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Helicobacter pylori chronically 
persists in 50% of the human 

population and causes serious gastric 
and duodenal pathologies in 15% of 
infected people. Research on the immune 
response to the infection has mainly 
focused on the induction of CD4+ T cell 
responses. Human studies emphasize 
the potential clinical relevance of CD8+ 
cytotoxic T lymphocytes, however 
this cell type has barely been reported 
in studies employing mouse or gerbil 
models. Traditionally characterized as 
an extracellular bacterium, H. pylori 
has been identified inside epithelial 
and immune cells. Similarly to other 
intracellular bacteria, H. pylori infection 
of macrophages can alter autophagy and 
phagosome processing. A novel animal 
model of H. pylori infection demonstrates 
for the first time the induction of 
cytotoxic CD8+ T cell responses in 
pigs and localization of intracellular  
H. pylori within lymphoid aggregates. 
Here, we discuss novel mechanisms of host- 
H. pylori interactions that could lead to 
the induction of cytotoxic responses.

Introduction

Helicobacter pylori is a gram negative, 
spiral-shaped bacterium with a unique 
capacity to colonize and survive in the 
human gastric mucosa. Approximately 
50% of the human population carries 
this bacterium, however there are 
substantial differences regarding its 
geographic distribution. In Asia and 
Africa, the prevalence can reach 90%. In 

contrast, only 20% of the population in 
North America and Western Europe are 
colonized by H. pylori, which is the result 
of changes in hygiene, lifestyle habits, and 
the generalized use of antibiotics.1 Most H. 
pylori carriers develop chronic superficial 
gastritis that does not lead to severe 
disease, but 15% of infected individuals 
will develop serious gastric and duodenal 
pathologies. The main diseases caused 
by H. pylori are peptic and duodenal 
ulcers, gastric adenocarcinoma and gastric 
lymphoma. In fact, H. pylori comprises the 
main risk factor in 60–80% of stomach 
cancers, which is the fourth most common 
form of cancer worldwide.2,3 Conversely, 
there is increasing evidence that the 
presence of H. pylori protects against 
esophageal and cardial pathologies,4-7 
childhood asthma,8,9 childhood allergies,10 
and inflammatory bowel disease.11

Whether H. pylori exerts protective 
effects in the context of a dysregulated 
immune response or whether it 
contributes to cell damage and malignant 
transformation is dependent on various  
host and pathogen-related factors, 
including the host’s genetic background, 
age, and immune status, and the  
bacterium’s ability for antigenic 
variation, molecular mimicry, 
intracellular persistence, and expression 
of pathogenicity factors.12 Two of the 
most important pathogenicity factors of  
H. pylori are the effector protein CagA, 
which is part of the cag (cytotoxin-
associated gene) pathogenicity island 
(PAI) and the secreted toxin vacuolating 
cytotoxin A (VacA). Infection with 
strains bearing the cag PAI has been 
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associated with the development of peptic 
ulcer disease, gastric lymphoma, and 
gastric adenocarcinoma.13 VacA can be 
endocytosed into activated human primary 
T cells14 where it inhibits cell proliferation 
and thus the clonal expansion of H. pylori 
antigen specific T-cells15,16 contributing to 
immune evasion. Furthermore, it exists in 
different isoforms, which differ in their 
cytotoxin activity and the associated risk 
for developing gastroduodenal disease.16

Immune Response  
to Helicobacter pylori

The hallmark of the immune 
response to H. pylori in humans is the 
infiltration of the gastric mucosa by T 
helper (Th) 1, regulatory T cells (Treg), 
and neutrophils.17 This inflammatory 
response is unsuccessful in clearing the 
bacteria from the stomach and can lead to 
more severe immunopathology.18 Adaptive 
immune responses to H. pylori have been 
extensively studied in mouse and gerbil 
models of infection. Similar to humans, 
the animal models of H. pylori infection 
are characterized by the induction of 
mixed CD4+ T cell responses mediated by 
Th1, Th17, and regulatory T cell (Treg) 
subsets, which also fail to eradicate the 
bacterium.19 In recent years data from 
human clinical studies emphasize the 
potential relevance of another T cell subset, 
the CD8+ cytotoxic T lymphocytes, in 
the context of the immune responses to 
H. pylori. However, the development of 
CD8+ T cell responses has barely been 
reported in studies employing mouse or 
gerbil models of infection. This could be 
because the response has been unnoticed, 
perhaps because CD4+ T cells outnumber 
CD8+ T cells in the gastric mucosa, or due 
to species-specific differences, where mice 
and gerbils do not easily mount a CD8+ T 
cell response following colonization with 
H. pylori.

