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Abstract
The human gastric pathogen Helicobacter pylori (H. pylori) is a successful colonizer of the

stomach. H. pylori infection strongly correlates with the development and progression of

chronic gastritis, peptic ulcer disease, and gastric malignances. Vaccination is a promising

strategy for preventing H. pylori infection. In this study, we evaluated the candidate antigens

heat shock protein A (HspA) and H. pylori γ-glutamyl transpeptidase (GGT) for their effec-

tiveness in development of subunit vaccines against H. pylori infection. rHspA, rGGT, and

rHspA-GGT, a fusion protein based on HspA and GGT, were constructed and separately

expressed in Escherichia coli and purified. Mice were then immunized intranasally with

these proteins, with or without adjuvant. Immunized mice exhibited reduced bacterial coloni-

zation in stomach. The highest reduction in bacterial colonization was seen in mice immu-

nized with the fusion protein rHspA-GGT when paired with the mucosal adjuvant LTB.

Protection against H. pylori colonization was mediated by a strong systemic and localized

humoral immune response, as well as a balanced Th1/Th2 cytokine response. In addition,

immunofluorescence microscopy confirmed that rHspA-GGT specific rabbit antibodies

were able to directly bind H. pylori in vitro. These results suggest antibodies are essential to

the protective immunity associated with rHspA-GGT immunization. In summary, our results

suggest HspA and GGT are promising vaccine candidates for protection against H. pylori
infection.

Introduction
Helicobacter pylori (H. pylori), a spiral-shaped gram negative bacterium that colonizes the
stomach of more than 50% of the world’s population, is the cause of chronic gastritis and peptic
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ulcers and is a risk factor for gastric cancer [1]. This pathogen could not be effectively cleared
or prevented from re-infection by host immune system after successful antimicrobial treat-
ment, thus it usually causes chronic infection, with colonization persisting for the lifetime of
the host [2].

When H. pylori have been detected in patients with gastric disease, the normal procedure
is to eradicate the bacteria in order to cure the disease. The standard treatment is a proton
pump inhibitor like Omeprazole, and the antibiotics clarithromycin and amoxicillin for one
week [3]. However, due to drawbacks like antibiotic resistance, adverse reactions to treatment,
re-infection and poor patient compliance, antibiotic therapy does not always work well [4]. For
these reasons, in order to prevent infection or treat and already established infection, vaccina-
tion is considered a promising and reliable alternative approach for the clinical management of
H. pylori infections.

SinceH. pylori was first identified in 1983 [5], researchers have sought after a vaccine to pro-
tect against infection by this bacterium. Many types of vaccines have been developed over the
past two decades, including whole cell vaccines, subunit vaccines, live vector vaccines, DNA
vaccines, and epitope vaccines [6,7]. While many of these experimental vaccines have been
tested in animal models, only a few have reached clinical trials, and none have obtained market
authorization [8]. Among the many vaccines assessed in animal models and clinical trials, sub-
unit vaccines seem to be the most promising category. As such, subunit vaccines are still under
extensive investigation. Many candidate antigens have been identified inH. pylori, such as
HpaA, UreB, NapA, Lpp20, CagA and VacA [9–13]. Already tested vaccines composed of
these antigens, however, do not afford complete protection [6]. Thus, efforts to screen and
identify more immunogenic and effective antigens are urgently required.

HspA has long been considered as a candidate antigen for vaccine development. Ferrero RL
et al reported in 1995 that HspA confers protective immunity against H. pylori infection [14].
As an alternative, H. pylori γ-glutamyl transpeptidase (GGT) is a new, highly conserved viru-
lence factor that was identified recently. Although the immunogenicity of GGT has not yet
been reported, its homologue in Haematopinus suis provides protective immunity against
infection when immunized in combination with UreB [15]. Since both candidate antigens,
HspA and GGT, provide partial protection againstH. pylori infection, we sought to determine
whether combining both antigens would produce a more effective vaccine.

In this study, we systematically evaluate the effectiveness of HspA and GGT as candidate
antigens forH. pylori vaccine development. Both antigens were separately expressed in E. coli, or
expressed as a fusion protein. Then, HspA, GGT, or the fusion protein was immunized intrana-
sally with different adjuvants, and the ability to induce mucosal and system immunity, as well as
any effect on protective immunity, was evaluated in a mouse model ofH. pylori infection.

Materials and Methods

Ethics statement
All animal care and use protocols were performed in accordance with the Regulations for the
Administration of Affairs Concerning Experimental Animals approved by the State Council of
People's Republic of China. All animal experiments were approved by the Animal Ethical and
Experimental Committee of the Third Military Medical University (Chongqing, Permit No.
2011-04) in accordance with their rules and regulations.

Construction, expression and purification of recombinant proteins
As shown in Fig 1A, three recombinant proteins: rHspA (full length), rGGT (amino acids 381
to 567 that correspond to the catalytic domain of GGT), and a fusion protein rHspA-GGT (full
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length HspA fused to the catalytic domain of GGT by a “KK” linker) were constructed in this
study. The coding sequences of rHspA and rGGT were directly amplified from the genome of
H. pylori strain 26695, by PCR, then cloned into an expression vector derived from the pET30a
(+) plasmid (Novagen), and placed between NdeI and XhoI restriction sites. The plasmid
pET30a-rHspA-GGT was synthesized by Sangon by overlapping PCR (China), primers used in
this study were listed in S1 Table. All recombinant plasmids were transformed into E. coli BL21
(DE3) pLysS cells (Invitrogen), and protein expression was induced with 1 mM IPTG. Cells
were harvested by centrifugation and bacterial pellets were resuspended in lysis buffer (20 mM
phosphate buffer pH 8.0, 300 mMNaCl, and 10 mM imidazole). Resuspended cells were dis-
rupted by ultrasonication. Any insoluble cellular material was removed by centrifugation.
Then, the supernatant was loaded onto a nickel nitrilotriacetic acid agarose (Ni–NTA) column
(Novagen) that had been previously equilibrated with lysis buffer. The column was washed
with wash buffer (20 mM phosphate buffer pH 8.0, 300 mMNaCl, and 20 mM imidazole).
His-tagged proteins were then eluted using elution buffer (20 mM phosphate buffer pH 8.0,
300 mMNaCl, and 250 mM imidazole) followed by gel-filtration on a Superdex 200 HiLoad
16/60 column (GE Healthcare) previously equilibrated with buffer containing 20 mM PBS pH
7.5 and 150 mMNaCl. The peaks corresponding to the target proteins were collected for each
recombinant protein and lipopolysaccharide (LPS) contamination were further removed by

