, Sparks, MD) supplemented with horse blood and an-
tibiotics as described previously (4). Bacterial antigen was prepared as previously
described (12). Briefly, bacteria were concentrated by centrifugation and then
lysed using a probe sonicator. After centrifugation, the soluble fraction was
filtered (0.45 um) and the protein concentration was determined using a bicin-
choninic acid assay (Pierce, Rockford, IL). The antigen was stored at —80°C. For
challenge, H. pylori SS1 was grown in static liquid cultures of Brucella broth
(Difco, Detroit, MI) plus 10% fetal bovine serum (FBS) at 37°C with 10% CO..

Characterization of H. pylori strains. H. pylori strains were genotyped for vacA
and cagA by use of purified DNA (DNeasy kit; Qiagen, Valencia, CA). PCR was
performed with the respective oligonucleotide primers for vacA and cagA (Table
1), and the amplicon products were resolved on 1.5% agarose gels. The expres-
sion of CagA was determined by immunoblot analysis. H. pylori antigens were
resolved on 10% polyacrylamide gels and transferred to polyvinylidene difluoride
membranes. Protein was detected using a rabbit anti-CagA peptide antibody
(Austral Biologicals, San Ramon, CA) (Table 2).

Immunization and challenge. Each experiment included an immunized-chal-
lenged (I/C) group, an unimmunized-challenged (U/C) group, and a control,
naive group. Immunizations consisted of four weekly intranasal inoculations
containing 100 wg of H. pylori sonicate and 5 pg of cholera toxin in 20 pl applied
directly to the nares. All animals were challenged 2 weeks after the last immu-
nization by gavages with 0.5 ml of H. pylori liquid culture containing approxi-
mately 1.0 X 107 to 1.6 X 107 CFU/ml. Mice were sacrificed at various time
points after challenge. Vaccine efficacy was established by CFU determination.

CFU determination. A longitudinal strip of glandular stomach approximately
3 to 5 mm wide was cut aseptically from the greater curvature of the stomach for
histology (see below). The remaining glandular stomach was divided longitudi-
nally along the lesser curvature, the tissue fragments were dispensed into pre-
weighed tubes, and one of the weighed sections was homogenized in 200 pl
Brucella broth using 1.5-ml disposable polypropylene tissue grinders and pestles
(Kontes, Vineland, NJ). The homogenate was diluted serially 1/10 in sterile
phosphate-buffered saline (PBS) from 1/10 to 1/1,000, and 10 wl of each dilution
was plated. Colonies were counted after 5 to 7 days of incubation, and repre-
sentative colonies were tested for urease, oxidase, and catalase activities to
confirm their identity as H. pylori.

Histologic evaluation. Stomach strips were fixed in K-2 fixative (2% paraform-
aldehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate buffer, 0.025% CaCl,)
at room temperature for 4 h on a rocker and then at 4°C overnight. The fixative
was replaced with 0.1 M sodium cacodylate buffer (4°C) containing sodium azide
(pH 7.35 to 7.40). Tissue was paraffin embedded and sectioned for analysis by
Giemsa staining. Neutrophils and mast cells in the submucosa and gastric mu-
cosa were enumerated per high-power field. For routine histologic evaluation,
slides were stained with hematoxylin and eosin and graded for inflammation
using our previously described 0-to-5 scale (12).

Real-time PCR. Total RNA was extracted from half stomachs by using Trizol
(Invitrogen). RNA (1 ng) was reverse transcribed into cDNA by using a reverse
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transcription kit (Qiagen, Valencia, CA). PCR amplification was performed with
an Eppendorf Realplex instrument (Eppendorf AG, Hamburg, Germany), using
96-well microtiter plates. For each sample, the PCR was performed in duplicate
with SYBR green supermix (Fermentas, Glen Burnie, MD). Samples were
heated at 95°C for 10 min and then subjected to 40 cycles consisting of 95°C for
15 s and 55°C for 10 s. The primers (2 wM) used for each reaction are listed in
Table 2. Gastric tissue RNA from a naive mouse from each group was chosen as
a calibrator by use of relative-analysis real-time PCR. Differences in expression
of genes in the tissue were calculated as 27227 (where CT is the threshold
cycle).

