G Model

ARTICLE IN PRESS

JVAC-15136; No. of Pages 9

Vaccine xxx (2014) xxx–xxx

Contents lists available at ScienceDirect

Vaccine
journal homepage: www.elsevier.com/locate/vaccine

Heat shock protein complex vaccination induces protection against
Helicobacter pylori without exogenous adjuvant
Yok Teng Chionh a,b , Arthi Arulmuruganar a , Elena Venditti c , Garrett Z. Ng a , Jia-Xi Han a ,
Claire Entwisle c , Ching-Seng Ang d , Camilo A. Colaco c , Shaun McNulty c , Philip Sutton a,b,∗
a

Mucosal Immunology, Murdoch Childrens Research Institute, Royal Children’s Hospital, Melbourne, Parkville, VIC 3052, Australia
Centre for Animal Biotechnology, School of Veterinary Science, University of Melbourne, Parkville, VIC 3010, Australia
c
ImmunoBiology Ltd., Babraham Research Campus, Babraham, Cambridge, UK
d
Bio21 Molecular Science and Biotechnology Institute, University of Melbourne, Parkville, VIC 3010, Australia
b

a r t i c l e

i n f o

Article history:
Received 11 November 2013
Received in revised form 24 January 2014
Accepted 12 February 2014
Available online xxx
Keywords:
Helicobacter pylori
Heat shock protein

