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CD4� T cells have been shown to be essential for vaccine-induced protection against Helicobacter pylori
infection in mice. Less is known about the relative contributions of individual cell subpopulations, such as Th1
and Th17 cells, and their associated cytokines. The aim of the present study was to find immune correlates to
vaccine-induced protection and further study their role in protection against H. pylori infection. Immunized
and unimmunized mice were challenged with H. pylori, and immune responses were compared. Vaccine-induced
protection was assessed by measuring H. pylori colonization in the stomach. Gastric gene expression of Th1-
and/or Th17-associated cytokines was analyzed by quantitative PCR, and contributions of individual cytokines
to protection were evaluated by antibody-mediated in vivo neutralization. By analyzing immunized and unim-
munized mice, a significant inverse correlation between the levels of interleukin-12p40 (IL-12p40), tumor
necrosis factor alpha (TNF), gamma interferon (IFN-�), and IL-17 gene expression and the number of H. pylori
bacteria in the stomachs of individual animals after challenge could be demonstrated. In a kinetic study,
upregulation of TNF, IFN-�, and IL-17 coincided with vaccine-induced protection at 7 days after H. pylori
challenge and was sustained for at least 21 days. In vivo neutralization of these cytokines during the effector
phase of the immune response revealed a significant role for IL-17, but not for IFN-� or TNF, in vaccine-
induced protection. In conclusion, although both Th1- and Th17-associated gene expression in the stomach
correlate with vaccine-induced protection against H. pylori infection, our study indicates that mainly Th17
effector mechanisms are of critical importance to protection.

Helicobacter pylori infects the stomachs of approximately
half of the world’s population, thereby constituting a global
health problem. Although the majority of H. pylori-infected
individuals remain asymptomatic, H. pylori infection is the
cause of severe disease such as peptic ulcers or gastric cancer
in 10 to 20% of infected individuals (17). The current treat-
ment based on antibiotics and a proton pump inhibitor is, when
available, usually effective, but it is also associated with several
disadvantages such as poor patient compliance, increasing de-
velopment of antibiotic-resistant strains, high costs of treat-
ment, and no protection against reinfection (17, 23). There-
fore, the development of a vaccine remains an attractive
approach for the global control of H. pylori infection.

Infection with H. pylori is associated with an infiltration of
neutrophils, macrophages, eosinophils, and lymphocytes to the
site of inflammation, mediated through the induction of cyto-
kines and chemokines (21, 36). Despite a local accumulation of
immune cells, the infection is rarely cleared spontaneously.
Several studies of vaccination against H. pylori infection in
animal models have reported measurable protection, resulting
in reduction of the bacterial load in the stomach. Protection

has been reported after both prophylactic and therapeutic im-
munization with H. pylori antigens, most often using cholera
toxin (CT) as a mucosal adjuvant (reviewed in reference 40).
Although it is known from these models that the ability to clear
H. pylori infection is associated with gastritis (3, 6, 10, 28),
immune correlates to vaccine-induced protection remain
poorly defined (2), which is a major limitation to further de-
velopment of a vaccine for human use.

An indispensable role for CD4� T cells in protection against
H. pylori infection has clearly been shown in mice (7, 26).
Studies in IFN-��/� mice have identified gamma interferon
(IFN-�)-producing Th1 cells as an important subpopulation of
CD4� T cells responsible for conferring protection against H.
pylori infection in immunized animals (3, 32, 33). More recent
studies have also indicated a major role for interleukin-17
(IL-17)-producing Th17 cells as a mediator for vaccine-induced
protection, acting via chemokine induction in the stomach and
subsequent attraction of neutrophils (6, 41). Furthermore, sev-
eral proinflammatory cytokines have been shown to be involved
in protection against H. pylori in primary-infected mice and/or in
immunized mice after H. pylori challenge (3, 4, 9, 33, 41, 42).
However, the identification of these cytokines is based mainly on
experiments performed with gene knockout mice, and in these
mice it is not possible to separate the contributions of the specific
cytokine during the induction and the effector phase of an im-
mune response. A comparison of the relative contributions of
IFN-� and IL-17, the hallmark cytokines of Th1 and Th17 cells,
respectively, to protection is also lacking.
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In the present study we have examined gene expression of
cytokines suggested to be important for protection against H.
pylori infection in the stomachs of immunized and unimmu-
nized mice. Increased mRNA levels of IL-12p40, tumor necro-
sis factor alpha (TNF), IFN-�, and IL-17 were found to be
strongly correlated with reduced bacterial numbers in the
stomachs of mice after challenge with live H. pylori bacteria.
Expression of the last three cytokines was elevated at 1 week
after challenge in immunized mice compared to unimmunized
mice, which was also the earliest time point when vaccine-
induced protection was observed. In vivo neutralization of
these cytokines with specific antibodies confirmed a significant
role for IL-17, but not for IFN-� or TNF, in vaccine-induced
protection.