In contrast to human H. pylori 
infections, the relevance of CD8+ T cells 
during the host response to H. pylori 
in mice has been mostly described in 
the absence of CD4+ T cells.20 Results 
from studies with H. pylori infected 
GK1.5 mice21,22 and H. felis infected 

MHC-II−/− mice,22 both lacking CD4+ T 
cells, show elevated levels of gastric CD8+ 
T cells that contribute to the development 
of severe gastric lesions, a property 
traditionally attributed to effector 
CD4+ T cells.23,24 Immunization studies 
using MHC-II−/− mice demonstrate no 
protective effect against H. pylori infection 
and high frequencies of CD8+ T cells 
in the stomach.25 These results indicate 
that CD8+ T cells are main contributors 
to gastritis and CD4+ T cells exert a 
dominant regulatory role thereby limiting 
the severity of infection. Indeed, clinical 
studies in humans, both in children and 
adults, suggest the association between 
H. pylori colonization with increased 
CD8+ T cells and development of gastric 
ulcers.26-28 In addition, human patients 
with fewer functional Treg cells are more 
likely to develop peptic ulcers and are 
afflicted by more intense gastritis.16 Only 
recently, Ruiz et al.29 demonstrated the 
increased infiltration of CD8+ T cells into 
the gastric mucosa of H. pylori infected 
immunocompetent mice, which were 
characterized by their ability to produce 
IFNγ.

A New Pig Model  
of Helicobacter pylori Infection

We have recently developed a novel 
pig model of H. pylori infection. In 
two independent studies we found a 
reproducible induction of a Th1 response 
followed by a cytotoxic T cell response. 
This response was induced by both J99 
and SS1 H. pylori strains. Analysis of the 
systemic response over a 50-day period 
showed initial expansion of CD4+Tbet+ 
cells, pointing toward the development 
of a Th1 response, which is consistent 
with what has been previously reported in 
mouse models. Interestingly, this CD4+ 
T cell response preceded the expansion of 
CD8+Tbet+ T cells. Of note, we recorded 
that on day 35 post-infection up to 80% 
of circulating CD8+ T cells in infected 
pigs expressed this transcription factor 
compared with only 10% on average in 
the control non-infected group. These 
phenotypic changes correlated with 
upregulation of IFNγ, and markers of 

cytotoxic function like granzyme A, B, 
perforin, and CD16.30

Similar to H. pylori-mediated chronic 
gastritis in humans, our pig model shows 
that bacteria persist in the pig stomach at 
the expense of lesion development. One of 
the main features observed in this novel 
H. pylori pig model was the development 
of numerous large tertiary structures 
consisting of lymphoid aggregates in the 
stomach mucosa.30 These changes were 
described in the stomachs of humans 
that were experimentally infected with H. 
pylori, and were still detectable, although 
of smaller size, after antibiotic therapy 
to eliminate the bacteria.28 Moreover, a 
recent study describes the recruitment 
of DC-LAMP+ dendritic cells to gastric 
lymphoid follicles in stomach specimens 
obtained from H. pylori carriers. These 
cells were in close proximity to Foxp3+ 
cells and thus it is suggested that 
lymphoid follicles might be important 
sites where immune responses to H. pylori 
are regulated.31 Comparable to immune 
responses observed in humans, our pig 
model also shows the infiltration of 
Foxp3+ T cells into the gastric mucosa.30

Overall these findings corroborate 
that the pig model of H. pylori infection 
closely resembles human pathology. 
Thus, it has the potential to shed new 
light on host-H. pylori interactions 
and help developing novel treatment 
modalities. Especially our findings on 
CD8+ T cells raise several questions and 
will require further investigation. The 
first and most relevant aspect is what 
is the role of CD8+ T cells and how do 
they contribute to the pathogenesis of  
H. pylori-induced gastric disease, 
particularly to gastritis and ulcer 
development. The second is how does 
H. pylori induce MHC-I restricted 
immune responses. Of notable interest 
is the identification of the antigenic 
determinants from H. pylori that are 
recognized by CD8+ T cells and the 
pathways involved in processing and 
presentation of H. pylori antigens through 
the MHC-I pathway. Finally, are there 
differences among H. pylori strains in 
their ability to induce CD8+ responses? 