a b s t r a c t
Background: The development of a vaccine against the human gastric pathogen Helicobacter pylori, the
main causative agent of gastric adenocarcinoma, has been hampered by a number of issues, including
the lack of a mucosal adjuvant for use in humans. Heat shock proteins (Hsp), highly conserved molecules
expressed by both bacteria and mammalian species, possess a range of functions, including acting as
chaperones for cellular proteins and the ability to activate innate immune receptors. Hsp complex (HspC)
vaccines, containing Hsp derived from pathogenic bacteria, are immunostimulatory without addition of
an exogenous adjuvant and can induce immunity against their chaperoned proteins. In this study we
explored in mice the potential utility of a H. pylori HspC vaccine.
Results: Vaccination with H. pylori HspC, by either the subcutaneous or respiratory mucosal route, induced
a strong antibody response, elevated gastric cytokine levels and signiﬁcant protection against subsequent
live challenge with this pathogen. The level of protection induced by non-adjuvanted HspC vaccine was
equivalent to that which resulted from vaccination with adjuvanted vaccines. While protection induced
by immunisation with adjuvanted vaccines was associated with the development of a moderate to severe
atrophic gastritis, that induced by H. pylori HspC only resulted in a mild inﬂammatory response, despite
an increase in pro-inﬂammatory gastric cytokines. This reduced gastritis correlated with an increase in
IL-10 and IL-13 levels in the gastric tissues of HspC vaccinated, H. pylori challenged mice.
Conclusions: H. pylori HspC vaccines have the potential to overcome some of the issues preventing the
development of a human vaccine against this pathogen: HspC induced protective immunity against H.
pylori without addition of an adjuvant and without the induction of a severe inﬂammatory response.
However, complete protection was not obtained so further optimisation of this technology is needed if a
human vaccine is to become a reality.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction
The development of an effective vaccine against Helicobacter
pylori, the main causative agent of gastric adenocarcinoma [1], gastric mucosal associated lymphoid tissue lymphoma [2] and peptic
ulcer disease [3] has been hindered by several key obstacles. These
include a poor understanding of the immune mechanisms required
for protective immunity, the inability to reliably induce sterilising
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immunity that completely protects against this infection, and the
lack of suitable adjuvants for use in humans [4,5]. An additional concern has been the development of a post-immunisation gastritis,
whereby vaccinated mice subsequently challenged with Helicobacter commonly develop an exacerbated gastritis that is more severe
than observed in unvaccinated, infected mice [6,7]. Hence new
approaches are required to overcome these issues.
When released extracellularly, either from host cells or bacteria,
heat shock proteins (Hsp) can act as danger-associated molecular
pattern molecules (DAMP), potently activating the innate immune
system [8]. This has resulted in their evaluation as potential vaccine
components, both for the therapeutic treatment of cancers and as
prophylactic inducers of protective immunity against pathogenic
infections [9,10]. Hsp possess several key features that promote
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their potential use in vaccines. Firstly, they are protein chaperones
which, when puriﬁed from cells, carry bound to them a diverse
protein cargo. Secondly, related to their role as a DAMP, they
have intrinsic adjuvant activity due to their ability to activate tolllike receptors (TLR) [9,11,12]. Puriﬁcation of Hsp from a bacterial
pathogen therefore provides a potential vaccine containing the Hsp
itself, as well as its complexed protein cargo, which is immunostimulatory without the requirement of adding an exogenous adjuvant.
The main Hsp possessed by H. pylori are the GroEL/S (58 kDa
also called HspB/Hsp60 and 13 kDa also called HspA respectively)
and the Dna K/J (also called Hsp70) chaperones [13,14], and their
expression is controlled transcriptionally by the HspR and HrcA
repressors [15]. Several studies have demonstrated the potential
utility of E. coli expressed recombinant H. pylori GroEL and GroES
as protective vaccine antigens when delivered in conjunction with
a powerful exogenous adjuvant [16,17].
Here we present the ﬁrst examination of a H. pylori Hsp complex
vaccine. This study demonstrates that Hsp, derived from H. pylori
along with chaperoned cargo, can induce protective immunity.
Importantly this is achieved without the addition of an adjuvant,
and without inducing a large inﬂammatory response at the site of
infection. We further provide the ﬁrst demonstration that Hsp complex (HspC) vaccines can be effective when delivered via a mucosal
route.
2. Materials and methods
2.1. H. pylori culture
H. pylori strain SS1 [18] was cultivated in brain heart infusion
broth (BHI; Oxoid) containing 0.02% Amphostat and 5% horse serum
(Sigma, St Louis, MO, USA) and grown in microaerophilic conditions
for 24 h at 37 ◦ C.
2.2. Preparation of H. pylori heat shock protein complex vaccine
Heat shock protein complex vaccines were prepared essentially
as described [19]. To prepare the HspC vaccine, H. pylori strain SS1
was lysed using a Triton X-100 solution (40 mM Tris, 1 mM MgCl2 ,
20 mM NaCl, 0.5% Triton X-100, pH 8.0). The lysate was clariﬁed by
centrifugation at 13,000 rpm, ﬁltered through a 0.2 m ﬁlter, and
10 mg of the clariﬁed lysate loaded (at 1.08 mg/mL) onto a 5 mL ion
exchange column (Capto Q, GE Healthcare, Uppsala) at 0.5 mL/min.
After washing the column with low salt buffer (40 mM Tris, 1 mM
MgCl2 , 0.5% Triton X-100, pH 8.0), HspC were eluted using a high
salt buffer (40 mM Tris–HCl pH 8.0 containing 300 mM NaCl and
0.5% Triton X-100). Fractions were analysed for protein concentration (by the Bradford assay) and Hsp60 content by Western
blotting using the anti-Hsp60 antibody SPA-875 (Stressgen Bioreagents, Ann Arbor, MI, USA). The ﬁnal vaccine, comprising pooled
fractions containing most Hsp60, was sterile ﬁltered (0.2 m ﬁlter),
diluted to 500 g/mL in pH8.0 buffer containing 40 mM Tris, 1 mM
MgCl2 , 300 mM NaCl and 0.1% Triton X-100, and stored at −80 ◦ C.
2.3. Proteomic analysis of H. pylori heat shock protein complex
vaccine
Protein content was visualised and 8 g HspC compared with
8 g H. pylori lysate on Coomassie stained SDS-PAGE gels as
previously described [20]. Excised gel pieces were destained,
reduced with 10 mM TCEP (Thermo Scientiﬁc Pierce, Waltham,
MA, USA), alkylated with 55 mM iodoacetamide (Sigma) and
digested overnight at 37 ◦ C with sequencing grade modiﬁed
trypsin (Thermo Scientiﬁc Pierce). The resultant peptides were
then acidiﬁed with formic acid (Sigma) before analysis by liquid
chromatography–tandem mass spectrometry (LC–MSMS).

