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Helicobacter pylori infection is the leading cause for peptic ulcer disease and gastric adenocarcinoma. Mucosal T cell responses
play an important role in mediating H. pylori-related gastric immunopathology. While induced regulatory T (iTreg) cells are
required for chronic colonization without disease, T helper 1 (Th1) effector responses are associated with lower bacterial loads at
the expense of gastric pathology. Pigs were inoculated with either H. pylori strain SS1 or J99. Phenotypic and functional changes
in peripheral blood mononuclear cell (PBMC) populations were monitored weekly, and mucosal immune responses and bacte-
rial loads were assessed up to 2 months postinfection. Both H. pylori strains elicited a Th1 response characterized by increased
percentages of CD4�Tbet� cells and elevated gamma interferon (IFN-�) mRNA in PBMCs. A subset of CD8� T cells expressing
Tbet and CD16 increased following infection. Moreover, a significant increase in perforin and granzyme mRNA expression was
observed in PBMCs of infected pigs, indicating a predominant cytotoxic immune response. Infiltration of B cells, myeloid cells,
T cells expressing Treg- and Th17-associated transcription factors, and cytotoxic T cells was found in the gastric lamina propria
of both infected groups. Interestingly, based on bacterial reisolation data, strain SS1 showed greater capacity to colonize and/or
persist in the gastric mucosa than did strain J99. This novel pig model of infection closely mimics human gastric pathology and
presents a suitable avenue for studying effector and regulatory responses toward H. pylori described in humans.

Helicobacter pylori is the dominant member of the gastric mi-
crobiota and colonizes the stomach of more than 50% of the

human population worldwide (1). H. pylori colonization usually
does not cause illness, since 85% of infected people remain asymp-
tomatic throughout life, but infection with strains bearing the cag
(cytotoxin-associated gene) pathogenicity island can result in
peptic ulcer disease, gastric lymphoma, and gastric adenocarci-
noma, the second leading cause of cancer-related deaths, in 15%
of infected individuals (2, 3). Conversely, there also is increasing
evidence of H. pylori providing protection against esophageal and
cardial pathologies (4–7), childhood asthma (8–10), childhood
allergies (9, 11), and diabetes and obesity (12). This Gram-nega-
tive microaerophilic bacterium of the Epsilonproteobacteria has
coevolved with humans for at least 50,000 years, indicating high
adaptation capacity to the environmental niche of the human gas-
tric mucosa and suggesting the ability to evade the immune system
(13) through mechanisms that are incompletely understood. In-
fection with H. pylori in humans is associated mainly with a mu-
cosal Th1 response, which is unsuccessful in clearing the bacteria
from the stomach and can lead to more severe immunopathology
(14). The pathogenicity of H. pylori is determined by various host-
and pathogen-related factors, including the host’s genetic back-
ground, age, and immune status and the bacterium’s ability for
antigenic variation, molecular mimicry, intracellular persistence,
and expression of pathogenicity factors (15).

Regulatory T (Treg) cells play a crucial role in H. pylori’s ability
to evade the immune system and persist in the gastric mucosa.
Specifically, H. pylori can trigger a reprogramming of dendritic
cells (DC) by downregulating major histocompatibility complex
II (MHC-II) and inducing interleukin-10 (IL-10) and inhibiting
IL-12 secretion, thereby inducing H. pylori-specific Treg cells (16–
18). B cells also play a regulatory role by promoting IL-10 produc-
tion in cocultured CD4� cells and subsequent conversion into a T

regulatory 1 (Tr1)-like phenotype (19). In children, H. pylori in-
fection favors the induction of mucosal Treg responses, which are
associated with reduced gastric inflammatory lesions compared to
those of adults (20). A study in neonatal mice infected with H.
pylori demonstrated the induction of immunological tolerance
and the subsequent protection from T cell-driven immunopathol-
ogy and gastric cancer precursor lesions, suggesting that the age at
the time of H. pylori infection may delineate health outcomes (21).
Thus, patients with fewer or less functional Treg cells are more
likely to develop peptic ulcers and are afflicted by more intense
gastritis (13). Cytotoxic T lymphocytes (CTL) have also been re-
cently implicated in immune responses toward H. pylori in clini-
cally relevant settings. Specifically, an increased number of CD8�

T lymphocytes were found in the gastric epithelium and lamina
propria (LP) of H. pylori-infected children with grade I to III gas-
tritis (22, 23). Furthermore, the CD8�HLA-DR� chronically ac-
tivated memory T cell subset was expanded in peripheral blood of
H. pylori-colonized children with duodenal ulcers (24), suggesting
a role for CD8� T cells in H. pylori-mediated pathology.

The majority of in vivo studies on the host responses to H.
pylori are based on mouse models; however, in contrast to human
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H. pylori infections, CD8� T cell responses to the bacterium have
been detected only in immunodeficient mice lacking CD4� T cells
(25, 26). Results from these studies indicate that CD8� T cells also
contribute to the development of gastric lesions, which tradition-
ally has been attributed to effector CD4� T cells (27, 28). Even
though H. pylori infection has been studied in gnotobiotic piglets,
the main focus of previous pig challenge studies was on humoral
immune responses, vaccine-induced protection, or gastric pathol-
ogy (29–31). To overcome the limitations in the study of CD8� T
cell responses to H. pylori, we have developed the first pig model to
study mucosal and systemic Th1 and CD8� cytotoxic immune
responses to H. pylori infection. Specifically, we use this newly
developed model to characterize the mechanisms of immuno-
regulation underlying immune responses to H. pylori strains SS1
and J99 systemically and in the gastric mucosa. Thus, in addition
to developing a novel pig model that closely resembles human
gastric pathology, we report the predominance of CTL responses
during H. pylori infection.