While additional work will be needed 
to provide answers to these questions, a 
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literature review and our own data provide 
support for the induction of cytotoxic 
responses to H. pylori.

Helicobacter pylori as 
Intracellular Pathogen

Traditionally, H. pylori has been 
considered an extracellular bacterium 
found as free-swimming in the mucus 
lining of the stomach or in close 
association with gastric epithelial cells.20 
More recent data suggest that H. pylori 
can survive inside cells. Several studies 
have demonstrated that H. pylori can 
persist in hepatocytes and replicate in 
macrophages, bone marrow-derived 
dendritic cells,32 and gastric epithelial cells 
in vitro, thus providing evidence for its 
role as facultative intracellular organism 
with the ability to reside, replicate, and 
successfully evade antibiotic therapy 
within host cells.33 Recent in vivo studies 
have further strengthened the role of  
H. pylori as an intracellular pathogen in 
mice and humans. More specifically,  
H. pylori was not only localized to murine 
gastric epithelial progenitor cells34 but 
was also identified in human tissue 
specifically residing within metaplastic, 
dysplastic, and neoplastic gastric epithelial 
cells, parietal cells, and lamina propria 
macrophages.35,36 Furthermore, H. pylori 
has been found in gastric lymph nodes 
suggesting lymphatic dissemination37 and 
providing in vivo evidence that H. pylori 
can spread beyond the gastric mucosa 
most likely within migratory phagocytic 
cells.

Special attention has been given 
to the infection of epithelial and 
phagocytic cells by H. pylori. Although 
the mechanisms of invasion are not well 
understood, it was determined that in 
epithelial cells the process was dependent 
on c-Met and the Type IV secretion 
system.38 Recent findings suggest that 
H. pylori survives in the intracellular 
environment by manipulating phagosome 
and autophagosome maturation.32,39 It 
has been shown that strains carrying 
s1 isoforms of VacA have a dual effect 
on autophagy by promoting it in initial 
phases of contact with epithelial cells, 

although prolonged exposure to the toxin 
results in the disruption of autophagosome 
maturation.40 Mechanistic insights 
on the molecular pathways affecting 
autophagosome formation, maturation, 
and degradation, and how these are 
manipulated by H. pylori are given in several 
recent publications.40-44 During chronic 
phases of infection, defects in components 
of the autophagosome machinery, such as 
ATG12 by MIR30B, or the presence of the 
ATG16L1*300A allele result in increased 
bacterial survival and persistence within 
cells.45 In primary human macrophages, 
virulent H. pylori strains can promote 
the formation of megasomes, large 
structures arising from homotypic fusion 
of phagosomes. Megasomes have limited 
degradative capacity and, consequently, 
H. pylori can survive for an extended 
time interval. These megasomes were 
localized by immunocytochemistry to 
the perinuclear region and differences 
were noted among strains with regards to 
the time of megasome formation.46 The 
presence of H. pylori within phagosomes 
does not explain the induction of cytotoxic 
responses since antigens originating 
form phagocytosed bacteria are mainly 
processed through the endocytic pathway 
for MHC-II presentation. In fact, there 
is no evidence linking phagosome and 
autophagy manipulation with MHC-I 
antigen processing in H. pylori infections. 
However, a new mechanism of amphisomal 
route of MHC-I cross-presentation has 
been described in dendritic cells infected 
with Clamydia, another gram-negative 
intracellular bacteria.47 This particular 
mechanism of antigen processing 
requires the release of Clamydia into the 
cytoplasm after vacuole desintegration. 
In the cytoplasm clamydial antigens 
undergo proteosomal degradation and are 
subsequently transported into recycling 
endosomes where they are loaded into 
MHC-I peptides. It is well established 
that, through its Type IV secretion system, 
H. pylori can inject toxins like VacA and 
CagA directly into the cytosol.48 Thus, the 
development of cytotoxic responses could 
alternatively result from proteosomal 
degradation of H. pylori proteins released 
directly into the cytosolic compartment, 
rather than from the presence of H. pylori 