Mast cell cultures and in vitro stimulation assays. Mouse bone marrow cells
were recovered from the femoral and tibia bones of 6- to 8-week-old C57BL/6J
mice. Recovered cells were cultured in RPMI medium supplemented with 20%
(vol/vol) conditioned WEHI-3 cell medium (32), 10% heat-inactivated FBS, 4
mM L-glutamine, 100 U/ml penicillin, 100 U/ml streptomycin, 0.25 pg/ml am-
photericin B, 25 mM HEPES, and 0.05 mM 2-mercaptoethanol (complete
RPMI). Cells were fed fresh medium biweekly by replacement of half of the
volume. After 2 weeks, the cell concentration was adjusted to 1.0 X 10° cells/ml.
After 4 weeks, the purity of the mast cells was determined by flow cytometry
using fluorescein isothiocyanate-labeled anti-CD117 and phycoerythrin-labeled
anti-FceRIa antibodies. Greater than 97% of the cells were double positive.
Bone marrow-derived mast cells (BMMC) were plated at 2 X 10° cells/well in
96-well, flat-bottomed plates in complete RPMI and were stimulated with the
indicated concentration of H. pylori SS1 sonicate (see the figure legends) for 24 h
at 37°C. The levels of tumor necrosis factor alpha (TNF-«), IFN-y, CXCL1/
keratinocyte-derived chemokine (KC), and IL-10 in the culture supernatants
were determined by an enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s instructions (R&D Systems, Minneapolis, MN). Esche-
richia coli O111:84 serotype lipopolysaccharide was used as a control.

Recall assay. Mast cell-deficient Kit/>'/Kit! mice, wild-type littermate control
mice, and C57BL/6 mice were immunized with H. pylori sonicate plus cholera
toxin as described above, and spleens were harvested 2 weeks after the final
immunization. Single-cell suspensions were prepared after lysis of red blood
cells, and cells were plated at 1.0 X 10° cells per well in 96-well, flat-bottomed
plates in RPMI 1640-10% FBS medium. Cells were stimulated with H. pylori SS1
sonicate at the indicated concentration, in triplicate. Concanavalin A (Sigma
Chemical Co.) stimulation at 10 ng/ml was used as a positive control. Superna-
tants were collected after 48 h of incubation, and the concentrations of IFN-y
and IL-17 were determined using a quantitative sandwich ELISA according to
the manufacturer’s instructions (R&D Systems).

Statistics analysis. Within each experiment, all treatment groups of knockout
and wild-type mice were compared by analysis of variance and Fisher’s protected
least-significant-difference post hoc testing, using SigmaState 3.5 (Systat Soft-
ware, San Jose, CA).

RESULTS

The absence of mast cells reduces but does not eliminate the
protective immune response against H. pylori. The ability of
mast cell-deficient mice to be protected from H. pylori by
immunization was evaluated by direct comparison of mast cell-
deficient mice and wild-type C57BL/6 mice at multiple time
points. We observed high bacterial numbers in all mice 1 week
after challenge, including I/C C57BL/6 mice, as previously
shown (12) (Fig. 1). By 2 weeks postchallenge, however, im-
munized C57BL/6 mice displayed a 4.0-log reduction in H.
pylori CFU compared to CFU for nonimmunized mice (P <
0.001), while immunized Kit*'/KitI"* mice had a lesser but
marked reduction in bacterial load of 1.5 log compared to the
bacterial load for nonimmunized mice (P < 0.01). By 4 weeks
postchallenge, however, there was protective immunity in mast
cell-deficient mice, as measured by a reduction in bacterial
load of greater than 2 log (2.2-log reduction in CFU for I/C
deficient mice versus CFU for U/C deficient mice). Immuni-
zation of wild-type mice resulted in a greater reduction in
bacterial load than that for unimmunized control mice (2.8 log
CFU; P < 0.001). By 11 weeks postchallenge, although the
bacterial load in I/C deficient mice remained consistent with
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FIG. 1. Mast cell-deficient mice exhibit compromised immunity
to vaccine-induced H. pylori-specific immunity. Immunized and un-
immunized wild-type (WT) and mast cell-deficient (Kit) mice were
challenged with H. pylori, and subgroups of mice were assessed for
bacterial load at 1, 2, and 4 weeks by CFU determination. Each
group contained 6 to 11 mice. Error bars indicate standard devia-
tions from the means. *%, P < 0.01; ***, P < 0.001 (compared to
U/C control mice).

the levels observed for I/C deficient mice at 4 weeks postchal-
lenge, the bacterial loads in the U/C deficient mice varied
widely, and therefore no significant difference was recorded at
this time point. Therefore, the kinetics of bacterial clearance
for both wild-type and mast cell-deficient mice are similar to
that previously observed for wild-type mice but with reduced
levels of clearance in mast cell-deficient mice. A histologic
evaluation of the gastric tissue demonstrated that mast cell-
deficient Kit!S/KitIS"¢ mice were indeed completely devoid of
mast cells. Despite the lack of mast cells, these mice responded
to challenge with a robust postimmunization gastritis that was
similar in overall magnitude to that for wild-type mice (data
not shown). These results suggest that mast cells make a partial
but not absolute contribution to protective immunity.