MATERIALS AND METHODS
Animal procedures. Two independent pig challenge studies were per-
formed. The second study was designed to validate results from the first
one. Pigs used in this study were weaned at 3 weeks of age and transferred
to an animal biosafety level 2 (ABSL2) facility at Virginia Tech. All exper-
imental procedures were approved by the Institutional Animal Care and
Use Committee of Virginia Tech and met or exceeded requirements of the
Public Health Service/National Institutes of Health and the Animal Wel-
fare Act.

Pigs (study 1, n � 8; study 2, n � 26) were divided into 3 groups:
noninfected (n1 � 2, n2 � 9), infected with H. pylori strain J99 (n1 � 3,
n2 � 9), and infected with H. pylori strain SS1 (n1 � 3, n2 � 8). In the case
of study 2, 9 blocks of 2 or 3 pigs were designed on the basis of litter of
origin and initial body weight and randomly assigned to the 3 treatment
groups. Following a 12-hour fasting period, bacterial challenge was per-
formed by orogastric gavage with 1 � 108 CFU/ml H. pylori live organisms
(strain J99 or SS1) resuspended in 100 ml sterile brucella broth adminis-
tered on days 0 and 2 of the study. As a control, the noninfected group
received sterile brucella broth without any bacteria. Due to constraints
associated with the use of a large-animal model, the infection dose was
optimized by conducting a series of dose-response experiments in mice as
previously described (32). We chose doses that provided detectable host
responses and long-term colonization, which were then adapted to the pig
model.

A delay in gastric emptying was ensured by oral administration of agar
in 1% brucella broth supplemented with 10% fetal bovine serum (FBS)
prior to the bacterial or mock challenges (33). To suppress gastric acidity
and to increase the efficiency of H. pylori colonization, all pigs received
famotidine (1 mg/kg of body weight) intramuscularly 90 min prior to
each bacterial and control inoculation (34), and 5% urea was added to the
drinking water for 7 days postinfection to provide a sufficient substrate for
H. pylori urease and to increase gastric pH (35). Pigs were scored for
clinical signs of disease daily, and peripheral blood was collected from the
vena cava weekly to study systemic immune responses. Pigs were eutha-
nized between day 51 and day 59 postinfection to assess gastric coloniza-
tion with H. pylori and to study local immune responses in the gastric
mucosa. The stomach was scored based on macroscopic lesions, excised,
and processed for further analysis. Tissue was collected from three major
regions, i.e., fundus gland (F), pyloric gland (P), and cardiac gland (C),
and these were further subdivided in two sections (F-A, F-B, P-A, P-B,
C-A, and C-B; see Fig. S1 in the supplemental material), which were ana-
lyzed separately for bacterial reisolation and histopathology.

Culture of H. pylori, preparation of bacterial antigens, and bacterial
reisolation. H. pylori strains J99 (ATCC 700824) and SS1 (kindly pro-
vided by Richard Peek, Vanderbilt University) were used in these studies.

J99 is an African strain that was isolated from a patient in the United States
in 1994 (36), whereas SS1 is a European mouse-adapted strain that is
widely used in animal models of H. pylori infection (37). We chose an
African strain and a European strain for this study based on differences
observed in a previously conducted comparative genomics study of H.
pylori (38). Both strains are CagA positive but differ in VacA, with SS1
expressing the s2m2 and J99 the s1m1 isoforms (36, 39). The latter has
been associated with higher cytotoxin activity and increased risk for gas-
troduodenal disease (40). H. pylori was grown on plates prepared with
Difco Columbia blood agar base (BD Biosciences) supplemented with 7%
horse blood (Lampire) and Helicobacter pylori selective supplement (con-
taining 10 mg/liter vancomycin, 5 mg/liter trimethoprim, 5 mg/liter am-
photericin, and 5 mg/liter polymyxin from Oxoid) at 37°C under mi-
croaerophilic conditions. The challenge inoculum was prepared by
harvesting bacteria into brucella broth (BD Biosciences) and adjusting to
an optical density at 600 nm (OD600) of 1.0, which was estimated as a
concentration of 1 � 108 CFU/ml as previously determined by a growth
curve correlating OD measurements with colony counts on blood agar
plates. For reisolation of H. pylori from pigs, tissues from six different
stomach regions (see Fig. S1 in the supplemental material) were weighed
and homogenized using a grinder. The homogenate was plated onto Co-
lumbia blood agar plates and incubated for 4 to 5 days under the condi-
tions described above. Serial dilutions (1:100, 1:1,000, 1:10,000) of the
tissue homogenate were plated for samples derived from infected pigs.