MATERIALS AND METHODS

Animals. Female 6- to 8-week-old C57BL/6 mice were purchased from Ta-
conic and housed in microisolators at the Laboratory for Experimental Biomed-
icine, University of Gothenburg, during the study. All experiments were ap-
proved by the ethical committee for animal experiments (Gothenburg, Sweden).

Preparation of antigens for immunization. Mice were immunized with three
different antigen preparations. (i) A preparation of lysed bacteria (here referred
to as lysate) of a clinical isolate of H. pylori bacteria (strain Hel 305, CagA�

VacA�) was prepared as previously described (30), and the protein content was
determined using the Noninterfering Protein Assay kit (Calbiochem, San Diego,
CA). To reduce the volume for sublingual immunization, the lysate was freeze-
dried in appropriate doses and reconstituted immediately before administration
to the mice. (ii) To prepare formalin-inactivated bacteria, the N4830-I-pML-
�PL–hpaA strain (a recombinant Escherichia coli strain expressing HpaA upon
incubation at 42°C) was cultured at 30°C in Luria-Bertani broth (BD Biosciences,
San José, CA) containing ampicillin (100 �g/ml) to an optical density at 600 nm
(OD600) of 0.5 and subsequently induced for 3 h by raising the temperature to
42°C to allow high expression of HpaA. The bacteria (here referred to as E.
coli-HpaA) were collected, inactivated in 1% formalin for 1 h at 37°C, and
washed in phosphate-buffered saline (PBS). (iii) Recombinant HpaA (rHpaA)
was purified from the induced N4830-I-pML-�PL–hpaA strain according to the
protocol described by Sutton et al. with some modifications (39). Briefly, after
lysis of the cells, two rounds of Triton X-114 extraction and further purifi-
cation by application of the heavy detergent phase to a Resource Q column
(GE Healthcare Life Sciences, Uppsala, Sweden) were performed. Thereaf-
ter, the HpaA-containing fractions were loaded onto a gel filtration column
(Superdex200 16/60; GE Healthcare). The resulting rHpaA preparation was
concentrated, and the purity was checked by SDS-PAGE before storage at
�20°C until use.

Cultivation of H. pylori used for challenge. The mouse-adapted H. pylori
Sydney strain 1 (SS1) (CagA� VacA� Ley) was cultured on Colombia isoagar
plates under microaerophilic conditions (10% CO2, 6% O2, 84% N2) for 2 days.
One part of the culture on plates was then transferred to 25 ml of brucella broth
(BD Biosciences) for infection of mice as described previously (30). To calculate
the infectious dose given to the mice, serial dilutions of the broth culture were
plated on horse blood agar plates and the CFU were counted after 6 to 7 days of
incubation.

Immunization and infection of mice. Mice were immunized according to four
different protocols: (i) prophylactic immunization consisting of four weekly
500-�g doses of H. pylori lysate given sublingually, (ii) prophylactic immunization
consisting of four weekly 500-�g doses of H. pylori lysate and 10 �g CT given
sublingually, (iii) prophylactic immunization consisting of two biweekly 25-�g
doses of rHpaA given intragastrically, and (iv) therapeutic immunization con-
sisting of two biweekly doses of 109 formalin-inactivated E. coli-HpaA bacteria
and 10 �g CT given intragastrically. Sublingual immunizations were given in 10
�l under the tongue using a micropipette, while intragastric immunizations were
given in 300 �l containing 3% sodium bicarbonate and placed directly into the
stomach using a feeding needle. Prophylactically and therapeutically immunized
mice were challenged with 3 � 108 H. pylori SS1 bacteria at 2 weeks after or 2
weeks before the immunization protocol, respectively.