Fig. 1. H. pylori HspC: antigenic proﬁle. The protein content of H. pylori HspC
and lysate was compared by SDS-PAGE. HspC vaccine proteins identiﬁed by mass
spectrometry: 1 = thioredoxin, 2 = protein grpE, 3 = alkyl hydroperoxide reductase,
4 = urease subunit B, 5 = fructose-bisphosphate aldolase, 6 = bifunctional aconitate
hydratase 2/2-methylisocitrate dehydratase, 7 = DNA polymerase III subunit beta,
8 = ﬂagellin A, 9 = Hsp60, 10 = Hsp DnaK, 11 = Hsp90, 12 = fumarate reductase ﬂavoprotein subunit, 13 = NADH dehydrogenase subunit G, and 14 = isoleucyl-tRNA
synthetase.

LC–MSMS was carried out on a LTQ Orbitrap Elite (Thermo
Scientiﬁc) with a nanoelectrospray interface (nanoESI) coupled
to an Ultimate 3000 RSLC nanosystem (Dionex) equipped with
an Acclaim Pepmap nano-trap column (Dionex – C18, 100 Å,
75 m × 2 cm) and analytical column (Dionex C18, 2 m, 100 Å,
75 m × 15 cm). 2 L of peptide mix was loaded onto the trap column at 5 L/min of 3% CH3 CN containing 0.1% (v/v) formic acid
for 5 min before the enrichment column was switched in-line with
the analytical column. Peptides were eluted with 0.1% formic acid
and increasing concentrations of CH3 CN: 3–12% for 1 min, 12–35%
for 20 min, 35–80% for 2 min, 80% for 2 min. The LTQ Orbitrap
Elite mass spectrometer was operated in the data dependent mode
with nanoESI spray voltage of +2.0 kV, capillary temperature of
250 ◦ C and S-lens RF value of 60%. Data analysis was carried out
using Proteome Discoverer (Thermo Scientiﬁc version 1.4) and the
Mascot search engine (Matrix Science version 2.4). Search results
were set to maximum of 1% false discovery rate and a minimum
of 2 unique peptides required for positive identiﬁcation. Relative
protein concentrations were estimated using the exponentially
modiﬁed protein abundance index [21].
2.4. Vaccination against H. pylori
Animal experimentation was performed under institutional
guidelines and with approval from the University of Melbourne
Animal Ethics Committee. Groups of age-matched, female C57BL/6
mice were dosed either subcutaneously or nasally as previously
described [22,23]. Anti-H. pylori serum and intestinal antibody
responses were determined by ELISA using plates coated with H.
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Fig. 2. Antibody response and protective immunity induced by subcutaneous delivery of H. pylori HspC. C57BL/6 mice (n = 5) were vaccinated by two subcutaneous injections
of 25 g H. pylori HspC in PBS either with or without addition of 12 g ISCONOVA adjuvant. Negative controls were sham treated with PBS while positive controls were
vaccinated with formalin-ﬁxed H. pylori strain SS1 (FF-SS1) [22]. Vaccinations were spaced by 3 weeks, and sera collected 1 week post-vaccination (a). Four weeks after the
second vaccination, all mice were challenged with H. pylori SS1. Four weeks later, post-challenge sera (b) and intestinal scrapings (c) were collected for antibody analyses
and stomachs for quantiﬁcation of H. pylori colonisation levels by colony-forming assay (d). *p < 0.05; **p < 0.01; ***p < 0.001 cf sham control (ANOVA).

pylori lysate as described previously [24]. H. pylori infection levels
within mouse gastric tissues were quantiﬁed by a colony-forming
assay as described previously [25], with colony forming units calculated per stomach [26]. Gastric inﬂammation was determined by
grading of cellular inﬁltration, mucus metaplasia and gastric atrophy on blinded Haematoxylin and Eosin stained stomach sections,
as described previously [25].

phosphate-citrate buffer, pH 5.0, and the reaction stopped with an
equal volume of 2 M sulphuric acid prior to reading absorbance at
450 nm. Sample concentration was determined against a standard
curve of recombinant IL-10, IFN␥ (BD Biosciences), IL-13, IL-17A
(eBioscience), IL-17F or MIP2 (R&D systems).

2.5. Evaluation of gastric cytokine levels

For statistical analyses, all data were log-transformed then
compared by analysis of variance (ANOVA), with Dunnett’s post
hoc analysis, except for histopathology which was analysed by
Mann–Whitney non-parametric analysis, using SPSS software, version 21.0.