To prepare whole-cell sonicated (WCS) bacterial antigens, H. pylori
strains J99 and SS1 were inactivated with 4% formaldehyde for 26 h fol-
lowed by two washing steps with 1� phosphate-buffered saline (PBS).
Inactivated whole-cell H. pylori preparations were resuspended in 1� PBS
and sonicated five times on ice for 20 s at 1-min intervals. Protein con-
centration of WCS antigen preparations were quantified and stored at
�20°C until further use. Bacterial inactivation was confirmed by cultur-
ing formaldehyde-treated H. pylori for at least 4 days as described above.

Histopathology. Sections of all six stomach regions (see Fig. S1 in the
supplemental material) were fixed in 10% buffered neutral formalin, later
embedded in paraffin, and then sectioned and stained with hematoxylin
and eosin (H&E) for histological examination.

Isolation of splenocytes and cells from GLN. Spleen and gastric
lymph nodes (GLN) were excised and crushed in 1� PBS–5% FBS using
the frosted ends of two sterile microscope slides. Single cell suspensions
were centrifuged at 300 � g for 10 min and washed once with 1� PBS.
Leukocytes were isolated using a discontinuous 44/67% Percoll gradient
(GE Healthcare). After density gradient centrifugation for 20 min at
770 � g, the interphase containing viable leukocytes was harvested,
washed once in 1� PBS–5% FBS, and resuspended in fluorescence-acti-
vated cell sorter (FACS) buffer (1� PBS supplemented with 5% FBS and
0.09% sodium azide) or complete RPMI (cRPMI) (41) for subsequent
analysis.

Isolation of gastric leukocytes. Different parts of the stomach (see
Fig. S1 in the supplemental material) were excised, and lamina propria
leukocytes (LPL) were isolated. Tissue pieces were washed in CMF (1�
Hanks balanced salt solution [HBSS]–10% FBS–25 mM HEPES–100
�g/ml gentamicin), excess mucus and fat were removed, and the tissue
was sectioned into 5- to 6-mm pieces. Tissue from the 3 main regions
(pyloric, cardiac, and fundus) was vortexed in medium for 2 min to re-
move particulates and mucus. After washing with 1� PBS, tissue was
further digested in RPMI/FBS (RPMI 1640 –10% FBS–25 mM HEPES–
100 �g/ml gentamicin–3 mM CaCl2) supplemented with 300 U/ml type
VIII collagenase and 50 U/ml DNase I (both from Sigma-Aldrich) for 1.5
h at 37°C with stirring. Cell suspensions were filtered through a 100-�m
strainer and pelleted. Cells were subjected to purification by discontinu-
ous Percoll density gradient as described for splenocyte isolation above
and resuspended in cRPMI for further analyses.

PBMC isolation. Porcine peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood by density gradient centrifugation.
Briefly, leukocyte separation medium (specific density, 1.077 to 1.080
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g/ml; Mediatech) was overlayered with diluted whole blood (1:4 in 1�
PBS) and centrifuged for 20 min at 770 � g without break. The PBMC-
containing interphase was collected, red blood cells were removed by
osmotic lysis, and cells were washed with 1� PBS and resuspended in
cRPMI.

ELISpot. For the enzyme-linked immunosorbent spot assay
(ELISpot), 96-well multiscreen plates with a polyvinylidene difluoride
(PVDF) membrane (Millipore) were coated with 50 �l of 4-�g/ml anti-
pig IL-17 (Bethyl Laboratories) or 100 �l anti-pig IFN-� (ELISpot Devel-
opment Module; RnD Systems) in 1� PBS overnight at 4°C in a humid-
ified chamber. Wells were washed 4 times with 1� PBS and blocked with
1� PBS–5% sucrose–1% bovine serum albumin (BSA) for 2 h. After a
washing step with cRPMI, a total of 2 � 105 splenocytes or cells from GLN
were stimulated with 5 �g/ml of H. pylori SS1 or J99 WCS prepared as
described above or maintained in cRPMI only. Cells were incubated at
37°C, 5% CO2, and 95% humidity. After 36 h, cells were removed from
plates and bound cytokines were incubated with either 100 �l of 0.5-
�g/ml biotinylated anti-pig IL-17 (Bethyl Laboratories) or biotinylated
anti-pig IFN-� in 1� PBS–1% BSA overnight at 4°C in a humidified
chamber. Spots of cytokine-secreting cells were detected by incubating
wells with 100 �l streptavidin-horseradish peroxidase (HRP) (Blue Color
Development Module; RnD Systems) in 1� PBS–1% BSA for 2 h, fol-
lowed by developing with enzyme substrate for 30 min in the dark. Be-
tween incubations, wells were washed 3 or 4 times with 1� PBS– 0.05%
Tween 20 (Bio-Rad). After formation of colored spots, wells were washed
with distilled water and left for drying overnight. Plates were analyzed on
an ELISpot reader (AID) using AID ELISpot reader software. Results were
expressed as spot-forming units (SFU)/1 � 106 cells and displayed as fold
of induction (FOI) compared to the nontreated cRPMI control.