Neutrophil recruitment to the gastric mucosa is reduced in
mast cell-deficient mice. A histologic evaluation of longitudi-
nal gastric biopsy specimens taken from mice sacrificed 2
weeks postchallenge confirmed a complete absence of mast
cells in Kit!*'/Kitl" mice (Fig. 2a and c). In wild-type mice,
there were comparable but low numbers of mast cells in the
mucosa of I/C and U/C mice, but when the submucosa was
assessed we observed an increase in the number of mast cells
in unimmunized mice compared to that for immunized mice.
Coincident with H. pylori clearance, however, we observed
significantly increased numbers of neutrophils in the submu-
cosa of wild-type I/C mice compared to those for U/C mice
(P < 0.05) (Fig. 2b). There was no difference in the numbers of
neutrophils in mast cell-deficient Kitl*//Kit!*¢ 1/C mice and
Kitl*'/KitI* U/C mice. The numbers of neutrophils in U/C
mice were the same for both strains. By 4 weeks postchallenge,
there was an increase in the number of granulocytes in wild-
type mice (Fig. 2d). U/C mast cell-deficient mice showed no
increase in neutrophils, but there were increased numbers in
the mucosa for I/C mast cell-deficient mice.

Mast cells produce neutrophil chemotactic cytokines in re-
sponse to H. pylori antigens. Since neutrophil numbers were
reduced in mast cell-deficient mice, we assessed the potential
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FIG. 2. Immunized mast cell-deficient mice have reduced neutrophil counts in the gastric mucosa postchallenge compared to the counts for
immunized wild-type mice. Immunized and unimmunized wild-type (WT) and mast cell-deficient (Kit) mice were challenged with H. pylori, and
the gastric mucosa was assessed at 2 (a and b) and 4 (c and d) weeks postchallenge for granulocyte recruitment. Tissue sections were Giemsa
stained, and the numbers of mast cells (a and c¢) and neutrophils (b and d) were quantified in a blinded fashion. Each group contained 6 to 11 mice.
Error bars indicate standard deviations from the means. *, P < 0.05; #*, P < 0.01; ***, P < 0.001 (compared to the wild-type I/C group).

of mast cells to influence neutrophil recruitment. BMMC were
stimulated with increasing concentrations of H. pylori SS1 son-
icate antigen, and supernatants were evaluated at 3, 6, 24, and
48 h for the production of TNF-a, macrophage inflammatory
protein 2 (MIP-2), and CXCL1/KC. H. pylori sonicate antigen
was chosen to stimulate mast cells in vitro because the tissue
mast cells reside in the lamina propria and are not naturally
exposed to whole bacteria during infection with H. pylori. This
antigen preparation contains most of the major H. pylori pro-
tein antigens, as demonstrated by gel electrophoresis (data not
shown); stimulates T cells and macrophages in vitro; and is a
potent immunogen when used to vaccinate mice against H.
pylori (11, 12, 16). All three cytokines were detectable by 24 h,
and their production occurred in a dose-dependent manner,
maximizing at 100 wg/ml of antigen, with production of 173
pg/ml, 608 pg/ml, and 783 pg/ml of TNF-a, CXCL1, and
MIP-2, respectively (Fig. 3) (P < 0.001). No further increase
was observed at 48 h, and no IFN-vy or IL-10 could be detected.

Mast cell cytokine production is independent of H. pylori
genotype. The response of mast cells to Helicobacter antigens
was further characterized by stimulation of BMMC with son-
icate antigens prepared from multiple H. pylori strains of var-
ious virulence factor genotypes and phenotypes, as well as the
related animal model pathogen H. felis. Strains were chosen
based on their ability to produce CagA or VacA and included
strains that are naturally deficient in as well as isogenic mu-
tants for specific genes (Table 2). When BMMC were stimu-
lated with antigen, all bacterial strains induced significant
amounts of TNF-a and KC compared to the levels for PBS
controls (Fig. 4). Although there were variations in the degrees
of stimulation between strains, no pattern emerged in which
the presence or absence of VacA or CagA was determinative

of TNF-a or KC production by mast cells compared to that for
the H. pylori SS1 challenge strain used for infection of mice.

