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Helicobacter pylori infects the stomachs of approximately 4.4 billion persons, over
half of the global population, justifying its stature as the most common bacterial
infection worldwide. Virtually, all persons infected by this organism develop
co-existing gastritis, a signature feature of which is the capacity to persist for
decades. Microbial persistence implies a relationship in which the signals of the
colonizing organism affect the signals of the host, allowing host and bacteria to
participate in a dynamic equilibrium, the intensity of which is dependent upon
environmental influences. Unfortunately, there are biological costs for these
long-term relationships. For example, chronic infection with H. pylori incurs the
highest known risk for gastric cancer, and H. pylori is the only bacterial species
designated by the World Health Organization as a class I carcinogen. With an
estimated 1 million new cases per year, gastric adenocarcinoma claims >780,000
lives annually and approximately 80% of the gastric cancer burden and 5.5% of all
malignancies worldwide are attributable to H. pylori-induced inflammation and
injury. Eradication of H. pylori significantly decreases the risk of developing cancer
in infected individuals; however, universal test and treat strategies for H. pylori are
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not feasible due to the high prevalence of infection, the fact that only a subset of
colonized persons ever develop neoplasia, and the expense and side effects of
antibiotic therapy. These observations, in conjunction with evidence that carriage
of certain strains is inversely related to esophagal adenocarcinoma, atopic diseases,
and inflammatory bowel disease, underscore the importance of identifying mech-
anisms that regulate pathologic interactions of H. pylori with its host which promote
the disease. All of the chapters contained in this unique book broadly and com-
prehensively describe the latest insights about such mechanisms.

The cag pathogenicity island is a fascinating H. pylori strain-specific gene locus
that encodes a type IV secretion system (T4SS), and cag+ strains markedly augment
the risk for disease compared to cag− strains. The protein product of the cagA gene
(CagA) is translocated by the T4SS into epithelial cells, undergoes tyrosine phos-
phorylation, and activates a eukaryotic phosphatase (SHP-2) and various other
signaling factors, leading to pathogenic cellular responses. Non-phosphorylated
CagA also exerts pathologic effects via induction of pro-inflammatory signaling,
activation of b-catenin, and disruption of apical-junctional complexes. Recently,
elegant studies have demonstrated that gastric stem and progenitor cells can be
specifically targeted and activated by cag+ H. pylori, which likely contributes to the
enhanced carcinogenic risk incurred by these strains.

In addition to the cag T4SS, the H. pylori genome contains an unusually high
proportion of open reading frames that encode outer membrane proteins (OMPs).
Consistent with sequence data, H. pylori strains express multiple paralogous OMPs,
several of which bind to the defined receptors on gastric epithelial cells. The first
defined H. pylori host receptor partnership involved BabA, a highly conserved
OMP encoded by the strain-specific gene babA2, which binds the Lewis
histo-blood-group antigen Leb. A second ligand–receptor coupling involved SabA,
an H. pylori adhesin that binds the sialyl-Lewisx (Lex) antigen, an established tumor
antigen and marker of gastric dysplasia that is upregulated by chronic gastric
inflammation. Host integrin receptors also represent an entry point for CagA
injection, and an important role is played by CagL, a T4SS-pilus-localized protein.
CagL bridges the T4SS to a5b1-integrins on target cells and activates host cell focal
adhesion kinase (FAK) and Src to ensure that CagA is phosphorylated directly at its
site of injection. Additional Cag proteins (CagA, CagI, CagY) also bind b1 integrin
and induce conformational changes of integrin heterodimers, which permits CagA
translocation. Recently, a fourth cognate H. pylori adhesin-host receptor partnership
was identified as an H. pylori outer membrane protein, HopQ, which was shown to
bind to members of the host carcinoembryonic antigen-related cell adhesion
molecule (CEACAM) family of receptors, required for CagA translocation and
subsequent signaling within epithelial cells. This remarkable finding has identified
an additional target for novel antimicrobial therapeutic strategies as well as pro-
viding a framework for new studies of H. pylori pathogenesis.

H. pylori has not only evolved mechanisms to aberrantly activate inflammatory
signaling but to also evade host recognition and clearance. Toll-like receptors
(TLRs) orchestrate immune responses targeting pathogens and bridge innate and
adaptive immunity via selective recognition of pathogen-associated molecular
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patterns (PAMPs). However, H. pylori harbors multiple PAMPs that interact dif-
ferently with TLRs than the respective counterparts in other mucosal pathogens.
H. pylori FlaA is a non-inflammatory molecule in terms of its ability to activate
TLR5. H. pylori LPS contains an anergic lipid A core that induces an attenuated
TLR4-mediated response. We and others have shown that deacetylation of pepti-
doglycan allows H. pylori to evade host clearance and that pre-activation of Nod1
suppresses H. pylori-induced signaling via activation of a Nod1-dependent negative
feedback loop. Thus, H. pylori has evolved to express an array of diverse pheno-
types to subvert obstacles presented by the host, which promotes long-term colo-
nization and, inherently, the development of the disease.