Half stomachs were homogenised using a Polytron® PT2100
(Kinematica, Luzern, Switzerland) in 2 mL BHI. Cell debris was
removed by centrifugation and protein concentrations in the supernatant quantiﬁed using a BCA protein assay kit (Pierce, Rockford,
IL, USA) prior to ELISA.
Cytokine concentrations were determined by coating 96well Maxisorp plates (Nunc, Roskilde, Denmark) with puriﬁed
anti-mouse MIP2 (100 ng/well; R&D systems, Minneapolis, MN,
USA), IL-13 (50 ng/well; eBioscience, San Diego, CA, USA), IL-10
(100 ng/well; BD Biosciences, San Jose, CA, USA), IFN␥ (100 ng/well;
BD Biosciences), IL-17F (40 ng/well; R&D systems), or IL-17A
(50 ng/well; eBioscience) overnight in bicarbonate coating buffer,
pH 9.6. Plates were blocked with 1% BSA (Sigma) in PBS (blocker) for
one hour prior to addition of samples in duplicate for three hours
at room temperature or 4 ◦ C overnight. Captured cytokines were
then labelled with biotinylated anti-mouse MIP2 (3.7 ng/well; R&D
systems), IL-13 (25 ng/well; eBioscience), IL-10 (50 ng/well; BD Biosciences), IFN␥ (50 ng/well; BD Biosciences), IL-17F (10 ng/well;
R&D systems) or IL-17A (25 ng/well; eBioscience) in blocker for one
hour prior to the addition of 50 L horseradish peroxidase conjugated streptavidin (Pierce) 1/5000 in blocker for 30 min. Colour
was developed with 100 L of TMB solution prepared as 0.1% of
10 mg/mL TMB (Sigma) in DMSO and 0.006% hydrogen peroxide in

2.6. Statistics

3. Results
3.1. H. pylori HspC is immunogenic and induces protective
immunity when delivered via the subcutaneous route
One-dimensional gel and LC–MSMS analysis of the H. pylori
HspC revealed that this complex contained abundant amounts of
four different heat shock proteins (Hsp60, DnaK, Hsp90 and grpE) as
well as a range of other antigens. Fourteen highly abundant proteins
that were identiﬁed by LC–MSMS have been marked according to
their apparent molecular weights in Fig. 1.
We ﬁrst examined whether H. pylori HspC was effective when
delivered parenterally by injection. Subcutaneous delivery of H.
pylori HspC, without addition of an exogenous adjuvant, induced
an antigen-speciﬁc serum antibody response that was signiﬁcantly
greater than unvaccinated controls both following vaccination
alone (Fig. 2a) and vaccination then subsequent challenge with live
H. pylori (Fig. 2b). The HspC antibody response, which comprised
both IgG1 and IgG2c subclasses, was comparable or greater than
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Fig. 3. Antibody response induced by respiratory delivery of H. pylori HspC. C57BL/6 mice (n = 7) were vaccinated twice by the nasal route with 50 g H. pylori HspC in 30 L
PBS either with or without addition of 10 g cholera toxin (CT). Negative controls (n = 8) were sham treated with PBS while positive controls (n = 9) were vaccinated with
50 g H. pylori lysate (HpL) plus CT. Vaccinations were spaced by 3 weeks, and sera collected 1 week post-vaccination (a). Four weeks after the second vaccination, all mice
were challenged with H. pylori SS1. Four weeks later, post-challenge sera (b) and intestinal scrapings (c) were collected for antibody analyses by ELISA and stomachs for
quantiﬁcation of H. pylori colonisation levels by colony-forming assay (d). *p < 0.05; **p < 0.01; ***p < 0.001 cf sham control (ANOVA).

that induced in positive control groups that received formalin-ﬁxed
bacteria or HspC mixed with ISCONOVA adjuvant. ISCONOVA was
selected as we have previously shown ISCOMATRIXTM -based adjuvants to be effective at inducing protective immunity against H.
pylori following subcutaneous vaccination [27]. Subcutaneous vaccination with H. pylori HspC alone also induced a mucosal antibody
response, as demonstrated by a signiﬁcant increase in intestinal
anti-H. pylori IgG1, but not IgG2c or IgA, in challenged animals
(Fig. 2c).
Most notably, subcutaneous vaccination with HspC alone
induced signiﬁcant protection against challenge with live H. pylori,