Fig 1. Candidate antigens and immunization schedule used in this study. (A) Three His-tagged
recombinant proteins were designed to be used as candidate antigens: full length HspA (rHspA), the catalytic
domain of GGT (rGGT), and a fusion protein composed of rHspA and rGGT linked by two lysine residues
(rHspA-GGT). (B) Recombinant proteins were purified by nickel ion affinity chromatography and gel-filtration
chromatography. Recombinant proteins were then analyzed by SDS-PAGE. (C) The schedule for vaccine
immunization, determination of cytokines secretion, and antigen-specific antibodies. (D) The schedule for
vaccine immunization and analysis of H. pylori colonization.

doi:10.1371/journal.pone.0130391.g001
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ion-exchange chromatography. The recombinant proteins were analyzed by SDS-PAGE, and
the concentrations of the purified proteins were determined by BCA assay.

Immunization and infection
Six to eight-week-old SPF female BALB/c mice were purchased from the Experimental Animal
Center of Third Military Medical University. Immunization and infection experiments were
performed as shown in Fig 1C and 1D. Briefly, to quantify antibody and cytokine production,
mice were randomly divided into 6 groups (n = 5) and intranasally immunized three times on
days 0, 14, and 21. Vaccine formulations consisting of different antigens and adjuvants (LTB
and CPG) were dissolved in PBS in a total volume of 20μl (Table 1). Mice were sacrificed on
day 35, and sera were collected to analyze specific IgG antibody responses. Gastric and small
intestine tissue samples were collected as described previously [16] to analyze the local sIgA
response. Spleen cells were also collected to analyze cytokine production. In order to evaluate
each vaccine formulation’s protective efficacy againstH. pylori infection, mice in each
group (n = 10) were orally challenged four times with 109 CFU of the BALB/c mouse-adapted
H. pylori strain B6 two weeks after the last boost. Four weeks after this challenge, mice were
sacrificed and the stomachs were separated to determine the amount of bacterial colonization.

Antibody production assay
Antibody titer of the collected sera was determined by ELISA as described previously [17]. 96
well flat bottom plates were coated withH. pylori 26695 lysate (2 μg/ well) and purified
rHspA-GGT (1 μg/well). After blocking with 5% bovine serum albumin (BSA) buffered with
PBS, 100 μL of 1:500 diluted serum was added to each well as the primary antibodies. The
appropriate HRP-labeled anti-mouse IgG and its subtypes IgG2a and IgG1 were used as sec-
ondary antibodies. Absorbance was read at 450 nm (OD450). All samples were tested in tripli-
cate. Gastric and small intestine samples containing sIgA antibodies were collected, and the
level of specific sIgA was subsequently measured by ELISA, as described above.

Analysis of H. pylori colonization
Immunized and control mice were sacrificed in order to quantifyH. pylori stomach colonization
by real-time PCR using the TaqMan method. Stomachs were homogenized in PBS and DNA was
extracted using the QIAamp DNAMini Kit (Qiagen Inc., Valencia, CA, USA). We amplifiedH.
pylori 16S rDNA as described previously [24]. Briefly, the primers used were F: 5’-TTTGTTA
GAGAAGATAATGACGGTATCTAAC-3’ and R: 5’-CATAGGATTTCACACCT GACTGAC
TATC-3’, and the TaqMan probe was P: 5’-FAM-CGTGCCAGCAGCCGCGGT-TAMRA-3’.

Table 1. Vaccine formulations in each group.

Group rHspA(μg) rGGT(μg) rHspA-GGT(μg) LTB(μg) CpG(μg) Total volume(μl)

PBS 0 0 0 0 0 20

CpG 0 0 0 0 10 20

LTB 0 0 0 10 0 20

rHspA+LTB 30 0 0 10 0 20

rGGT+LTB 0 30 0 10 0 20

rHspA-GGT+LTB 0 0 30 10 0 20

rHspA-GGT+CpG 0 0 30 0 10 20

rHspA-GGT 0 0 30 0 0 20

doi:10.1371/journal.pone.0130391.t001
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Real-time PCR was carried out on a Bio-Rad iQ5 multicolor Real-time PCR Detection System
using the absolute quantification option. After denaturation at 94°C for 3 min, samples were
amplified at 94°C for 15 seconds and 65°C for 1 minute for 35 cycles.

Lymphocyte cytokine response assay
Mice were sacrificed and spleens were harvested in order to quantify the lymphocyte cytokine
response. Splenic cells were collected and resuspended at a concentration of 2×106 cells/ml in
RPMI 1640 medium supplemented with 10% fetal calf serum (FBS, HyClone Laboratories).
The spleen cells were incubated at 37°C with 5 μg/ml of rHspA-GGT. After 3 days of
incubation, samples were centrifuged and the supernatant were collected. IFN-γ, IL-4, IL-5,
and IL-17A cytokine levels in the supernatants were quantified by specific ELISA kits
(Dakewe) following the manufacturer’s instructions. The concentrations were calculated
relative to supplied, calibrated cytokine standards, and expressed in pg/ml units.