Immunophenotyping and cytokine analysis by flow cytometry. To
assess the distribution of immune cell subsets, 4 � 105 to 6 � 105 PBMCs,
splenocytes, cells from GLN, or LPL or 10 �l of whole blood was incubated
for 20 min with fluorochrome-conjugated or unconjugated primary
pig-specific antibodies: anti-CD3-PerCP-Cy5.5/phycoerythrin (PE)-Cy7
clone BB23-8E6-8C8, anti-CD4 fluorescein isothiocyanate (FITC)/
PerCP-Cy5.5/PE-Cy7/AF-647 clone 74-12-4, anti-CD8� PE clone 295/
33-25, anti-TCR�� APC clone MAC320, anti-CD16 Biotin clone FcG7
(all from BD Biosciences), anti-SWC3a clone 74-22-15A, anti-CD8	
clone PG164A, and anti-CD45 clone 74-9-3A1(VMRD), as well as anti-
human CD21 PE-Cy7/PE-Cy5 clone B-Ly4 (BD Biosciences). To detect
binding of unlabeled antibodies (SWC3a, CD8	, CD45), cells were incu-
bated for another 20 min with isotype-specific, fluorochrome-conjugated
secondary antibodies: goat anti-mouse IgG2b APC-Cy7, IgG2a PE, IgG1
APC, IgM FITC, or APC-Cy7 (Southern Biotech). For intracellular stain-
ing of transcription factors, cells were fixed and permeabilized using a

commercial kit according to the manufacturer’s instructions (eBiosci-
ence). Briefly, cells were fixed and permeabilized for 20 min, Fc receptors
were blocked with mouse anti-CD16/CD32 FcBlock (BD Biosciences),
and cells were incubated with fluorochrome-conjugated antibodies to-
ward anti-mouse/human Tbet PerCP-Cy5.5 clone 4-B10, anti-mouse
ROR�t PE clone AFKJS-9, and FOXP3 FITC/APC clone FJK-16S (eBio-
science) (BD Biosciences). Due to the lack of pig-specific antibodies to
transcription factors, mouse-specific antibodies were used for experi-
ments after testing for cross-reactivity. All samples were stored fixed at
4°C in the dark until acquisition on an LSR II flow cytometer (BD Biosci-
ences). A live cell gate (FSC-A, SSC-A) was applied to all samples followed
by single cell gating (FSC-H, FSC-W) before cells were analyzed for the
expression of specific markers. Data analysis was performed with Flow Jo
(Tree Star Inc.).

qRT-PCR. RNA was isolated from PBMCs using the RNeasy Minikit
(Qiagen). mRNA concentrations were quantified by optical density at 260
nm with a Nanodrop spectrophotometer (Invitrogen). Up to 1 micro-
gram of RNA per sample was used to synthesize cDNA using the iSCRIPT
cDNA Synthesis kit (Bio-Rad) and stored at �20°C. Reverse transcription
(RT)-PCR was performed to assess the absolute expression of IFN-�,
granzyme A, granzyme B, and perforin using the primers listed in Table 1.
Standard curves were created using diluted cDNA at known concentra-
tions ranging from 5 to 5 � 10�6 pg per reaction volume. RT-PCR was
performed using a CFX96 Real Time system (Bio-Rad). Target gene ex-
pression was normalized to the housekeeping gene RPL-19.

Statistics. Data were analyzed using analysis of variance (ANOVA)
followed by Scheffe’s multiple-comparison method. For repeated analyses
on the same animal (i.e., flow cytometry data over time), we used repeat-
ed-measures ANOVA. ANOVA was performed by using the general linear
model procedure of SAS, release 9.2 (SAS Institute). Statistical signifi-
cance was assessed at P values of �0.05.

RESULTS
H. pylori infection induces a predominant systemic Th1 re-
sponse in vivo. To assess whether H. pylori infection affects the
expansion of specific T cell subsets, we evaluated the expression of
the main transcription factors involved in the regulation of CD4�

T cell phenotype: FOXP3 (iTreg and nTreg), Tbet (Th1), and
ROR�t (Th17). Overall numbers of circulating CD4� T cell pop-
ulations did not change over time due to infection.

Further analysis revealed an elevated proportion of CD4� T
cells expressing the Th1-associated transcription factor Tbet in
response to H. pylori (Fig. 1A). We observed a transient single
peak at day 7 postinfection followed by a sustained increase in

TABLE 1 Primer sequences and properties

Target Sensea Primer sequence
Annealing
temp (°C)

Amplicon
length (bp) Accession no.

RPL-19 S AACTCCCGTCAGCAGATC 57 147 AF435591
AS AGTACCCTTCCGCTTACCG

IFN-� S GCTCTGGGAAACTGAATGAC 60 167 NM_213948
AS TCTCTGGCCTTGGAACATAG

Granzyme A S GGAGATGTCAAGCAAAGC 57.3 91 NM_001143709
AS AGTCAGGCTATCGTTTGG

Granzyme B S CCCACAACATCAAGAAAC 57 85 NM_001143710
AS CGCTTCTCGTTATAGTCT

Perforin 1 S GTTTTGTTTTCAATGAGGTGGC 56.5 84 XM_003483492
AS TGCCAGGTTGCTTCTGTT

a S, sense; AS, antisense.
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CD4�Tbet� cells from day 28 to day 49 postchallenge in SS1-
infected pigs. The same pattern was found in J99-infected pigs,
except that the response declined by day 49 postchallenge. The
percentage of ROR�t�CD4� T cells was significantly different on
day 21 postinfection in SS1-infected pigs and on days 28 and 49
postinfection in J99-infected pigs (Fig. 1C). There was a more
notable decline in the expression of the Treg-associated transcrip-
tion factor FOXP3 in CD4� T cells from pigs infected with strain
SS1 on day 28 postinfection (Fig. 1D), which mirrored the in-
crease in Tbet and coincided with increased transcripts of IFN-�
mRNA in PBMCs for both SS1- and J99-infected pigs (Fig. 1B).
These results provided the first indication of a predominant Th1
response induced in our experimental model by H. pylori.