Levels of TNF-a and IL-17 expression are elevated in the
gastric mucosa of immunized mice. We observed elevated neu-
trophil numbers in wild-type mice compared to those for mast
cell-deficient mice at 2 weeks postchallenge (Fig. 2b). Since
mast cells produced neutrophil recruitment of cytokines
TNF-a, MIP-2, and CXCL1/KC in vitro (Fig. 3), we tested the
stomachs of wild-type and mast cell-deficient mice for the
presence of mRNA for TNF-a as well as IL-17, cytokines that
help recruit neutrophils. Real-time PCR was performed with
mRNA isolated from the stomachs of mice sacrificed 2 weeks
postchallenge, and the increase in the amount of message
compared to that for naive control mice was determined (Fig.
5). There was an ~45-fold increase in IL-17 expression in
wild-type immunized mice, compared to a 5-fold increase for
unimmunized mice (Fig. 5a) (P < 0.001). The increase for mast
cell-deficient mice was less than twofold regardless of immu-
nization status. A similar pattern was observed for TNF-a,
where immunized wild-type mice had almost a 30-fold increase
in expression, compared to less than 5-fold for unimmunized
mice and very little expression for mast cell-deficient mice (Fig.
5b) (P < 0.001).

Mast cell deficiency does not impact the inductive phase of
H. pylori-specific immunity. The above-described results indi-
cate that after challenge of immunized mice, mast cell-defi-
cient animals are not protected to the same degree as wild-type
mice. In addition, we observed lower levels of CD4 expression
and fewer neutrophils in the stomachs of I/C mast cell-defi-
cient mice than in the stomachs of wild-type animals. These
results do not indicate, however, whether reduced H. pylori
clearance in mast cell-deficient animals results from a failure to
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FIG. 3. BMMC produce neutrophil recruitment and activate cyto-
kines in response to stimulation with H. pylori antigens. Mast cells were
grown from mouse bone marrow cells for 4 weeks and then stimulated
with decreasing concentrations of H. pylori lysate antigens (Hp Ag) or
E. coli lipopolysaccharide (LPS) in vitro for 24 h. TNF-a (a),
CXCL1/KC (b), and MIP-2 (c) concentrations were determined by
quantitative ELISA. The data are representative of two independent
experiments. Assays were performed in quadruplicate. Error bars in-
dicate standard deviations from the means. **, P < 0.01; *%%, P <
0.001 (compared to unstimulated cells [PBS]).

induce anti-H. pylori adaptive T- and B-cell immunity or from
a failure of adaptive immune effector mechanisms in immu-
nized mast cell-deficient mice. To begin to address this issue,
we investigated whether mast cell deficiency blunts the induc-
tion of adaptive anti-H. pylori immune responses. Mast cell-
deficient Kitl*'/Kitl*"* mice, wild-type littermate control mice,
and C57BL/6 mice were vaccinated using our established pro-
tocol but were not challenged. Two weeks after the final im-
munization, isolated spleen cells were used to perform a recall
assay to assess the memory response to H. pylori antigens, as
measured by the production of IFN-y and IL-17 (Fig. 6). Mast
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cell-deficient mice responded with significantly greater IL-17
production than either immunized wild-type mice or littermate
controls when stimulated with either 10 or 100 wg/ml bacterial
antigen (P < 0.001). Similar results were obtained for IFN-y
production when mice were stimulated with 100 pg/ml antigen.
Although immunized wild-type mice produced more IFN-y
than did mast cell-deficient mice when stimulated with 10
pg/ml antigen, the response of the littermate controls was
equivalent to that of the mast cell-deficient mice.

DISCUSSION

In the present study, we extend previous observations about
the importance of mast cells in vaccine-induced immunity
against H. felis in mice (36) to an H. pylori mouse model. We
also demonstrate that the impact of the mast cell deficiency on
the protective immune response occurs in the effector phase
and has little bearing on the development of a strong T-cell
recall response. Although we show that H. pylori antigen in-
duces mast cells to produce neutrophil activation factors and
that Kitl>'/Kit!>" mast cell-deficient mice also have reduced
levels of neutrophils in the gastric mucosa, the mechanisms by
which mast cells participate in the clearance of H. pylori remain
unclear.