Generation of rHspA-GGT specific polyclonal antibody
rHspA-GGT specific polyclonal antibody (rHspA-GGT pcAb) were generated in New Zealand
white rabbits based on a previously published method [18]. Briefly, rHspA-GGT mixed with
an equal volume of Freund’s complete adjuvant (Sigma, America) was injected intradermally
on the back and proximal limbs of the rabbit at days 0, 21, and 28. Blood was harvested two
weeks after the last immunization and serum was obtained by centrifugation. The IgG antibody
in the serum was purified by affinity chromatography with a protein A column (GE, America)
and followed by desalting with PBS.

Indirect immunofluorescence
Indirect immunofluorescence experiment was performed to confirm the direct binding of anti-
gen specific serum with bacteria in vitro [18].H. pylori 26695 was cultured, washed and resus-
pended in PBS, The bacteria was then fixed with 1% paraformaldehyde followed by
centrifugation at 8000 ×g for 5 min, bacteria were washed three times with PBS, and resus-
pended in PBS containing 10% fetal bovine serum (FBS) and 1% NaN3. After washed with PBS
for three times, rHspA-GGT pcAb and negative control pcAb was then added to tubes followed
by incubation at 37°C for 1 h, rabbit polyclonal antibody toH. pylori urease B (Abcam, Amer-
ica), termed Ureb pcAb was used as a positive control for identification ofH. pylori. Bacteria
were washed three times with PBS, and bound antibodies were detected using FITC-labeled
goat anti-rabbit IgG (Tianjin Sungene Biotech Co., Ltd.). Then bacteria were washed three
times with PBS and resuspended in PBS containing 3% BSA, 1% NaN3 in darkness. The sam-
ples were analyzed by fluorescence microscopy (Ti-s, Nikon, Japan) and photos were taken
immediately.

Statistical analysis
All data were represented as mean ± standard deviation (S.D.). Means were compared using
the two-tailed Students t-test, analysis were performed using GraphPad Prism 5.0 (GraphPad
Software), and a P< 0.05 value was considered statistically significant.

Results

Recombinant protein expression and purification
The coding sequences of the three recombinant proteins (rHspA, rGGT, and rHspA-GGT)
were inserted to the expression vector pET30a(+). Each insert was sequenced and confirmed to
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contain the correct sequence. Proteins were expressed in E. coli BL21 (DE3) pLysS, induced
with 1 mM IPTG, and purified by affinity chromatograph and gel filtration, resulting in a high
yield. As shown in Fig 1B, all three proteins were obtained with high purity (up to 90%) as
determined by SDS-PAGE. The molecular weight of rHspA, rGGT and rHspA-GGT is 14.1,
21.4, and 34.2 kDa, respectively. The specific yield of rHspA, rGGT and rHspA-GGT in 1 L
culture is about 20, 10 and 5 mg, respectively.

Immunization with recombinant proteins correlates with reduced H.
pylori colonization
In order to determine whether immunization with recombinant protein vaccines reduce bacte-
rial load in the stomachs ofH. pylori-infected mice, we quantified bacterial colonization in the
stomach by real-time quantitative PCR four weeks after the mice were challenged. As shown in
Fig 2, all immunizations that containing recombinant proteins induced a significant reduction
in gastric bacterial load compared to PBS and adjuvant control group (P<0.05). Higher levels
of protection were observed when an adjuvant, either LTB or CpG was used, indicating that
adjuvants play an important role in inducing protective immunity in these experiments. The
highest level of protection was seen in mice immunized with rHspA-GGT plus LTB. A 100 to
1000-fold reduction in bacterial load was observed compared with the PBS control group
(P<0.0001). This amount of bacterial load was significantly lower than that of mice immunized

Fig 2. H. pylori colonization in mouse stomachs after immunization. BALB/c mice (n = 10) were
immunized intranasally on days 0, 14 and 21 with 30 μg antigen, with or without 10μg adjuvant, as indicated
in Table 1. The same volume of PBS was used as a negative control. Three weeks after the final vaccination
boost, mice were orally challenged four times withH. pylori B6. The level of gastricH. pylori colonization was
determined by real-time quantitative PCR four weeks post challenge for each mouse. Data are expressed as
mean ± S.D. Significant differences between indicated groups are presented as P values.

doi:10.1371/journal.pone.0130391.g002
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with single antigens or mice immunized with the adjuvant CpG. These results indicate that the
fusion protein elicited a stronger immune response in the mice, resulting in more bacterial
clearance. The results also indicate LTB is superior to CpG in inducing protective immunity in
these experiments (P<0.01). In contrast, after immunization with rHspA plus LTB or rGGT
plus LTB, we observed an approximately 10-fold reduction in bacterial load, with no significant
difference between these two conditions (P>0.05). These results validated the protective effi-
cacy of HspA and GGT, and further confirmed that immunization with the fusion protein con-
sisting of these two proteins is superior to either single antigen in eliciting a protective immune
response.