Infection with H. pylori upregulates expression of Tbet in
various immune cell subsets. Besides the clear increase of Tbet
expression in CD4� T cells upon infection, flow cytometry data
from study 1 also showed that the majority of Tbet� cells in H.
pylori-infected pigs were CD4� and that a fraction of those were
also CD3� (Fig. 2). We performed an in-depth immunopheno-
typic analysis, which led to the identification of a subset of CD21lo

B cells expressing Tbet that was increased due to infection (Fig. 2).
This overall increase of Tbet in several cell subsets was not due to
unspecific binding of the anti-Tbet antibody since TCR��� T cells
did not express any (Fig. 2).

Infection with H. pylori results in expansion of NK and cyto-
toxic T cells. Study 1 demonstrated that a significant fraction of
CD3�CD4� T cells that were not �� T cells upregulated Tbet.
Figure 3A shows flow cytometry analysis demonstrating the in-

duction of Tbet in CD8� T cells on day 42 of study 1. In study 2, we
performed a systematic assessment of Tbet expression in CD8ab�

T cells. Of note, CD8	 is the most specific marker for CTL in pigs,
since the CD8�� homodimer is also expressed by other cell sub-
sets (42). These cells specifically expressed low levels of the CD8	
coreceptor, which is characteristic of CTL that have been previ-
ously exposed to their cognate antigen (43).

Our analysis revealed a sharp increase of CD8	�Tbet� cells in
H. pylori-infected pigs (Fig. 3B), which was slightly higher in SS1-
carrying pigs. The shift in Tbet expression was first detected
on day 35 postinfection, when on average 62% of cells had detect-
able amounts of this transcription factor. The percentage of
CD8	�Tbet� cells declined thereafter, although toward the end
of the study, on day 49 postinfection, there were still significant
differences between infected and noninfected pigs. A closer anal-
ysis revealed the expansion of circulating CD8	� T cells (Fig. 3C)
and an increase of CD16 expression on those circulating CTL (Fig.
3D) upon infection. Furthermore, CD3�CD8a� NK cells were
significantly increased in blood of SS1-infected pigs on day 35
postinfection (Fig. 3E).

In concordance with the observed expansion of circulating cy-
totoxic T cells, we detected a significant upregulation in the ex-
pression of genes involved in the cytotoxic activity of CTL and NK
cells, perforin, granzyme A, and granzyme B (Fig. 3F to H). Over-
all, our data suggest the initial induction of an IFN-�-producing
Th1 response orchestrated by the transcription factor Tbet and
executed by cytotoxic T cells.

Local gastric responses to H. pylori. H pylori colonizes mainly

FIG 1 Increase in circulating Th1 cells and IFN-� expression upon H. pylori infection. CD4� T cells expressing the T cell lineage-specific transcription factors
Tbet (Th1) (A), ROR�t (TH17) (C), and FOXP3 (iTreg, nTreg) (D) were detected by flow cytometry. IFN-� mRNA levels in PBMC were measured by qRT-PCR
(B). Data were derived from study 2. Symbols indicate statistical differences between either the H. pylori J99 (#)- or the SS1 (*)-infected group and the control
group and between the two infected groups (&); n � 8 or 9; data are means 
 standard errors of the means (SEM); P � 0.05.
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the stomach mucosa. To evaluate local immune responses, at the
end of the 60-day infection study, we performed a phenotypic
analysis of the leukocyte subsets present in different stomach re-
gions. Our data show significant accumulation of B cells in the
fundic and pyloric regions (Fig. 4A). There was an increased pres-
ence of SWC3� myeloid cells in the cardiac region and decreased
numbers in the pyloric region of SS1-infected pigs (Fig. 4B). We
also found increased numbers of CD4�FOXP3� T cells in the
cardiac region of SS1-challenged pigs and in the pyloric region of
SS1- and J99-infected pigs (Fig. 4D). The percentage of

CD4�ROR�t� cells, which would suggest the presence of IL-17-
producing cells, was increased in the pyloric and fundic regions of
infected pigs, irrespective of the strain (Fig. 4E). Finally, Tbet ex-
pression in CD8� T cells significantly increased in the cardia of
SS1-infected pigs and in the fundus of SS1- and J99-infected pigs
(Fig. 4F).