which was at least equivalent to that present in positive control
groups, including mice receiving HspC plus adjuvant (Fig. 2d).
3.2. H. pylori HspC induces systemic and mucosal antibodies, as
well as protective immunity, when delivered via the respiratory
route
As H. pylori is a mucosal pathogen and we had demonstrated
a mucosal antibody response following subcutaneous HspC injection (Fig. 2c), we examined whether mucosal delivery of HspC
could induce an effective immune response. The mucosal delivery
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Fig. 4. Protective immunity and gastric response induced by respiratory delivery of H. pylori HspC. C57BL/6 mice (n = 7) were vaccinated twice by the nasal route with 50 g
H. pylori HspC in 30 L PBS either with or without addition of 10 g cholera toxin (CT). Negative controls (n = 8) were sham treated with PBS while positive controls (n = 9)
were vaccinated with 50 g H. pylori lysate (HpL) plus CT. Vaccinations were spaced by 3 weeks, and four weeks after the second vaccination, all mice were challenged with
H. pylori SS1. Four weeks later, stomachs were removed for analysis. (a) H. pylori colonisation was quantiﬁed by colony-forming assay. (b) Severity of gastritis was assessed
by histological assessment of blinded sections. (c) Gastric cytokine levels in homogenised tissues were quantiﬁed by ELISA. *p < 0.05; **p < 0.01; ***p < 0.001 cf sham control
(ANOVA).

of HspC vaccines has not previously been reported. Nasal delivery was selected as it has been shown previously that sterilising
immunity is possible following mucosal vaccine delivery against H.
pylori via this route [28]. However, as the volume of vaccine used
in our studies has been shown previously to also go to the lungs
of mice when delivered nasally [29], we refer here to this route as
respiratory vaccination.
Respiratory vaccination with HspC alone induced a signiﬁcant
antigen-speciﬁc serum IgG and IgA response (Fig. 3a) and both
serum IgG1 (Fig. 3b) and intestinal IgG1 and IgA (Fig. 3c) after
live challenge with H. pylori. The addition to HspC of the powerful
mucosal adjuvant, cholera toxin (CT), did increase some of these
antibody responses over HspC alone. Notably however, the serum
and intestinal IgG1 levels in mice vaccinated with HspC alone were,
as for subcutaneous vaccination, not different from the positive
control groups following infectious challenge.
Quantiﬁcation of H. pylori colonisation levels in challenged animals revealed that mucosal delivery of HspC alone did indeed
induce signiﬁcant protection against this pathogen (Fig. 4a). The
level of protection from HspC alone was equivalent to that induced
by the positive control group that received whole bacterial lysate

plus CT. This indicates that, with respect to protection against H.
pylori, the intrinsic adjuvant activity of HspC was essentially equivalent to that of the powerful mucosal adjuvant CT.
Vaccine-induced protective immunity against Helicobacter in
mice has previously been associated with a transient phenomenon termed post-immunisation gastritis, where immunised
then challenged mice develop a more severe gastritis than unvaccinated, infected controls [6,7]. To examine the possibility of
post-immunisation gastritis in HspC vaccinated mice, we quantiﬁed the severity of inﬂammation in the gastric tissues of these
animals. Protection induced by the positive control vaccine which
contained CT adjuvant was associated with the development of a
median score of moderate-severe mucus metaplasia and atrophic
gastritis (Fig. 4b). Mice vaccinated with HspC alone before H. pylori
challenge however had a median score of mild metaplasia and mild
atrophy (Fig. 4b), indicating that while gastritis was still increased,
it was less severe than in mice receiving the other vaccines. Cellular
inﬁltration also trended lower in HspC vaccinated mice compared
to the other vaccine groups, although this did not reach signiﬁcance.
Of note, this reduction in gastritis was observed despite the induction of equivalent levels of protection (Fig. 4a). The addition of CT as
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Fig. 5. Antibody response induced by respiratory delivery of H. pylori HspC and H. pylori lysate. C57BL/6 mice were vaccinated twice by the nasal route with either 50 g
H. pylori HspC in 30 L PBS either with or without addition of 10 g CT (n = 7) or 50 g H. pylori lysate (n = 8). Negative controls (n = 8) were sham treated with PBS while
positive controls (n = 9) were vaccinated with H. pylori lysate (HpL) plus CT. Vaccinations were spaced by 3 weeks, and sera collected 1 week post-vaccination (a). Four weeks
after the second vaccination, all mice were challenged with H. pylori SS1. Four weeks later, post-challenge sera (b) were collected for antibody analyses by ELISA. *p < 0.05;
**p < 0.01; ***p < 0.001 cf sham control (ANOVA).