Antigen specific humoral immune response
Two weeks after the last boost immunization, sera from the mice were collected in order to
determine the specific IgG antibody titer by ELISA. Fig 3A shows that both specific anti-
rHspA-GGT and anti-H. pylori 26695 lysate IgG antibodies were significantly increased in ani-
mals immunized with antigens, with or without adjuvant, compared to PBS control group
mice (P<0.01). The highest IgG levels were observed in mice immunized with the fusion pro-
tein rHspA-GGT. IgG levels in these mice were significantly higher than those of mice immu-
nized with rHspA or rGGT alone, and no difference was observed in mice immunized with
rHspA-GGT supplemented with either LTB or CpG adjuvant. In addition, mice immunized

Fig 3. Antigen specific antibody responses elicited by immunization. Two weeks after immunization,
mice in each group (n = 5) were bled and the sera were collected for analysis of the specific IgG antibody and
its subtype. (A) Specific IgG antibody titers, for antibodies raised against rHspA-GGT andH. pylori 26695
lysate, were measured by ELISA. (B) The levels of specific IgG1 and IgG2a, against rHspA-GGT, were
determined from serum samples tested by ELISA. (C) Immunized mice were sacrificed 4 weeks after
challenge and the supernatants of homogenized stomachs and intestines were collected for detection of
specific sIgA levels, against rHspA-GGT. Data are presented as mean ± S.D (n = 5). (D) Regression analysis
of bacterial loads and the level of rHspA-GGT specific serum IgG. **P < 0.01 compared with indicated
groups, ***P < 0.001 compared with indicated groups, ns: not significant.

doi:10.1371/journal.pone.0130391.g003
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with the fusion protein lacking an adjuvant showed significantly lower serum IgG levels. Fur-
thermore, a significant correlation (R2 = 0.9340) was observed between decreasing bacterial
loads and increasing rHspA-GGT specific serum IgG levels (Fig 3D). These results indicate
both rHspA and rGGT are strongly immunogenic and able to induce strong humoral immune
response in mice. This may play an essential role in protection againstH. pylori colonization.
In addition, both LTB and CpG were able to enhance the humoral immune response to the
fusion protein dramatically.

To determine the polarization of the immune response, the levels of rHspA-GGT specific
IgG2a and IgG1 antibodies were also detected, to detect a possibly Th1 or Th2 biased immune
response. As shown in Fig 3B, both IgG2a and IgG1 antibodies were significantly increased in
the antigen-immunized groups compared with PBS control group. The IgG1/Ig2a ratio was
0.69 when immunized by rHspA-GGT without adjuvant, suggesting the presence of a balanced
Th1/Th2 immune response was induced. In the three groups where LTB was used as an adju-
vant, the calculated IgG1/Ig2a ratio range was from 0.69 to 0.85, indicating LTB has little
impact in regulation of the immune response. In contrast, when CpG was used as an adjuvant,
the IgG1/Ig2a ratio was 0.28. This result suggests CpG induces a Th1-biased immune response.
Although different immune responses were observed for CpG and LTB, the total amount of
IgG detected was similar for both adjuvants.

To evaluate the local humoral immune response induced by immunization, gastric and
intestinal mucosal sIgA production was assayed for each vaccine formulation. As shown in
Fig 3C, the three groups immunized with antigens plus LTB significantly elevated both gastric
and intestinal mucosal sIgA compared to the other groups (P<0.0001). The other three groups
exhibited no difference when compared to one another (P>0.05). Similarly, higher levels of
sIgA were observed in mice immunized with the fusion protein than mice immunized with
rHspA and rGGT (P<0.0001), suggesting the fusion protein is more efficient in inducing local
humoral immune response.

Obviously, both CpG and LTB immunized alone exhibited no impact on antigen specific
antibody secretion, neither IgG nor sIgA, although they may play a role in total antibody
secretion.

Vaccine induced lymphocyte responses
The cytokine profiles in spleen cells from mice in each immunized group were determined two
weeks after the last booster. Spleen cells from each group were stimulated with rHspA-GGT.
Then, cytokine levels in the spleen cell supernatants were determined using ELISA. As shown
in Fig 4, elevated levels of IFN-γ, IL-4, IL-5, and IL-17A were observed in all of the groups
immunized with antigens when compared to the PBS control group, indicating a mixed Th1/
Th2/Th17 response was induced upon vaccination. In the adjuvant control group, only mice
immunized with CpG induced elevated levels of IFN-γ, whereas the other showed no difference
as compared with mice immunized with PBS, indicating that antigens used in this study were
efficient in eliciting cytokines secretion. Further, the levels of all tested cytokines were higher in
mice immunized with the fusion protein when compared to the single proteins, and a higher
level of cytokine response was observed in mice immunized with rHspA-GGT plus adjuvant
compared to immunization without adjuvant. The highest amount of IFN-γ secretion was seen
in mice immunized with rHspA-GGT supplemented with CpG (P<0.05 compared to all other
immunization groups). These results indicate that CpG efficiently induces a Th1-biased
response, consistent with the previous result wherein CpG induced more IgG2a antibodies
than IgG1. The highest levels of the other three kinds of cytokines were observed in mice
immunized with rHspA-GGT plus adjuvant, with no difference observed for the LTB and CpG
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supplemented groups. These results indicate these two adjuvants did not play a role in eliciting
a Th2 and Th17 response. In addition, the level of IL-4 for each immunization group was simi-
lar to the level of IL-5, with both cytokines serving as representative cytokines for a Th2
response.

Antigen specific IgG antibody was able to bind to H. pylori directly in vitro
Since both HspA and GGT were reported to be surface exposed, and the latter is involved in
bacterial colonization of the host stomach [19], we wondered if specific antibodies generated
by these antigens could directly recognize H. pylori in vitro. In this study, rHspA-GGT pcAb
was expressed and purified, and an indirect immunofluorescence assay was carried out to test
for binding of rHspA-GGT pcAb toH. pylori 26695. Representative images are shown in Fig 5,
positive indirect immunofluorescence was observed in the presence of Anti-urease B antibody,
indicating the presence of the bacterial (Fig 5D). In contrast, no immunofluorescence was
detected in the presence of the negative control pcAb or without pcAb (Fig 5A and 5B). How-
ever, positive indirect immunofluorescence was detected in the presence of rHspA-GGT pcAb
(Fig 5C). These results indicate rHspA-GGT pcAb is able to bind H. pylori 26695 directly in
vitro. As both HspA and GGT are involved inH. pylori colonization and growth in the gastric