Similar to the findings in PBMCs and gastric lamina propria,
we also found elevated Tbet levels in CD8	� splenocytes upon
infection (Fig. 5A). Furthermore, the overall number of CD4� T
cells significantly increased in the spleen of both infected groups

FIG 2 T cells and B cells upregulate Tbet expression upon infection with H. pylori. Expression of Tbet was determined in peripheral T cells (CD3�), T helper cells
(CD4�), B cells (CD21�), and �� T cells (TCR���). Representative flow cytometry dot blots for uninfected and H. pylori J99- and SS1-infected pigs at day 42
postinfection of study 1 are presented. Numbers indicate the percentages of positive cells within the single cell population.
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(data not shown). More specifically, we detected a significant in-
crease in FOXP3- and ROR�t-expressing CD4� T cells (Fig. 5B).
A significantly elevated number of cultured splenocytes from SS1-
infected pigs secreted IFN-� upon reexposure to bacterial antigen
ex vivo compared to cells from noninfected controls (Fig. 5C). In
addition, we observed a trend for an increase in the number of
splenocytes secreting IL-17 only in the J99-infected group (Fig.
5D). The number of IL-17-secreting cells significantly increased
upon reexposure of cells isolated from GLN to H. pylori crude
antigen (Fig. 5E).

Persistence of H. pylori regardless of increased cytotoxic cell
populations. Reisolation of H. pylori from infected pigs was per-
formed at the end of the study. Overall, H. pylori SS1 was recov-
ered from the stomach of all pigs in that group, while H. pylori J99
could be reisolated from only 8 of 12 pigs. With regard to the level
of colonization for each of the 3 regions and 2 subregions (see Fig.
S1 in the supplemental material), we found that the percentage of
reisolation was consistently higher in the SS1-infected group than
in the J99 group, with the exception of the FA subregion, which
showed similar frequencies for the two strains (Fig. 6B). Micro-

scopic changes were present in the stomach of both infected
groups and were characterized by significant expansion and de-
velopment of organized lymphoid aggregates and diffuse leuko-
cytic infiltration. Both strains of H. pylori induced organized lym-
phoid tissue in the stomach mucosa, which was more
predominant in the cardiac region (Fig. 6A).

DISCUSSION

Although initially considered exclusively an extracellular bacte-
rium, H. pylori also exploits intracellular niches in its host (44).
Several studies have demonstrated that H. pylori can persist in
hepatocytes (45) and replicate in macrophages (46) and bone
marrow-derived dendritic cells (17) as well as gastric epithelial
cells in vitro, thus providing evidence for its role as a facultative
intracellular organism with the ability to reside, replicate, and suc-
cessfully evade antibiotic therapy within host cells (47). Recent in
vivo studies have further strengthened the role of H. pylori as an
intracellular pathogen in mice and humans. More specifically, H.
pylori not only was localized to murine gastric epithelial progeni-
tor cells (48) but also was identified in human tissue specifically

FIG 3 Increased circulating and functional cytotoxic cells upon H. pylori infection. Expression of Tbet was assessed in peripheral CTL (CD8	�) on day 42
postinfection (A) and over time (B). Representative flow cytometry dot blots for noninfected and H. pylori J99- and SS1-infected pigs are presented. Numbers
indicate percentages of positive cells within the single cell population (A). CTL (CD8	�) (C) and NK cells (CD3�CD8��) (E) were enumerated in PBMC over
time. Numbers of cells per ml of blood were calculated by applying the percentage of immune cells obtained by flow cytometry to the concentration of cells in
whole blood. The percentage of CD16-expressing CTL was assessed throughout the study (D). Gene expression levels of perforin (F), granzyme A (G), and
granzyme B (H) in PBMC were analyzed over time. Data were derived from study 2. Symbols indicate statistical differences between either the H. pylori J99 (#)-
or the SS1 (*)-infected group and the control group and between the two infected groups (&); n � 8 or 9; data are means 
 SEM; P � 0.05.
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residing within gastric epithelial cells, parietal cells, and lamina
propria macrophages (49, 50). In macrophages, some H. pylori
strains have the ability to prevent phagosome maturation, allow-
ing the bacterium to survive and replicate by escaping phagocytic
killing (51, 52). Furthermore, H. pylori has been found in gastric
lymph nodes, suggesting lymphatic dissemination (49). One re-
port described the systemic presence of H. pylori in peripheral
blood of an H. pylori-seropositive breast cancer patient with bac-
teremia (53), providing further in vivo evidence that H. pylori can
spread beyond the gastric mucosa invading other organs and tis-
sues.

Our findings that H. pylori elicits Th1 and CTL responses in a
novel pig model correlate well with its role as a facultative intra-
cellular pathogen. Greater numbers of circulating NK cells and
CTL characterized by increased CD16 surface expression have
been found in H. pylori-infected pigs. In concordance with this, we
found increased gene expression of CTL-associated factors in-
cluding granzyme A, granzyme B, and perforin upon H. pylori
infection.

Clinical and in vitro studies with human cells provide increas-
ing evidence that cytotoxic immune responses play a crucial role
in H. pylori pathogenesis. Sugita et al. (54) described a case report
on an H. pylori-infected woman with gastric peripheral T cell lym-
phoma characterized by elevated markers of cytotoxic cells such as
CD3, CD8, granzyme B, and perforin. It has also been demon-
strated that H. pylori-reactive CD8� T cells can be activated by B
cells and DC that have been pulsed with H. pylori antigens in vitro.
Furthermore, memory CD8� T cells sorted from peripheral blood
of H. pylori-infected individuals were highly responsive to H. py-

lori urease (55). Additionally, clinical studies in children have re-
vealed higher numbers of circulating CD8�CD45RO� and
CD4�CD45RO� memory as well as NK cells upon infection with
H. pylori (56).