In vivo neutralization of cytokines. Mice were immunized sublingually with H.
pylori lysate and CT and challenged as described above. To inhibit TNF, IFN-�,
or IL-17 during the effector phase of the immune response, the mice were
injected intraperitoneally with 500 �g of either anti-TNF neutralizing antibody

(clone XT3.11), anti-IFN-� neutralizing antibody (clone R4-6A2) (both pur-
chased from Bio X Cell, West Lebanon, NH), anti-IL-17A neutralizing antibody
(clone JL7.1D10) (Merck Research Labs, Palo Alto, CA), or purified rat IgG
control antibody (Sigma, St. Louis, MO) on days 5, 8, and 11 after challenge.
Some mice received a combination of anti-IFN-� and anti-IL-17A neutralizing
antibodies. The dose of neutralizing antibodies chosen for injection was based on
previous studies that have demonstrated an effect of neutralization (13, 27, 34,
41). Two weeks after challenge, the mice were sacrificed.

Quantitative culture of H. pylori SS1 from the stomachs of mice. To determine
the bacterial colonization in the stomach, mice were killed and one half of the
stomach was homogenized in brucella broth (BD Biosciences) using a tissue
homogenizer (Ultra Turrax; IKA Laboratory Technologies, Staufen, Germany).
Serial dilutions of the homogenates were plated on Helicobacter selective plates
as previously described (30). After 7 days under microaerophilic conditions,
visible colonies were counted based on typical colony morphology of H. pylori.

Cytokine gene expression in whole stomach tissue. RNA isolation. The stom-
ach was excised and dissected along the greater curvature, and any loose stomach
contents were removed by a wash in PBS. Two longitudinal strips including the
antrum and the corpus were cut and placed directly into RNAlater (Qiagen,
Hilden, Germany). The samples were kept at 4°C for 2 days before storage at
�70°C until further use. For homogenization, the tissue was transferred to RLT
lysis buffer (Qiagen) and treated for 2 min at 30 Hz using a Tissue Lyser II
(Qiagen). Total RNA was extracted using the RNeasy mini-isolating kit (Qiagen)
according to the description of the manufacturer. The RNA was stored at �70°C
until further analyzed.

Quantitative PCR. A total of 2 �g RNA per sample was converted into cDNA
using the Omniscript kit (Qiagen) according to the instructions of the manufac-
turer and diluted with H2O. All PCRs were run in 96-well plates by mixing cDNA
with 10 �l 2� Power SYBR green master mix (Applied Biosystems, Carlsbad,
CA) and 1 �l oligonucleotide primers (Eurofins MWG Operon, Ebersberg,
Germany) (Table 1) in a total volume of 20 �l. Standard amplification conditions
described for the 7500 real-time PCR system were used. The reactions were run
in duplicates, and �-actin was used as the reference gene in all experiments. The
difference between the target gene and the �-actin reference gene (�CT) was
used to measure the relative amounts of the different transcripts using the
formula 2�CT. Statistical analysis and normalization were performed using the
�CT data.

Detection of IFN-� protein in extracts of stomach tissue. A longitudinal strip
of the stomach was weighed before incubation in PBS containing 2% saponin
(Sigma), 100 �g/ml soybean trypsin inhibitor (Sigma), 350 �g/ml phenylmethyl-
sulfonyl fluoride (Sigma), 50 mM EDTA, and 0.1% bovine serum albumin
(Sigma) overnight at 4°C. The suspension was centrifuged at 13,000 � g for 10
min. The IFN-� concentration in the supernatant was determined using a cyto-
metric bead array kit (BD Biosciences).

Statistical analyses. One-way analysis of variance (ANOVA) and Student’s t
test were used to evaluate differences between groups and Pearson’s test was
used to evaluate correlation, using the GraphPad Prism software (GraphPad
Software Inc., San Diego, CA).

RESULTS

Different immunization regimens confer various levels of
protection against H. pylori infection. The main objective of
this study was to find immune correlates to vaccine-induced
protection against H. pylori infection in a well-established
mouse model. A statistically significant reduction in the bac-
terial loads in the stomachs of immunized compared to unim-
munized mice after challenge with an infectious dose of H.
pylori was regarded as a measure of protection (30). In order to
test correlation of cytokine gene expression in the stomach to
the bacterial load, it is advantageous to analyze mice in which
different levels of protection have been induced. Therefore,
four different immunization regimens that in preliminary stud-
ies had resulted in markedly different protection levels were
carried out. The protocols differed with regard to antigens, use
of adjuvant, and/or route and timing of vaccination.