Fig 4. Immunization induced cytokine responses in murine spleen cells. Two weeks after the last
booster, spleen cells of mice (n = 5) in each group were stimulated for 72 hours with antigen rHspA-GGT
(5 μg/ml). The supernatants were harvested, and the cytokine levels of (A) IFN-γ, (B) IL-17A, (D) IL-4, and (D)
IL-5 were determined by ELISA. Data are expressed as mean ± S.D. *P < 0.05 compared with all other
groups or indicated groups, **P < 0.01 compared with indicated groups, ***P < 0.001 compared with
indicated groups, ns: not significant.

doi:10.1371/journal.pone.0130391.g004
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mucosa, antibody binding may impact the biological function of these proteins and may also
be essential for bacterial clearance. The limitation of this experiment is that a positive control
was not used to identify H. pylori, as no antibody against this bacterial was market available for
the moment.

Discussion
Vaccines efficacy relies largely on the antigens used for immunization. In this paper, the effi-
cacy of two antigens was tested. HspA, a member of the GroES chaperone family, is a 13 kDa
cytoplasmic protein that also located on the bacterial cell surface [20]. Compared to its homo-
logue, HspA harbors a unique C-terminal domain consisting of 28 residues, which is thought
to be crucial for binding metal ions [20]. Research suggests that HspA is involved in nickel
sequestration, and serves as a specialized nickel donor protein for urease. In this way, HspA is
thought to be essential for urease activity and bacterial colonization [21]. In addition, HspA is
able to bind Bi3+, altering the protein’s quaternary structure, and converting from a heptamer
to a dimer [22]. Thus, HspA may be a potential target for the bismuth anti-ulcer drug when
used againstH. pylori. Importantly, research also indicates HspA exhibits strong antigenic
properties [14].

The second antigen, GGT, is constitutively expressed in allH. pylori strains and has gained
attention recently as a formidable virulence factor [23]. Firstly, GGT is an important coloniza-
tion factor strongly associated with the development of peptic ulcers [24]. Secondly, it is able to
induce apoptosis and necrosis of gastric epithelial cells by induction of cell cycle arrest, produc-
tion of reactive oxygen species, and secretion of inflammatory cytokines such as IL-8 [25].
Finally, GGT has immunomodulatory functions. GGT is involved in inhibition of T cell-medi-
ated immunity and dendritic cell differentiation [26]. GGT is directly involved in the pathogen-
esis ofH. pylori, and this feature makes it a promising vaccine component.

Fig 5. Indirect immunofluorescence confirmed that anti-serum collected from immunized mice
directly bindsH. pylori in vitro. No immunofluorescence was detected in the absence of antigen specific
pcAb (A and B). Positive indirect immunofluorescence signals indicate binding of rHspA-GGT pcAb with H.
pylori 26695 (C) and the existence of H. pylori (D). This study was performed twice, yielding similar results.

doi:10.1371/journal.pone.0130391.g005
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The importance of adjuvants in effective vaccine development has been discussed elsewhere
[27]. In this study, LTB and CpG were selected as adjuvants to enhance the immune response
against H. pylori infection. The former is a mucosal adjuvant [28], whereas as the latter induces
a cell-mediated response [29]. Immunization with antigens supplemented with LTB elicited a
balanced Th1/Th2 response and a strong local sIgA response, whereas antigen supplemented
with CpG induced a Th1-biased immune response. Both adjuvants triggered the secretion of
cytokines such as IFN-γ, IL-4, IL-5, and IL-17A by murine splenic cells, but CpG appeared to
be more effective in inducing secretion of IFN-γ. Both adjuvants exhibited significant differ-
ences in bacterial clearance compared to immunizations performed without adjuvants
(P<0.0001). Here, LTB was more effective than CpG (P<0.0001). These results highlight the
importance of mucosal adjuvants in effective vaccine development againstH. pylori infection.

What type of immunity is crucial for an effective H. pylori vaccine? The answer to this ques-
tion, essential to vaccine design, remains controversial. In terms of the systemic humoral
response, earlier studies have suggested that vaccines that induce an IgG antibody response
may be involved in protection [30]. More recent research, however, has shown that although
antibodies are detected at high titer following immunization, they are not required for protec-
tion [31]. In the present study, similar levels of serum IgG antibody were detected in mice
immunized with rHspA-GGT supplemented with either LTB or CpG adjuvant. The two adju-
vants, however, exhibited different capacities for mediating bacterial clearance (P<0.01). Thus,
whether a high level of IgG antibody is required for vaccine protection remains unclear. We
also evaluated the local humoral response by determining the level of gastric and intestinal
sIgA. Significantly higher levels of sIgA were detected in mice immunized with rHspA-GGT
supplemented with LTB, but not rHspA-GGT supplemented with CpG. Furthermore, sIgA lev-
els were also correlated with reduced bacterial colonization, suggesting a local sIgA response
may be essential for bacterial clearance. These results were consistent with earlier reports indi-
cating higher mucosal IgA levels were associated with low bacterial density, suggesting a pro-
tective role for sIgA duringH. pylori infection [32,33].

It has long been reported that cell-mediated immunity also confers protection againstH.
pylori infection in the absence of B cells [34]. However, the types of T cell responses that con-
tribute to protective immunity remain unclear. Mohammadi M et al [35] reported that Th1
cells enhance the severity of gastritis and Th2 cells reduce bacterial load, but other research
groups have emphasized the importance of the Th1 cell response in protective immunity
[36,37]. There is also evidence that a Th17 response benefits bacterial growth [38], and that the
CD8+ T cell response is also induced during H. pylori infection [39]. In our study, as indicated
by the ratio of IgG1/IgG2a and measured cytokine concentrations, a complex Th1/Th2/Th17
response was observed in all immunized groups. This response was observed for all groups
except the immunization with rHspA-GGT and CpG, which induced a Th1-biased immune
response. It is difficult to evaluate which cell-mediated responses are predominant in vaccine
protection. Further studies are required to fully evaluate the role of these cells in cell-depleted
mice.