an adjuvant to the HspC resulted in a signiﬁcant increase in gastritis
with no concomitant increase in protection against challenge.
To further study this observation, we examined the gastric
cytokine levels of these animals. Despite the less severe gastritis,
mice vaccinated with HspC alone had the highest gastric cytokine
levels, with signiﬁcantly increased levels of all cytokines measured,
including IL-17, IFN␥ and MIP2 (Fig. 4c). Notably, in HspC vaccinated mice, the secretion of these pro-inﬂammatory cytokines
appeared to be balanced by a signiﬁcant increase in production of
the anti-inﬂammatory IL-10 and IL-13 (Fig. 4c).
3.3. H. pylori HspC is more protective than whole cell lysate
without addition of exogenous adjuvant
As H. pylori lysate contains a range of antigens and bacterial
products, including HspC, we examined whether puriﬁcation of
HspC was actually necessary and conferred any advantage over
lysate alone. Groups of mice were vaccinated via the respiratory
route with H. pylori lysate alone or HspC alone, or both these antigen
preparations adjuvanted with CT.
Without adjuvant, vaccination with H. pylori lysate via the respiratory route produced a trend towards increased anti-H. pylori
antibodies, although this did not reach signiﬁcance, either before
or after bacterial challenge (Fig. 5a and b). In contrast H. pylori HspC
alone, again induced a signiﬁcant serum IgG1 and IgA response
(Fig. 5a and b) demonstrating an improved ability of HspC to induce
an antibody response over whole bacterial lysate.

This improved immunogenicity of HspC over bacterial lysate
resulted in improved protection against live challenge as assessed
by quantiﬁcation of bacterial burden. Although vaccination with H.
pylori lysate alone did induce a small but signiﬁcant reduction in
colonisation upon subsequent challenge, as compared to the shamimmunised controls, the protection observed was signiﬁcantly less
than that induced by HspC alone (Fig. 6a). While the protection
induced by H. pylori lysate was improved by the addition of CT
adjuvant, it was notable that this was not signiﬁcantly different
from the protection induced by the non-adjuvanted HspC vaccine
(Fig. 6a). As previously observed, the addition of CT adjuvant did
not signiﬁcantly improve upon the level of protection induced by
the HspC vaccine alone.
Unlike in the previous experiment (Fig. 4c), gastric IL-17A levels were only signiﬁcantly increased in H. pylori lysate vaccinated
mice (Fig. 6b), which were not signiﬁcantly protected against bacterial challenge. No other cytokines were signiﬁcantly elevated,
except for IL-10 which was again increased in HspC vaccinated
and challenged mice (Fig. 6b). Therefore, as all three vaccines
induced protection, none of the cytokines measured correlated
with vaccine-mediated protective immunity in this study.
4. Discussion
The development of an effective vaccine against H. pylori has
been hindered by several obstacles, including the identiﬁcation of
a suitable mucosal adjuvant for use in a human vaccine. In this study
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Fig. 6. Protective immunity and gastric cytokines induced by respiratory delivery of H. pylori HspC and H. pylori lysate. C57BL/6 mice were vaccinated twice by the nasal
route with either 50 g H. pylori HspC in 30 L PBS either with or without addition of 10 g CT (n = 7) or 50 g H. pylori lysate (n = 8). Negative controls (n = 8) were sham
treated with PBS while positive controls (n = 9) were vaccinated with H. pylori lysate (HpL) plus CT. Vaccinations were spaced by three weeks and four weeks after the second
vaccination, all mice were challenged with H. pylori SS1. Four weeks later, stomachs were removed for analysis. (a) H. pylori colonisation was quantiﬁed by colony-forming
assay. (b) Gastric cytokine levels in homogenised tissues were quantiﬁed by ELISA. *p < 0.05; **p < 0.01; ***p < 0.001 cf sham control (ANOVA).