As expected, the different immunization regimens induced
different levels of protection against H. pylori infection when
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the bacterial loads in the stomachs were compared to those in
control infected, unimmunized mice (Fig. 1). The strongest
protection (250-fold reduction in bacterial load) was observed
after prophylactic immunization with H. pylori lysate and CT
sublingually (P 	 0.001). This effect was completely dependent
on the presence of CT as an adjuvant, since no protection was
seen in mice immunized with H. pylori lysate alone. Immuni-
zation with nonadjuvanted rHpaA induced significant protec-
tion against H. pylori infection (13-fold reduction in bacterial
load, P 	 0.05), indicating potent immunogenicity of the re-
combinant protein. Finally, although not statistically signifi-
cant, a trend toward decreased bacterial load was also seen in

mice therapeutically immunized with formalin-killed E. coli-
HpaA and CT compared to unimmunized infected animals.

Protection against H. pylori infection correlates with proin-
flammatory cytokine gene expression in the stomach. Stomach
tissue from the animals presented in Fig. 1 was preserved in
RNAlater, and real-time PCR analysis was carried out in order
to determine cytokine mRNA levels. TNF, IL-12p40, IFN-�,
IL-17, and IL-18 were investigated, since they have been sug-
gested to be important for protection against H. pylori infection
based on studies with mice lacking these specific cytokines (3,
4, 9, 33, 41, 42).

The highest expression of TNF, IL-12p40, IFN-�, and IL-17
was detected in animals with the lowest number of bacteria in
the stomach, and a significant inverse correlation between gas-
tric cytokine gene expression and bacterial numbers in the
stomach was seen for these cytokines (Fig. 2). No inverse
correlation between expression of IL-18 and bacterial numbers
in the stomach was detected; instead, there was tendency for
high IL-18 expression to be associated with high bacterial num-
bers in the stomach (Fig. 2). In addition, we observed, probably
as a consequence of and an attempt to balance the induced
proinflammatory response, an increased expression of the anti-
inflammatory cytokines IL-10 and transforming growth factor
� (TGF-�) in immunized protected mice, which inversely cor-
related with H. pylori colonization (data not shown).

At the protein level, IL-12p40 can pair with either IL-12p35
or IL-23p19 to form the biologically active cytokines IL-12 and
IL-23, respectively. Therefore, IL-12p35 and IL-23p19 gene
expression in the stomach was additionally analyzed. Both IL-
12p35 and IL-23p19 transcripts were detected in the stomach
tissue, but no significant increase in expression level was seen
in immunized and challenged mice compared to unimmunized
control infected mice for either of the genes. Hence, no cor-
relation between IL-12p35 or IL-23p19 mRNA expression and
bacterial colonization was detected (data not shown).

In accordance with the essential role for CD4� T cells in
protection against H. pylori, we also found an inverse correla-
tion between CD4 gene expression and H. pylori colonization
in the stomach (Fig. 2).