In a previous study, decreased expression levels of IL-10 and IL-4 were observed upon
H. suis rGGT immunization, correlating with reduced gastric colonization [15]. In our study,
however, levels of both IL-4 and IL-5 increased after rGGT immunization. These contradictory
results may be caused by the use of different methods in these studies. In the former study, IL-
10 and IL-4 levels were assessed by RT-qPCR using cDNA synthesized from stomach tissue. In
the present study, IL-4 and IL-5 levels were determined by performing ELISA on the superna-
tants of antigen-stimulated spleen cells.

In summary, a recombinant subunit vaccine (rHspA-GGT) was designed and constructed
in this study. Immunization with this protein and LTB adjuvant correlates with reduced
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bacterial colonization in the stomachs of mice, which may be mediated by a balanced Th1/Th2
CD4+ T cell response and a local humoral immune response. These results indicate that both
HspA and GGT are promising candidates for development of subunit vaccines againstH. pylori
infection.

Supporting Information
S1 Table. Primers used in this study.
(DOC)

Author Contributions
Conceived and designed the experiments: QMZ ZYWS. Performed the experiments: XLZ JYZ
FYWRWHQS QHX. Analyzed the data: XLZ JYZ. Contributed reagents/materials/analysis
tools: WRWHQS QHX. Wrote the paper: XLZ JYZ FY.

References
1. Kusters JG, van Vliet AH, Kuipers EJ (2006) Pathogenesis of Helicobacter pylori infection. Clin Micro-

biol Rev 19: 449–490. PMID: 16847081

2. Ramirez-Ramos A, Gilman RH, Leon-Barua R, Recavarren-Arce S, Watanabe J, Salazar G, et al.
(1997) Rapid recurrence of Helicobacter pylori infection in Peruvian patients after successful eradica-
tion. Gastrointestinal Physiology Working Group of the Universidad Peruana Cayetano Heredia and
The Johns Hopkins University. Clin Infect Dis 25: 1027–1031. PMID: 9402351

3. Malfertheiner P, Megraud F, O'Morain C, Bazzoli F, El-Omar E, GrahamD, et al. (2007) Current con-
cepts in the management ofHelicobacter pylori infection: the Maastricht III Consensus Report. Gut 56:
772–781. PMID: 17170018

4. Cameron EA, Bell GD (2005) Long-term follow-up ofHelicobacter pylori eradication therapy in Vietnam:
reinfection and clinical outcome. Aliment Pharmacol Ther 22: 76–77. PMID: 15963084

5. (1983) Unidentified curved bacilli on gastric epithelium in active chronic gastritis. Lancet 1: 1273–1275.
PMID: 6134060

6. Muller A, Solnick JV (2011) Inflammation, immunity, and vaccine development for Helicobacter pylori.
Helicobacter 16 Suppl 1: 26–32. doi: 10.1111/j.1523-5378.2011.00877.x PMID: 21896082

7. Agarwal K, Agarwal S (2008) Helicobacter pylori vaccine: from past to future. Mayo Clin Proc 83:
169–175. doi: 10.4065/83.2.169 PMID: 18241627

8. Sutton P, Chionh YT (2013) Why can't we make an effective vaccine againstHelicobacter pylori?
Expert Rev Vaccines 12: 433–441. doi: 10.1586/erv.13.20 PMID: 23560923

9. Liu KY, Shi Y, Luo P, Yu S, Chen L, Zhao Z, et al. (2011) Therapeutic efficacy of oral immunization with
attenuated Salmonella typhimurium expressingHelicobacter pylori CagA, VacA and UreB fusion pro-
teins in mice model. Vaccine 29: 6679–6685. doi: 10.1016/j.vaccine.2011.06.099 PMID: 21745524

10. Satin B, Del Giudice G, Della Bianca V, Dusi S, Laudanna C, Tonello F, et al. (2000) The neutrophil-
activating protein (HP-NAP) of Helicobacter pylori is a protective antigen and a major virulence factor. J
Exp Med 191: 1467–1476. PMID: 10790422

11. Keenan J, Oliaro J, Domigan N, Potter H, Aitken G, Allardyce R, et al. (2000) Immune response to an
18-kilodalton outer membrane antigen identifies lipoprotein 20 as aHelicobacter pylori vaccine candi-
date. Infect Immun 68: 3337–3343. PMID: 10816482

12. Radcliff FJ, Hazell SL, Kolesnikow T, Doidge C, Lee A (1997) Catalase, a novel antigen for Helicobac-
ter pylori vaccination. Infect Immun 65: 4668–4674. PMID: 9353048

13. Corthesy-Theulaz I, Porta N, Glauser M, Saraga E, Vaney AC, Haas R, et al. (1995) Oral immunization
with Helicobacter pylori urease B subunit as a treatment against Helicobacter infection in mice. Gastro-
enterology 109: 115–121. PMID: 7797009

14. Ferrero RL, Thiberge JM, Kansau I, Wuscher N, Huerre M, Labigne A (1995) The GroES homolog of
Helicobacter pylori confers protective immunity against mucosal infection in mice. Proc Natl Acad Sci
U S A 92: 6499–6503. PMID: 7604021