We demonstrate that immunized Kitl>'/Kit!" mast cell-de-
ficient mice can reduce the bacterial load in the gastric mucosa
more than 2 log CFU compared to that for unimmunized mice
by 4 weeks postchallenge. However, this reduction was signif-
icantly less than the reduction which was observed for immu-
nized wild-type mice at both 2 weeks and 4 weeks postchal-
lenge. Velin et al. were unable to achieve any reductions in
bacterial load when using mast cell-deficient mice to immunize
against H. felis, thereby demonstrating an absolute require-
ment for mast cells in protective immunity versus H. felis (36).
Our results with the H. pylori model are not as striking but
nevertheless demonstrate a blunting of vaccine efficacy in the
absence of mast cells. These different results may be attribut-
able to some of the differences between H. felis and H. pylori as
well as the differences in the inflammatory responses induced
by these two species.

H. felis lacks many of the H. pylori virulence factors, such as
VacA, CagA, and the type IV secretion system. It also fails to
bind to the gastric epithelium and form adhesion pedestals.
Although the impact of these phenotypic distinctions is difficult
to assess, the VacA toxin can directly activate mast cells for
migration and production of proinflammatory cytokines in
vitro (34). Despite lacking these virulence factors, H. felis is
known to induce much more inflammation in the gastric mu-
cosa of mice than H. pylori. It is possible that the H. felis-
mediated inflammation is more dependent upon mast cells
than the H. pylori-mediated inflammation, even when immu-
nized mice are challenged. There are of course also differences
between the mouse strains employed in the two studies and in
the mechanisms of bacterial quantification. However, while the
degrees of impact may vary between studies, we also demon-
strate that mast cells play a role in the protective immunity
induced against Helicobacter by prophylactic immunization.

Mast cells are derived from CD34"/c-kit™ multipotent he-
matopoietic progenitor bone marrow cells that migrate to vir-
tually all tissues throughout the body, where they undergo final
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FIG. 4. Helicobacter-induced cytokine production by BMMC is not strain dependent. Mast cells were grown from mouse bone marrow cells for
4 weeks, and then 2 X 10° cells were stimulated with 100 pg/ml of bacterial lysate prepared from one of seven H. pylori strains of various genotypes
and phenotypes or from H. felis. Cell culture supernatants were assessed for TNF-a and KC at 24 h by ELISA. Assays were performed in
quadruplicate. Error bars indicate standard deviations from the means. *, P < 0.05; **, P < 0.01; *%*, P < 0.001 (compared to stimulation with

H. pylori SS1). LPS, lipopolysaccharide.

maturation in response to local factors (17). Classically, mast
cell activation occurs primarily through cross-linking of FceR1
via IgE antibodies and results in degranulation and release of
histamine and other bioactive mediators that impact the mi-
croenvironment, including heparin and serotonin. Activated
mast cells can also produce lipid mediators and a variety of
cytokines and chemokines. More recently, the role of mast
cells in the innate immune response to infectious organisms
has been expanded to include a direct response to microbial
antigens via Toll-like receptors and CD48 independently of
IgE (24, 31). Under these circumstances, mast cells have been
demonstrated to rapidly and selectively produce appropriate
mediators to enhance effector-cell recruitment that comple-
ment other effector components of the immune system (25). In
the case of the host response to H. pylori, mast cells have been
reported to be present at higher densities in the gastric mucosa
in biopsy specimens of H. pylori-infected subjects than in those
of H. pylori-negative subjects (19, 28). Since H. pylori is rarely
spontaneously eradicated in the absence of immunization in
mice, increased mast cell numbers and activity may be a result
of effector T-cell signaling following challenge of immunized
mice.

Our data show that immunized Kit/'/Kitl>¢ mast cell-defi-
cient mice have reduced neutrophil recruitment in both the
mucosa and the submucosa compared to the levels for immu-
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nized wild-type mice, even though the mast cell-deficient mice
displayed greater than a 2-log reduction in H. pylori CFU
compared to the CFU for unimmunized knockout mice. The
primary function of mast cells in vaccine-induced H. pylori
immunity, therefore, may be the recruitment or activation of
neutrophils.

The in vitro analysis we performed using BMMC shows that
stimulation with H. pylori antigens induces the production of
TNF-a, CXCL1/KC, and MIP-2 chemokines in a dose-depen-
dent manner. These cytokines are potent inducers of neutro-
phil activation. Mast cell-derived TNF-a plays a crucial role in
the influx of neutrophils into bacterium-infected sites. Mast
cell-derived MIP-2 has also been reported to be produced at
infected sites and influences the recruitment of neutrophils
(26). In the present study, mast cell-deficient mice had reduced
inflammation and reduced levels of TNF-a compared to the
levels for wild-type mice in the immunization model. Our pre-
vious data have shown that recruitment of neutrophils to the
gastric mucosa may be required for protection in the H. pylori
mouse model (5).