TABLE 1. Oligonucleotide primers used for quantitative PCR

Gene
Primer sequence

Forward Reverse

TNF 5
-TGGCCTCCCTCTCATCAGTTC-3
 5
-GCTACAGGCTTGTCACTCGAATTTT-3

IFN-� 5
-TTTAACTCAAGTGGCATAGATGTGGAA-3
 5
-ATCTGGCTCTGCAGGATTTTCA-3

IL-17A 5
-CCGCAATGAAGACCCTGATAGA-3
 5
-TCATGTGGTGGTCCAGCTTTC-3

IL-18 5
-CCAGCATCAGGACAAAGAAAGC-3
 5
-TCTGACATGGCAGCCATTGTT-3

IL-12p40 5
-GCACGGCAGCAGAATAAATATGAG-3
 5
-TTCAAAGGCTTCATCTGCAAGTTC-3

IL-12p35 5
-GGGACCAAACCAGCACATTG-3
 5
-GCTCCCTCTTGTTGTGGAAGAAG-3

IL-23p19 5
-ATGCACCAGCGGGACATATG-3
 5
-TTGTGGGTCACAACCATCTTCA-3

IL-10 5
-CATTTGAATTCCCTGGGTGAGA-3
 5
-TGCTCCACTGCCTTGCTCTT-3

TGF-� 5
-CACCGGAGAGCCCTGGATA-3
 5
-TTCCAACCCAGGTCCTTCCTAA-3

CXCL2 5
-CTTCAAGAACATCCAGAGCTTGAGTGT-3
 5
-CCCTTGAGAGTGGCTATGACTTCTGT-3

CXCL5 5
-CCGCTGGCATTTCTGTTGCT-3
 5
-GCAGCTCCGTTGCGGCTAT-3

CXCR2 5
-CAAGCCTTGAGTCACAGAGAGTTG-3
 5
-CTTTGAGGTAAACTTAATCCTGCAGTAG-3

CXCL10 5
-ATATCGATGACGGGCCAGTGA-3
 5
-TTTCATCGTGGCAATGATCTCA-3

CXCR3 5
-CACCAGCCAAGCCATGTACCT-3
 5
-GGTGCTGTTTTCCAGAAGAAAGG-3

CD4 5
-ACTGGTTCGGCATGACACTCT-3
 5
-TCCGCTGACTCTCCCTCACT-3

�-Actin 5
-CTGACAGGATGCAGAAGGAGATTA-3
 5
-GCCACCGATCCACACAGAGT-3


FIG. 1. Different immunization regimens afford different degrees
of protection against H. pylori infection. Mice were immunized sublin-
gually with H. pylori lysate (Ly) with or without CT adjuvant or intra-
gastrically with HpaA, either as a purified protein alone (rHpaA) or
delivered by formalin-killed E. coli, induced to express the antigen,
together with CT (E. coli-HpaA � CT). The last formulation was given
after whereas the other three formulations were given before challenge
with an infectious dose of H. pylori bacteria. Unimmunized (UI) mice
challenged with live H. pylori bacteria served as infection controls. At
4 to 6 weeks after challenge, live H. pylori in the stomach was assessed
by quantitative culture and expressed as CFU per stomach. Data are
shown as mean values for groups of five to seven animals, and error
bars represent standard errors of the means (SEM). Significant de-
creases in bacterial load compared to UI mice, as assessed by one-way
ANOVA with Dunnett’s posttest, are denoted by * (P 	 0.05) and ***
(P 	 0.001) (overall P 	 0.0001).

VOL. 79, 2011 IMMUNE CORRELATES TO H. PYLORI PROTECTION 881



In immunized mice, time course analysis reveals that pro-
tection against H. pylori infection coincides with enhanced
cytokine gene expression in the stomach. To study in greater
detail the gene expression in the stomach of cytokines that
correlated with protection, a kinetic study was performed in
which unimmunized mice and mice sublingually immunized
with H. pylori lysate and CT were analyzed at 3, 7, 14, and 28
days after H. pylori challenge in order to determine when
cytokines associated with protection against H. pylori infection
are elevated. When examined 3 days after challenge, no pro-
tection against H. pylori infection was evident in the immunized
mice. At day 7 and day 14, similar levels of protection were
observed: 3- and 6-fold decreases (P 	 0.05) in bacterial load
compared to that in unimmunized control infected mice, re-
spectively (Fig. 3A). Vaccine-induced protection increased to a
300-fold reduction in bacterial load at 28 days after challenge
(P 	 0.01) (Fig. 3A).

The gene expression of the cytokines TNF, IL-12p40, IFN-�,
and IL-17 largely paralleled the kinetics seen for protection.
No significant differences in expression were seen between
immunized and unimmunized mice at 3 days after H. pylori
challenge (Fig. 3B). At day 7, the first time point when a
vaccine-induced effect on the bacterial load in the stomach was
observed, a simultaneous and significant elevation in TNF,
IFN-�, and IL-17 gene expression was observed in immunized
mice compared to unimmunized mice (Fig. 3B). The upregu-
lation of TNF, IFN-�, and IL-17 genes was sustained during
the whole experiment (Fig. 3B). The gastric gene expression of
IL-12p40 was also upregulated in the immunized mice com-
pared to the unimmunized mice at 28 days after H. pylori
challenge, but in contrast to results for TNF, IFN-�, and IL-17,

no significant upregulation was observed at earlier time points
(Fig. 3B).

It is also striking to note that upregulation of the proinflam-
matory cytokines was dependent on the combination of immu-
nization and H. pylori challenge, since neither immunized mice
sacrificed before challenge nor unimmunized infected mice
sacrificed 28 days after challenge showed any significant dif-
ferences in gastric gene expression of IL-12p40, TNF, IFN-�,
or IL-17 compared to naïve mice (Fig. 4).