we demonstrate for the ﬁrst time that a vaccine containing HspC
produced from H. pylori, can induce protective immunity without
the addition of an exogenous adjuvant. This protective effect could
be elicited by H. pylori HspC delivery either by subcutaneous injection or mucosally via the respiratory route. To our knowledge, this
is the ﬁrst time that an HspC vaccine has been shown to be efﬁcacious when delivered mucosally [9,10]. H. pylori lysate alone also
induced a small but signiﬁcant level of protection, when delivered
via the respiratory route without adjuvant, although this was less
protective than HspC. As H. pylori lysate would contain HspC, albeit
at lower levels, we speculate that the protection induced by this
lysate may in fact be due to the HspC that it contains.
A second potential impediment to the development of a H. pylori
vaccine is post-immunisation gastritis. Hence the induction of a
protective effect by HspC vaccination, with reduced gastritis compared to other adjuvanted vaccines, is a noteworthy observation.
Interestingly, this protection with reduced gastritis was, perhaps
counter-intuitively, accompanied by increased levels of normally
pro-inﬂammatory cytokines in the gastric mucosa. However, HspC
vaccination was also associated with an increase in gastric levels
of both IL-10 and IL-13 cytokines, which would therefore appear to
have suppressed the inﬂammatory response to the vaccination and
infection, without interfering with the resulting protective immune
response.
As expected, mass spectrometric analysis of the antigenic content of the HspC revealed that the most abundant proteins were Hsp
themselves, and that a range of other antigens were also present.
Two of these, urease subunit B and alkyl hydroperoxide reductase,
have previously been demonstrated to be partially protective antigens when delivered to mice with adjuvant [30,31]. Hence it is
logical that these are important antigens against which the H. pylori
HspC vaccine induces an effective immune response, although
other proteins present within the HspC may also be targeted.
The mechanism by which vaccines impact upon H. pylori colonisation in mouse models remains unclear, but has been shown to

typically not involve antibodies [32–34] and to require CD4+ T-cells
[32,35], possibly via a mechanism involving Th17 cells and/or IL-17,
although that remains controversial [36–40]. While there was no
correlation between gastric cytokine levels (including IL-17) and
protection in this study, this does not rule out a potential role for
these cytokines in protective immunity.
Hsp have an intrinsic ability to activate TLR [9], which is thought
to be a signiﬁcant component of the mechanism by which HspC
vaccines induce immunity to co-delivered antigens without addition of an adjuvant. In order to facilitate long term colonisation
of its host, H. pylori has undergone considerable modiﬁcations to
minimise TLR activation. For example, H. pylori LPS has very low
biological activity, related to a modiﬁed lipid A that has reduced
ability to activate TLR4 [41,42], and H. pylori ﬂagellin is similarly
less potent at activating TLR5 [43]. As H. pylori HspC vaccines appear
highly immunostimulatory this would suggest that, unlike LPS and
ﬂagellin, the biological activity of H. pylori Hsp may not be modiﬁed to reduce TLR binding or activation. This may reﬂect the highly
conserved nature of Hsp in general, or that, unlike H. pylori LPS and
ﬂagellin, Hsp from these bacteria may not reach the host immune
cells and so there was no evolutionary requirement for modiﬁcation. Alternatively, the H. pylori HspC vaccine may be acting via a
non-TLR mediated mechanism and it is interesting to note that H.
pylori Hsp60 has previously been reported to induce IL-6 expression by macrophages via a MyD88-independent mechanism [44].
Another possibility is that detergents used during production of the
HspC result in the formation of liposomes using H. pylori phospholipids, which help adjuvant the vaccine.
In conclusion, H. pylori HspC vaccines have the potential to
overcome some of the key issues preventing the development of
a human vaccine against this pathogen. Our studies show that
they can induce protective immunity without requiring the addition of an adjuvant. Moreover, this protection can be achieved by
inducing a strong immune response in the gastric mucosa, but without the induction of a severe inﬂammatory response. Finally the
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ability to deliver, without adjuvant, by injection or via a mucosal
route provides ﬂexibility for product development and could
potentially avoid the requirement for needles.
However, the protection induced, at least in mice, was not
optimal as sterilising immunity was not obtained in this animal
model. Though further work may be necessary to optimise the
HspC vaccine formulation, it should be noted that mouse results
frequently do not directly translate to human efﬁcacy, so the level
of protection achieved may not truly be known until tested in
humans.
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