TNF-a has been described as an immunoprotective factor
produced by mast cells to efficiently recruit neutrophils to
bacterium-infected tissues (15, 20, 22, 27, 35). Previous studies
with other bacterial infection models showed that no cells
expressing TNF-a mRNA were identified in mast cell-deficient
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FIG. 5. Immunized mast cell-deficient mice have reduced levels of IL-17 and TNF-« in the gastric mucosa 2 weeks after challenge. Immunized
and unimmunized wild-type (WT) and mast cell-deficient (Kit) mice were challenged with H. pylori. In one experiment, real-time PCR analysis was
performed with the mice that were evaluated at 2 weeks postchallenge for the presence of IL-17 (a) and TNF-a (b) expression in the gastric
mucosa. Values obtained for challenged mice are expressed as relative units indicating the increase (n-fold) over the level for naive control samples.
Each group contained 10 mice. Error bars indicate standard deviations from the means. #**%, P < 0.001 (compared to all other groups).
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FIG. 6. The T-cell cytokine recall response of immunized mast cell-deficient mice is not reduced compared to that for immunized wild-type
mice. Wild-type C57BL/6 mice (W), Kit!*'/Kit!S"* mast cell-deficient mice (K), and Kitl*//Kitl*¢ wild-type littermates (L) were immunized, and the
spleen cells were removed 2 weeks after the final booster. Spleen cells (1 X 10° cells per well) were stimulated with either 10 or 100 wg/ml H. pylori
lysate for 48 h. Supernatants were assessed by ELISA for IFN-y (a) and IL-17 (b). Assays were performed in triplicate. I, immunized (two mice
in each group); N, naive (two mice in each group). Error bars indicate standard deviations from the means. *#x, P < (0.001 (compared to I/W mice).

Kit""™ mice even though there were numerous cells express-
ing TNF-« transcripts within the mucosa, submucosa, and mus-
cularis of normal mice. Models in which mice are reconstituted
with mast cells showed that TNF-a is an important mediator of
mast cell-dependent leukocyte recruitment in response to IgE
and antigen or immune complexes (8, 10, 40). The proinflam-
matory cytokine IL-17 can also directly induce neutrophil
recruitment. In this H. pylori vaccinated animal model, the
reduction of IL-17 mRNA levels in the gastric mucosa of
immunized KitlS'/Kitl5"* mast cell-deficient mice might offer
another explanation for the reduced recruitment of neutro-
phils in the lamina propria. Nakae et al. reported that mast
cell and mast cell-derived TNF-« can significantly enhance
the Th17-dependent inflammatory response associated with
significant neutrophil recruitment in the infected airway by
FcRy-independent mechanisms (27).

The influence of mast cells on expression of the T-cell-
associated immune response has recently been studied (36).
Mast cells secrete cytokines in response to both T-cell and
B-cell development and function, including IL-3, -4, -5, -6, -10,
-13, and -16 and TNF-a. Vaccination-induced immunity
against H. pylori infection requires CD4" T cells, as has been
demonstrated previously (7, 16, 30). We now present evidence
to show that the absence of mast cells in mice does not impact
the inductive phase of the anti-H. pylori immune response
following immunization. We postulate that T cells and mast
cells interact either directly or indirectly at the gastric mucosa
following bacterial challenge to promote effector mechanisms
capable of eradicating H. pylori infection. Mast cell activation
has been reported to induce T-cell migration either directly by
the release of chemokines or indirectly by the induction of
adhesion molecule expression on endothelial cells (25). It is
also likely that activated T cells influence the recruitment and
activation of mast cells in the gastric mucosa of I/C mice.

In conclusion, we have shown that mast cells, while not
essential for vaccine-induced protective immunity against H.
pylori, do contribute to protection in immunized mice. We also
demonstrate that the T-cell recall response to vaccination is
not diminished in the absence of mast cells, indicating that the
reduction in immunity to H. pylori challenge is not due to a
compromise in the inductive phase of the immune response.
The ability of BMMC to produce proinflammatory cytokines in
response to H. pylori antigens suggests that mast cells may
participate in further promoting protective inflammation. The

downstream event associated with activated mast cells in the
gastric mucosa of I/C mice will be the focus of future studies.
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