Neutralization of IL-17 has a significant impact on vaccine-
induced protection against H. pylori. Given the correlation in
both magnitude and time course between increases in TNF,
IFN-� and IL-17 gene expression in the stomach and vaccine-
induced protection, we sought to evaluate the effect of block-
ing these cytokines on the level of protection. Unimmunized
and sublingually immunized (with H. pylori lysate plus CT)
mice were injected intraperitoneally with neutralizing antibod-
ies against either of the cytokines or, alternatively, with a
combination of antibodies neutralizing IFN-� and IL-17 on
days 5, 8, and 11 after challenge with H. pylori. Mice were
sacrificed at day 14 after challenge, a time point when we have
earlier observed a vaccine-induced effect on the bacterial load
in the stomach.

In unimmunized infected mice, treatment with neutralizing
antibodies against TNF or IFN-� did not significantly influence
the bacterial load in the stomach compared to treatment with
control IgG, while anti-IL-17 treatment resulted in a 3-fold
increase in the colonization (P 	 0.05), indicating a role for
IL-17 in controlling initial H. pylori colonization (data not
shown).

In immunized mice, neutralization of IL-17 resulted in a

FIG. 2. The gene expression of proinflammatory cytokines in the stomach correlates with protection against H. pylori infection. CFU per
stomach are shown, expressed on a log10 scale and plotted against the relative amounts of TNF, IL-12p40, IFN-�, IL-17, IL-18, and CD4 transcripts
in the stomach at 4 to 6 weeks after the challenge with an infectious dose of H. pylori. The plots represent data from individual mice from the
different groups presented in Fig. 1 (three mice per group). For each gene, the expression values were normalized so that the lowest value was set
to 1. Correlation was evaluated by Pearson’s test, and r and P values are indicated in each plot.
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significant 5-fold increase in H. pylori colonization compared to
that in mice injected with control IgG (P 	 0.05) (Fig. 5).
Neutralization of IFN-� or TNF, on the other hand, did not
have any impact on the bacterial load, and when IFN-� and
IL-17 were neutralized simultaneously, no further increase in
bacterial load was observed compared to when IL-17 alone was
neutralized (Fig. 5). In summary, our results suggest an impor-

tant role for IL-17, but not for TNF or IFN-�, in vaccine-
induced protection against H. pylori.

Neutralization of IL-17 promotes Th1 responses in the stom-
achs of immunized mice after H. pylori challenge. Previous
studies have shown an intricate interplay between IL-17-pro-
ducing Th17 cells and IFN-�-producing Th1 cells in vivo (14,
16, 24, 25). It is also known that IL-17 is important for recruit-
ment of neutrophils to mucosal tissue through induction of
chemokine expression (6). We therefore studied gene expres-
sion associated with neutrophil chemoattraction and Th1 re-
sponses in the stomachs of sublingually immunized and IL-17-
neutralized mice at 14 days after H. pylori challenge.

The results showed that expression of the neutrophil che-
moattractant CXCL5 (P 	 0.001) and the corresponding re-
ceptor CXCR2 (P 	 0.01) was decreased in IL-17-neutralized
animals compared to mice injected with control IgG (Fig. 6).
This indicated that the neutralization led to an interference
with IL-17-mediated neutrophil recruitment to the stomach.

We next studied how Th1-associated responses were influ-
enced by IL-17 neutralization. Increases in the expression of
CD4 (P 	 0.01), the Th1 chemoattractant CXCL10 (P 	
0.001), and CXCR3 (the CXCL10 receptor) (P 	 0.05) were
detected in mice treated with anti-IL-17 (Fig. 6). These results
might represent an increased infiltration of Th1 cells to the
stomach in these animals. In support of an amplified Th1 re-
sponse, there was also an increased expression of IFN-�, both
mRNA (P 	 0.01) and protein (P 	 0.05), in the stomachs of
IL-17-neutralized mice (Fig. 6).