Our data demonstrate for the first time an increase in circulat-
ing CTL and NK cells peaking on day 35 postinfection, which
coincides with increased IFN-� gene expression. NK cells have
been shown to secrete IFN-� upon stimulation with H. pylori ly-
sate and IL-12 in vitro (57), which is attributed to recognition of
the membrane-bound H. pylori lipoprotein HpaA by Toll-like re-
ceptor 2 (TLR2) (58). Lindgren et al. (59) recently identified a
subset of human CD8� NK cells residing in the gastrointestinal
tract, which exerted cytotoxic activity and, in contrast to the
CD8� NK cell subset, secreted IFN-� upon stimulation with H.
pylori lysates, thus providing strong evidence for the importance
of innate immune responses against H. pylori. We provide novel
evidence in support of the infiltration of cytotoxic cells in the
gastric mucosa of H. pylori-infected pigs, thus indicating a specific
role for these cell subsets in the host’s local immune response
toward the bacterium. Interestingly, while signatures of CTL have
been described in humans, mouse models of H. pylori have fo-
cused mainly on the balance between CD4� T cell phenotypes. In
addition, while it is well recognized that H. pylori induces a pre-
dominant Th1 response, the potential induction of cytotoxic re-
sponses has been only marginally addressed in the mouse model.
In support of the role of cytotoxic responses in the pathogenesis of
H. pylori-induced gastric disease, it was reported that mice defi-
cient in CD4� T cells developed severe gastritis following infec-
tion characterized by infiltration of CD8� T cells and B cells.

FIG 4 Infiltration of immune cells into the gastric lamina propria upon H. pylori infection. The phenotypes of lamina propria leukocytes within the pyloric,
cardiac, and fundus regions of the pig stomach were determined by flow cytometry. The percentages of B cells (CD21�) (A), myeloid cells (SWC3�) (B), T cells
(CD3�) (C), CD4� T cells expressing FOXP3 (D) or ROR�t (E), and CD8	�Tbet� T cells (F) were assessed in noninfected and H. pylori J99- and SS1-infected
pigs. Data were derived from study 2, and statistically significant differences are represented by an asterisk (*); n � 8 or 9; data are means 
 SEM; P � 0.05.
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Moreover, the authors suggest that the regulatory role of CD4� T
cells may be important for suppressing excessive or tissue-damag-
ing CD8� T cell responses (26). Thus, the mouse model does not
seem appropriate to study CD8� T cell responses to H. pylori.

The transcription factor Tbet was found to play a crucial role in
driving this cytotoxic response. We show a pronounced increase
in circulating and splenic Tbet-positive CD4� T cells, CTL, and B
cells, which further demonstrates the predominance of a Th1 im-
mune response upon H. pylori infection in pigs. Our CD4-specific

Tbet flow cytometry data indicate a dual wave of expression show-
ing a first peak at day 7 postinfection followed by a significant
upregulation starting at day 28 postinfection. The latter corre-
sponded to increased IFN-� gene expression starting between
days 21 and 28 postinfection. This was followed by increased ex-
pression of Tbet by CD8	� T cells on day 35 postinfection, sug-
gesting that CD8� T cell responses might be triggered by the up-
regulation of Tbet in CD4� T cells, corresponding to a Th1
response. Although Tbet has a unique role in orchestrating the

FIG 5 Increased Tbet expression in spleen and induction of cytokine secretion in cells from GLN and spleen upon reexposure to antigen. The percentages of
CD8	� Tbet� (A) and CD4� FOXP3� and CD4� ROR�t� T cells (B) were assessed in spleen of noninfected and H. pylori J99- and SS1-infected pigs. The
number of splenocytes secreting IFN-� (C) and IL-17 (D) and the number of cells from GLN secreting IL-17 (E) were analyzed by ELISpot. Cells from
noninfected and infected pigs were stimulated with whole-cell sonicated (WCS) bacterial antigen in vitro for 36 h. Cells treated with cRPMI alone served as
negative control. Data were expressed as fold of induction (FOI) to the negative control. Data were derived from study 2, and statistically significant differences
are represented by an asterisk (*); n � 8 or 9; data are means 
 SEM; P � 0.05.

FIG 6 Lesion development upon H. pylori infection and lack of bacterial clearance upon long-term infection with strain SS1. Representative images were taken
from hematoxylin- and eosin-stained specimens collected from the stomach regions cardiac B (CB) and pyloric A (PA) of noninfected and infected pigs at a
magnification of �10 (A). H. pylori J99 and SS1 were reisolated from 6 stomach locations (see Fig. S1 in the supplemental material) at 2 months postinfection.
Reisolation data from studies 1 and 2 were combined and expressed as percentages (B).
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differentiation of naive CD4� T cells into Th1 cells, it is also ex-
pressed in other cell types including NK cells, NKT cells, CTL,
dendritic cells, and B cells, thus affecting immunoregulation at
various levels of the immune response (60, 61). In mice, Tbet
expression in B cells has been associated with class switching from
the Th2-related isotypes IgG1 and IgE to the Th1-related isotype
IgG2a (61). In human B cells, an upregulation of Tbet expression
was caused by IL-27 (62), which has also been found responsible
for increased granzyme B expression by murine naive CD8� T
cells (63). Similar to Th1 cells, Tbet expression in mature B cells is
induced by IFN-�, thereby promoting a type 1-like cell fate (64). B
effector 1 cells can further promote Th1 differentiation by secret-
ing IFN-� and thereby also sustain their own development (65).
Thus, our findings that B cells upregulate Tbet expression upon
infection are in line with the observed increase in Th1 and CTL
responses.