within cellular compartments. Also, 
CD8+ T cell responses could arise as a 
result of cross-presentation. In this regard, 
a study by Azem et al.49 demonstrates 
that H. pylori antigen pulsed B cells 
were able to elicit a CD8+ response via 
MHC-I through cross-priming. The 
majority of mucosal CD8+ cells (>80%) 
in gastric biopsies from H. pylori infected 
individuals were shown to be of a memory 
phenotype. The proliferative memory 
response of peripheral CD8+ cells to 
urease was significantly higher in infected 
vs. uninfected individuals. In addition, 
more than half of the H. pylori infected 
individuals showed strong memory 
responses to H. pylori lipoprotein A 
(HpaA) ex vivo which was not the case for 
cells from uninfected individuals. Binding 
of HpaA to TLR2 on NK cells has also 
been implicated in the induction of IFNγ 
secretion by NK cells.50,51

Macrophages are recruited to the 
gastric mucosa following H. pylori 
colonization. This process is a critical step 
in the acute response to the bacterium.52 
In our pig model, H. pylori still persists 
in the stomach on day 50 post-infection. 
Bacterial localization was assessed by 
immunohistochemistry, and most of it 
was found in the mucus layer, or in the 
gastric pits (Fig. 1B and C). In addition, 
a smaller fraction of H. pylori organisms 
were localized in the lamina propria. Of 
particular interest was the presence of 
H. pylori within lymphoid aggregates 
(Fig. 1D), in an area close to the lumen, 
which is enriched in myeloid cells and 
lymphocytes. At larger magnification,  
H. pylori can be observed in the 
extracellular compartment as free 
swimming (Fig. 1C, insert) or overlaying 
the apical side of epithelial cells (Fig. 1F). 
However, the H. pylori found in lymphoid 
aggregates was intracellular (Fig.  1D, 
insert). In addition, we also observed 
some bacteria in the gastric pits invading 
an epithelial cell (Fig.  1E). Overall, 
these new data demonstrate an intimate 
association between the development of 
CD8+ T cell responses and the presence 
of a small fraction of H. pylori in the 
gastric mucosa within cells of the lamina 
propria and epithelial cells. Still, there 
is a need for a substantial effort ahead 
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to directly demonstrate the presence of  
H. pylori-specific CD8+ T cells and 
the exact mechanisms by which these 
responses are induced.

Conclusions

Although traditionally viewed as 
extracellular bacterium, recent findings 
demonstrate the presence of H. pylori 

in the intracellular environment 
of epithelial and myeloid cells. In 
concordance with this, CD8+ T cell 
responses have been detected in infected 
humans. However, the role of CD8+  
T cells in the immune response to H. 
pylori has been poorly characterized thus 
far. A novel animal model of H. pylori 
infection demonstrates for the first time 
the induction of cytotoxic CD8+ T cell 
responses in pigs and the presence of H. 

pylori within cells of the gastric mucosa. 
Recent findings on the interaction 
between H. pylori, gastric epithelial 
cells, and macrophages have unveiled 
the bacterium’s ability to interfere with 
intracellular processes such as autophagy, 
membrane trafficking, or phagosome 
maturation, which are crucial in antigen 
processing and presentation. However, 
mechanistic links between these 
molecular changes and the induction of 

Figure 1. Localization of Helicobacter pylori strain SS1 in the mucosa of the pig stomach at day 50 post-infection. Bacterial detection was performed in 
formalin fixed stomach sections stained with an anti-H. pylori polyclonal antibody from Cell Marqe, or with secondary only as a negative control (A). 
Most of the H. pylori was localized in the mucus layer and gastric pits (B, C), however, a small fraction was found in the lamina propria (D). At high power 
magnification (1000×) H. pylori can be observed in the extracellular compartment as free swimming (C, insert) or overlying the apical side of epithelial 
cells (E). Some H. pylori positive staining was detected in the intracellular compartment of cells in lymphoid aggregates (D, insert) and within epithelial 
cells (E). Original magnification, 100× (A, B), 200× (C, D), and 1000× (C, insert; D, insert; E and F).
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CD8+ T cell responses remain elusive. 
A deeper mechanistic understanding of 
the immune responses induced following 
chronic colonization of the stomach with 
H. pylori in relevant models of infection 
is needed to accelerate the design of 

optimal interventions against H. pylori-
associated pathologies.
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