FIG. 3. Time course analysis reveals that cytokine gene expression
in the stomachs of mice coincides with protection against H. pylori
infection after sublingual immunization. Mice were immunized sublin-
gually with H. pylori lysate and CT on four occasions at weekly intervals
and challenged with an infectious dose of H. pylori bacteria 2 weeks
later (Ly � CT). Unimmunized mice challenged at the same time
served as infection controls (UI). The mice were sacrificed at days 3, 7,
14, and 28 postchallenge. (A) Live H. pylori bacteria in the stomach
were assessed by quantitative culture. A ratio (UI versus Ly � CT) was
calculated for each time point and expressed as a protection factor.
(B) Real-time PCR analysis of TNF, IL-12p40, IFN-�, and IL-17 was
performed on stomach tissue from the same mice presented in panel A
to determine cytokine transcript levels. The fold change (Ly � CT
versus UI) was calculated for each time point and gene. Data are
representative of two independent experiments and shown as mean
values for groups of five to seven animals; error bars represent SEM.
Significant protection (i.e., a decrease in bacterial load) (A) and in-
crease in gene expression (B) in immunized mice compared to the
corresponding unimmunized mice, as assessed by Student’s t test, are
denoted by * (P 	 0.05), ** (P 	 0.01), and *** (P 	 0.001).

FIG. 4. Immunization or infection on its own does not induce
proinflammatory gene expression in the stomach. Gene expression was
measured in mice immunized sublingually with H. pylori lysate together
with CT before challenge with live H. pylori bacteria (Ly � CT b.c.) as
well as in unimmunized infected mice (UI) at day 28 postchallenge and
compared to the basal gene expression detected in naïve animals. The
mean level of the different transcripts was set to 1 in the naïve group
for each gene. Pooled data from two independent experiments are
shown as mean values for groups of five to nine animals; error bars
represent SEM. No significant differences were detected for any of the
investigated genes.
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DISCUSSION

It is well documented that CD4� T cells, in contrast to
CD8� T cells and B cells, are essential for vaccine-induced
protection against H. pylori in mice (7). Here we have exam-
ined cytokines associated with CD4� Th1 and/or Th17 re-
sponses and compared their contributions to vaccine-mediated
protection. Our results demonstrate that increased expression
levels of IL-12p40, TNF, IFN-�, and IL-17 in the stomach
correlate strongly with reduced H. pylori colonization. Al-
though the upregulation of TNF, IFN-�, and IL-17 in immu-
nized mice coincides with vaccine-induced protection, our
studies on in vivo neutralization of these cytokines clearly favor
a function for IL-17 over IFN-� and TNF in immune protec-
tion.

Our report is the first in which cytokine levels in the stomach
have been shown to correlate with protection against H. pylori
infection. Garhart et al. have previously demonstrated an as-
sociation between increased expression of proinflammatory cy-
tokine genes and vaccine-induced protection (9). In their study
a quantitative correlation analysis of mRNA abundance in the
stomach and H. pylori bacterial load was not possible, since the
individual mice were broadly categorized as protected or non-
protected and the gene expression analysis was performed by
conventional and not quantitative PCR. In our study, the
strong correlation between enhanced IL-12p40, TNF, IFN-�,
and IL-17 gene expression and reduced bacterial load in the
stomach was evident irrespective of antigens and immunization
routes used, suggesting a common mechanism of immune pro-
tection against H. pylori infection.

Our study also clearly shows that a combination of immuni-

zation and challenge with H. pylori is necessary to enhance
proinflammatory and protective immune responses in the
stomach. Priming of the immune response to H. pylori antigens
takes place in draining lymph nodes, i.e., cervicomandibular
lymph nodes in the case of sublingual immunization (29) and
mesenteric lymph nodes after intragastric immunization. Fur-
thermore, activation of the endothelium after H. pylori infec-
tion (15, 29) would facilitate the migration of vaccine-induced
lymphocytes from the lymph nodes to the stomach via the
circulation. A study of volunteers orally vaccinated against
cholera showed that H. pylori infection is necessary to attract
vaccine-specific lymphocytes to the gastric mucosa (20). Im-
mune cells induced by vaccination probably undergo further
expansion in response to H. pylori components in the stomach,
resulting in a local increase of proinflammatory cytokines as
seen in our study. H. pylori infection in the stomach thus
creates a milieu favoring and enhancing recruitment of vac-
cine-specific cells to the stomach and subsequent cytokine
responses. The major source of TNF, IFN-�, and IL-17 in
immunized and infected mice is most likely infiltrating antigen-
specific CD4� T cells, whereas antigen-presenting cells (APC),
after interaction with CD4� T cells at the effector site, may
account for the subsequent upregulation of IL-12p40. An al-
ternative early source of IL-17 might also be innate lymphoid
cells (5, 38). The innate IL-17-producing cells include �� T
cells, which have been shown to be increased in the gastric
mucosae of patients with severe H. pylori gastritis (8).