15. Vermoote M, Flahou B, Pasmans F, Ducatelle R, Haesebrouck F (2013) Protective efficacy of vaccines
based on theHelicobacter suis urease subunit B and gamma-glutamyl transpeptidase. Vaccine 31:
3250–3256. doi: 10.1016/j.vaccine.2013.05.047 PMID: 23707444

Active Immunization againstHelicobacter pylori

PLOSONE | DOI:10.1371/journal.pone.0130391 June 23, 2015 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130391.s001
http://www.ncbi.nlm.nih.gov/pubmed/16847081
http://www.ncbi.nlm.nih.gov/pubmed/9402351
http://www.ncbi.nlm.nih.gov/pubmed/17170018
http://www.ncbi.nlm.nih.gov/pubmed/15963084
http://www.ncbi.nlm.nih.gov/pubmed/6134060
http://dx.doi.org/10.1111/j.1523-5378.2011.00877.x
http://www.ncbi.nlm.nih.gov/pubmed/21896082
http://dx.doi.org/10.4065/83.2.169
http://www.ncbi.nlm.nih.gov/pubmed/18241627
http://dx.doi.org/10.1586/erv.13.20
http://www.ncbi.nlm.nih.gov/pubmed/23560923
http://dx.doi.org/10.1016/j.vaccine.2011.06.099
http://www.ncbi.nlm.nih.gov/pubmed/21745524
http://www.ncbi.nlm.nih.gov/pubmed/10790422
http://www.ncbi.nlm.nih.gov/pubmed/10816482
http://www.ncbi.nlm.nih.gov/pubmed/9353048
http://www.ncbi.nlm.nih.gov/pubmed/7797009
http://www.ncbi.nlm.nih.gov/pubmed/7604021
http://dx.doi.org/10.1016/j.vaccine.2013.05.047
http://www.ncbi.nlm.nih.gov/pubmed/23707444


16. Gomez-Duarte OG, Lucas B, Yan ZX, Panthel K, Haas R, Meyer TF (1998) Protection of mice against
gastric colonization by Helicobacter pylori by single oral dose immunization with attenuated Salmonella
typhimurium producing urease subunits A and B. Vaccine 16: 460–471. PMID: 9491500

17. Hu DL, Omoe K, Sasaki S, Sashinami H, Sakuraba H, Yokomizo Y, et al. (2003) Vaccination with non-
toxic mutant toxic shock syndrome toxin 1 protects against Staphylococcus aureus infection. J Infect
Dis 188: 743–752. PMID: 12934191

18. Jinyong Z, Xiaoli Z, Weijun Z, Ying G, Gang G, Xuhu M, et al. (2011) Fusion expression and immunoge-
nicity of Bordetella pertussis PTS1-FHA protein: implications for the vaccine development. Mol Biol
Rep 38: 1957–1963. doi: 10.1007/s11033-010-0317-6 PMID: 20878241

19. Chevalier C, Thiberge JM, Ferrero RL, Labigne A (1999) Essential role ofHelicobacter pylori gamma-
glutamyltranspeptidase for the colonization of the gastric mucosa of mice. Mol Microbiol 31: 1359–1372.
PMID: 10200957

20. Loguercio S, Dian C, Flagiello A, Scannella A, Pucci P, Terradot L, et al. (2008) In HspA from Helico-
bacter pylori vicinal disulfide bridges are a key determinant of domain B structure. FEBS Lett 582:
3537–3541. doi: 10.1016/j.febslet.2008.09.025 PMID: 18805417

21. Maier RJ, Benoit SL, Seshadri S (2007) Nickel-binding and accessory proteins facilitating Ni-enzyme
maturation inHelicobacter pylori. Biometals 20: 655–664. PMID: 17205208

22. Cun S, Li H, Ge R, Lin MC, Sun H (2008) A histidine-rich and cysteine-rich metal-binding domain at the
C terminus of heat shock protein A from Helicobacter pylori: implication for nickel homeostasis and bis-
muth susceptibility. J Biol Chem 283: 15142–15151. doi: 10.1074/jbc.M800591200 PMID: 18364351

23. Ricci V, Giannouli M, Romano M, Zarrilli R (2014)Helicobacter pylori gamma-glutamyl transpeptidase
and its pathogenic role. World J Gastroenterol 20: 630–638. doi: 10.3748/wjg.v20.i3.630 PMID:
24574736

24. Gong M, Ling SS, Lui SY, Yeoh KG, Ho B (2010)Helicobacter pylori gamma-glutamyl transpeptidase
is a pathogenic factor in the development of peptic ulcer disease. Gastroenterology 139: 564–573. doi:
10.1053/j.gastro.2010.03.050 PMID: 20347814

25. Valenzuela M, Bravo D, Canales J, Sanhueza C, Diaz N, Almarza O, et al. (2013) Helicobacter pylori-
induced loss of survivin and gastric cell viability is attributable to secreted bacterial gamma-glutamyl
transpeptidase activity. J Infect Dis 208: 1131–1141. doi: 10.1093/infdis/jit286 PMID: 23847060

26. Schmees C, Prinz C, Treptau T, Rad R, Hengst L, Voland P, et al. (2007) Inhibition of T-cell proliferation
by Helicobacter pylori gamma-glutamyl transpeptidase. Gastroenterology 132: 1820–1833. PMID:
17484877

27. Baldwin SL, Bertholet S, Reese VA, Ching LK, Reed SG, Coler RN (2012) The importance of adjuvant
formulation in the development of a tuberculosis vaccine. J Immunol 188: 2189–2197. doi: 10.4049/
jimmunol.1102696 PMID: 22291184

28. McCluskie MJ, Weeratna RD, Clements JD, Davis HL (2001) Mucosal immunization of mice using CpG
DNA and/or mutants of the heat-labile enterotoxin of Escherichia coli as adjuvants. Vaccine 19:
3759–3768. PMID: 11395211