Overall, the immune response to H. pylori and the mechanisms
that allow chronic colonization of the human gastric mucosa con-
tinue to be an enigma. The innate and adaptive responses do not
resolve the infection, and so far, antibiotic therapy has been the
only avenue to eradicate H. pylori. Several H. pylori-related factors
have been characterized as contributors to immune evasion. Spe-
cifically, H. pylori-derived �-glutamyl transpeptidase has been
shown to arrest antigen-activated T cells in the G1 phase of the cell
cycle (19). Furthermore, vacuolating cytotoxin (VacA) can be en-
docytosed into activated human primary T cells (66), where it
inhibits cell proliferation and thus the clonal expansion of H. py-
lori antigen-specific T cells (67). For this study, we used two dif-
ferent H. pylori strains: SS1 and J99. Both of them carry the patho-
genicity island cagPAI and vacA. However, strains SS1 and J99
carry different genetic variants of vacA, s2m2 and s1m1, respec-
tively. Recently, we described the whole genome of the cag-posi-
tive strain V225d, cultured from a Venezuelan Piaroa Amerindian
subject. Phylogenetic analysis of the host-interactive genes vacA
and cagA of strain V225d shows substantial divergence of Amer-
indian from Old World forms and indicates a new genotype (e.g.,
vacA m3) with potentially decreased cytotoxin activity (38). Vari-
ation in the vacuolating activity of H. pylori strains is associated
mainly with differences in the signal (s) and middle (m) regions of
the vacA gene. Strains bearing the s1m1 variants have been shown
to possess highest cytotoxin activity in vitro and have been associ-
ated with increased risk for gastroduodenal disease compared to
the s2 or m2 strains (40). s1 and s2 VacA isoforms also differ in
their ability to induce autophagosome formation by epithelial
cells. More specifically, s1 VacA binds to the low-density lipopro-
tein receptor-related protein-1 triggering reactive oxygen species-
induced autophagy (68). Compromised autophagy has been asso-
ciated with increased capacity of H. pylori to survive in the
intracellular environment (69). Interestingly, while both strains
induced systemic Th1 responses and caused an expansion in the
cytotoxic cell compartments, we found differences in their ability
to persist in the stomach mucosa. The increase in cytotoxic cell
populations did not correlate with reduced bacterial loads in SS1-
infected pigs, suggesting a possible tolerogenic mechanism coun-
teracting the cytotoxic response. Our reisolation results indicate
strain-specific differences in long-term colonization, whereby H.
pylori J99 shows diminished capacity to persist in the stomach
compared to H. pylori SS1. This might be in part related to more-
pronounced infiltration of CD4�FOXP3� T cells into the gastric
LP in SS1-infected pigs than in J99-infected pigs. In parallel to

bacterial reisolation data, the main histopathological finding of
this study is the development of large lymphoid aggregates in H.
pylori-infected pigs. Interestingly, the same types of lesions were
described in the stomachs of humans that were experimentally
infected with H. pylori, and these lesions were still detectable, al-
though of smaller size, after antibiotic therapy to eliminate the
bacteria (70).

The exact role of CD8� T cells and whether they contribute to
the depletion of H. pylori from the gastric mucosa deserve further
investigation. Findings from reisolation and histopathology sug-
gest that CD8� T cell responses elicited upon infection might be
ineffective in the elimination of bacteria but rather contribute to
tissue damage. Furthermore, the infiltration of regulatory cells
found in the stomach at least partially counteracts proinflamma-
tory responses and contributes to bacterial persistence. The eluci-
dation of the mechanisms of persistence is warranted in future
studies using pig models. The two strains had in common their
ability to induced cytotoxic responses. Of notable interest is the
identification of the antigenic determinants from H. pylori that are
recognized by CD8� T cells and the pathways involved in process-
ing and presentation of H. pylori antigens through the MHC-I
pathway. Here, we present the first pig model of H. pylori infection
that corroborates in an experimental setting that the predominant
Th1 response induced by the bacterium leads to the expansion of
cytotoxic cells, including CTL and NK cells. The hallmark of the
immune response to H. pylori in humans is the infiltration of Treg
cells, neutrophils, and Th1 cells (35). We have been able to repro-
duce these findings in our pig model, showing infiltration of my-
eloid cells and FOXP3� T cells, which suggests the presence of
Tregs in the gastric mucosa. Furthermore, our model shows a
strong systemic Th1 response followed by cytotoxic T cell re-
sponses. Similar to what occurs with H. pylori-mediated chronic
gastritis in humans, bacteria are able to persist in the pig stomach
but at the expense of lesion development. Recent studies have
attributed a crucial role to cytotoxic cells in H. pylori-mediated
pathology (22–24). While the role of CD8� T cells in mouse mod-
els of H. pylori has been studied only with immunodeficient mice
lacking CD4� T cells (25, 26), our pig model provides a more
suitable in vivo system to study cytotoxic immune responses to-
ward H. pylori observed in humans and an ideal setting for testing
new therapeutic approaches.
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