The strong upregulation of TNF, IL-12p40, IFN-�, and IL-
17, cytokines associated with Th1 and/or Th17 responses, in
immunized and H. pylori-infected mice seen in our study indi-
cates an ability to mount gastric immune responses of both the
Th1 and Th17 types concurrently in these animals. Elevated
levels of these cytokines in the stomach mucosae of H. pylori-
infected patients have also been reported (12, 18, 19). Al-
though reciprocal inhibition between Th1 and Th17 cells has
been reported (11, 22), a simultaneous induction of Th1 and
Th17 responses is necessary under certain circumstances for
either of the cell populations to exert its functions. For in-
stance, in a mouse model of multiple sclerosis, autoreactive
Th17 cells have been shown to be dependent on Th1 cells to
enter the central nervous system (24), while conversely, pro-
tective Th1 responses induced by Mycobacterium bovis BCG
vaccination have been shown to be dependent on the presence
of memory Th17 cells (14). There is also the possibility that
IFN-� and IL-17, the signature cytokines of Th1 and Th17
responses, respectively, are produced by the same cells in the
stomach mucosa, since such a subpopulation of T cells has
been observed in both mice and humans (1, 37).

To our knowledge, the current study is the first where the
contributions of both IL-17 and IFN-� to protection against H.
pylori have been addressed. In agreement with earlier reports,
we found IL-17 to be of importance for vaccine-induced pro-
tection (6, 41). Our study shows that IL-17 neutralization re-
sults in an increase in H. pylori colonization, both in immunized
and in unimmunized infected mice. This is in contrast to the
decreased H. pylori colonization recently observed in unimmu-
nized IL-17�/� mice (34, 35). Apart from the different chal-
lenge strains used, the increased contribution of compensatory
protective mechanisms in knockout mice compared to animals
treated with neutralizing antibodies postchallenge might ex-

FIG. 5. Neutralization of IL-17 has a significant impact on H. pylori
colonization in the stomachs of immunized mice. Mice were either
immunized sublingually with H. pylori lysate and CT on four occasions
(Ly � CT) or left unimmunized (UI) before challenge with an infec-
tious dose of H. pylori bacteria. The mice were injected with the
different neutralizing monoclonal antibodies or an IgG isotype control
(IgG), as indicated, at days 5, 8, and 11 postchallenge and sacrificed at
day 14. CFU per stomach was calculated, and values were normalized
to the UI infection control group treated with isotype control antibody,
in which the mean value was set to 100%. Pooled data from three
independent experiments are shown; dots and horizontal bars repre-
sent individual and mean values, respectively. A significant increase in
H. pylori colonization compared to the Ly � CT control, as assessed by
one-way ANOVA with Dunnett’s posttest, is denoted by * (P 	 0.05)
(overall P 	 0.05).
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plain the discrepancy in the results. IFN-� has also, based on
experiments conducted with knockout mice, been suggested to
play a role in immune protection against H. pylori infection (3,
33); such a role for IFN-� could not be validated in our study
by neutralizing the cytokine during the effector phase. It should
be noted, however, that studies using IFN-��/� mice have
generated conflicting data with regard to the role of IFN-� in
vaccine-induced protection against H. pylori (3, 9, 31–33). Pro-
tection in immunized mice has been shown in the different
studies to be totally, partially, or not dependent on IFN-�,
which is puzzling since identical or very similar animal models
were used. In addition, the in vivo neutralization of IL-17 in the
present study tends to further question IFN-� as a key player
in protection against H. pylori infection, since the ability to
fight the infection was significantly dampened in these animals
even though the local Th1 response was enhanced. However,

this does not rule out the possibility that IFN-� responses are
needed during the priming and/or early effector phase in order
to achieve efficient Th17 responses that eventually lead to re-
duction of H. pylori burden.

In conclusion, although a strong correlation between pro-
tection against H. pylori infection and enhanced expression of
several proinflammatory cytokines locally in the stomach was
seen, our study specifically identifies IL-17 as a crucial effector
cytokine for the vaccine-induced immune responses.
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