29. Berry LJ, Hickey DK, Skelding KA, Bao S, Rendina AM, Hansbro PM, et al. (2004) Transcutaneous
immunization with combined cholera toxin and CpG adjuvant protects against Chlamydia muridarum
genital tract infection. Infect Immun 72: 1019–1028. PMID: 14742549

30. Ferrero RL, Thiberge JM, Labigne A (1997) Local immunoglobulin G antibodies in the stomach may
contribute to immunity against Helicobacter infection in mice. Gastroenterology 113: 185–194. PMID:
9207277

31. Sutton P, Wilson J, Kosaka T, Wolowczuk I, Lee A (2000) Therapeutic immunization againstHelicobac-
ter pylori infection in the absence of antibodies. Immunol Cell Biol 78: 28–30. PMID: 10651926

32. Srivastava R, Kashyap A, Kumar M, Nath G, Jain AK (2013) Mucosal IgA & IL-1beta in Helicobacter
pylori Infection. Indian journal of clinical biochemistry: IJCB 28: 19–23. doi: 10.1007/s12291-012-0262-
3 PMID: 24381416

33. Nystrom J, Raghavan S, Svennerholm AM (2006) Mucosal immune responses are related to reduction
of bacterial colonization in the stomach after therapeutic Helicobacter pylori immunization in mice.
Microbes Infect 8: 442–449. PMID: 16243563

34. Ernst PB, Pappo J (2001) T-cell-mediated mucosal immunity in the absence of antibody: lessons from
Helicobacter pylori infection. Acta Odontol Scand 59: 216–221. PMID: 11570524

35. Mohammadi M, Nedrud J, Redline R, Lycke N, Czinn SJ (1997) Murine CD4 T-cell response to Helico-
bacter infection: TH1 cells enhance gastritis and TH2 cells reduce bacterial load. Gastroenterology
113: 1848–1857. PMID: 9394724

Active Immunization againstHelicobacter pylori

PLOSONE | DOI:10.1371/journal.pone.0130391 June 23, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/9491500
http://www.ncbi.nlm.nih.gov/pubmed/12934191
http://dx.doi.org/10.1007/s11033-010-0317-6
http://www.ncbi.nlm.nih.gov/pubmed/20878241
http://www.ncbi.nlm.nih.gov/pubmed/10200957
http://dx.doi.org/10.1016/j.febslet.2008.09.025
http://www.ncbi.nlm.nih.gov/pubmed/18805417
http://www.ncbi.nlm.nih.gov/pubmed/17205208
http://dx.doi.org/10.1074/jbc.M800591200
http://www.ncbi.nlm.nih.gov/pubmed/18364351
http://dx.doi.org/10.3748/wjg.v20.i3.630
http://www.ncbi.nlm.nih.gov/pubmed/24574736
http://dx.doi.org/10.1053/j.gastro.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20347814
http://dx.doi.org/10.1093/infdis/jit286
http://www.ncbi.nlm.nih.gov/pubmed/23847060
http://www.ncbi.nlm.nih.gov/pubmed/17484877
http://dx.doi.org/10.4049/jimmunol.1102696
http://dx.doi.org/10.4049/jimmunol.1102696
http://www.ncbi.nlm.nih.gov/pubmed/22291184
http://www.ncbi.nlm.nih.gov/pubmed/11395211
http://www.ncbi.nlm.nih.gov/pubmed/14742549
http://www.ncbi.nlm.nih.gov/pubmed/9207277
http://www.ncbi.nlm.nih.gov/pubmed/10651926
http://dx.doi.org/10.1007/s12291-012-0262-3
http://dx.doi.org/10.1007/s12291-012-0262-3
http://www.ncbi.nlm.nih.gov/pubmed/24381416
http://www.ncbi.nlm.nih.gov/pubmed/16243563
http://www.ncbi.nlm.nih.gov/pubmed/11570524
http://www.ncbi.nlm.nih.gov/pubmed/9394724


36. Ding H, Nedrud JG, Blanchard TG, Zagorski BM, Li G, Shiu J, et al. (2013) Th1-mediated immunity
againstHelicobacter pylori can compensate for lack of Th17 cells and can protect mice in the absence
of immunization. PLoS One 8: e69384. doi: 10.1371/journal.pone.0069384 PMID: 23874957

37. Taylor JM, ZimanME, Canfield DR, Vajdy M, Solnick JV (2008) Effects of a Th1- versus a Th2-biased
immune response in protection againstHelicobacter pylori challenge in mice. Microb Pathog 44: 20–27.
PMID: 17683897

38. Shi Y, Liu XF, Zhuang Y, Zhang JY, Liu T, Yin Z, et al. (2010) Helicobacter pylori-induced Th17
responses modulate Th1 cell responses, benefit bacterial growth, and contribute to pathology in mice. J
Immunol 184: 5121–5129. doi: 10.4049/jimmunol.0901115 PMID: 20351183

39. Tan MP, Pedersen J, Zhan Y, Lew AM, Pearse MJ, Wijburg OL, et al. (2008) CD8+ T cells are associ-
ated with severe gastritis in Helicobacter pylori-infected mice in the absence of CD4+ T cells. Infect
Immun 76: 1289–1297. PMID: 18025102

Active Immunization againstHelicobacter pylori

PLOSONE | DOI:10.1371/journal.pone.0130391 June 23, 2015 14 / 14

http://dx.doi.org/10.1371/journal.pone.0069384
http://www.ncbi.nlm.nih.gov/pubmed/23874957
http://www.ncbi.nlm.nih.gov/pubmed/17683897
http://dx.doi.org/10.4049/jimmunol.0901115
http://www.ncbi.nlm.nih.gov/pubmed/20351183
http://www.ncbi.nlm.nih.gov/pubmed/18025102