Environmental conditions such as high salt diets or iron deficiency can also
augment the risk for disease by enhancing the virulence of H. pylori. Exposure of
H. pylori cag+ strains to increasing concentrations of salt markedly enhances the
expression of CagA, and the levels of induction are dependent upon a salt-sensitive
motif within the CagA promoter. Iron deficiency also accelerates the progression to
carcinogenesis within the context of H. pylori infection and iron depletion aug-
ments assembly of the cag T4SS and translocation of CagA into host epithelial
cells. Are there other elements that contribute to H. pylori-induced diseases?
Studies in mice have determined that the gastric microbiota collaborates with
H. pylori to augment the progression to gastric cancer, and persons with prema-
lignant and malignant gastric lesions have distinct microbial populations in the
stomach, which is termed dysbiosis. Restoration of gastric dysbiosis is an exciting
area for future research when viewed within the context of data demonstrating that
manipulation of the intestinal microbiome improves tumor responses to checkpoint
inhibitor therapies. Specifically for H. pylori, computational modeling has shown
that non-H. pylori bacterial lateral gene transfer occurs frequently in gastric cancers
and, of interest, 2 of the 5 most targeted host genetic loci for bacterial DNA
integration are CEACAM5 and CEACAM6, which encode proteins known to be
up-regulated in gastric cancer. Over-expression of CEACAMs in three-dimensional
tissue culture systems aberrantly affects tissue organization and architecture and
leads to the formation of cancer in mice. Heightened expression of CEACAMs
induced by a dysbiotic gastric microbial community may also facilitate H. pylori
binding, thereby conferring detrimental consequences for the host over prolonged
periods of time.

Together, I feel very much delighted to be asked by Steffen Backert to provide
this Foreword for the volume on “Molecular Mechanisms of Inflammation:
Induction, Resolution and Escape by Helicobacter pylori” that he has edited. I was
fascinated by the topic list and impressed by the fantastic group of international
experts contributing to this book. Ultimately, the book covers crucial investigations
that focus on H. pylori-induced diseases that will help to construct a paradigm for
other cancers that arise from inflammatory foci such as hepatocellular carcinoma
and cholangiocarcinoma. Similarly, chronic esophagitis, pancreatitis, and ulcerative
colitis each confer a significantly increased risk for the development of cancer
within their respective anatomic sites. Thus, a comprehensive understanding of how
H. pylori initiates gastric cancer will impact our knowledge of how chronic
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inflammation leads to malignant degeneration in other organ systems. The insight
contained in each of these chapters provides such an understanding and is, there-
fore, a welcome addition to this field.

Nashville, TN, USA Richard M. Peek, Jr.
Departments of Medicine and Pathology

Microbiology, and Immunology
Vanderbilt University Medical Center
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H2RA H2-receptor antagonist
hBD Human beta-defensin
HBP Heptose-1,7-bisphosphate
HBV Hepatitis B virus
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HopP Helicobacter Outer membrane protein P
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Hsp60 Heat shock protein 60
HspB Heat shock protein B
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IBD Inflammatory bowel disease
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ICPi Immune checkpoint inhibitors
IEL Intra-epithelial lymphocytes
IFN Interferon
IFNGR Interferon gamma receptor
Ig Immunoglobulin
IgA/B Immunoglobulin A/B
IGFIIR Insulin-like growth factor II receptor
IGH Immunoglobulin heavy chain
IGHV Immunoglobulin heavy chain variable region
IHF Integration host factor
IKK IjB kinase
IL Interleukin
IL-1 Interleukin-1
IL-12 Interleukin-12
IL-17 Interleukin-17
IL-1R Interleukin-1 receptor
IL-1RA Interleukin-1 receptor antagonist
IL-6 Interleukin-6
IL-8 Interleukin-8
IL-21 Interleukin-21
IL-23 Interleukin-23
IM Intestinal metaplasia
IMC Inner membrane complex
iNKT Invariant NK T-cells
iNOS Inducible nitric oxide synthase
INS-GAS Insulin-gastrin
INSR Insulin receptor
IP3 Inositol triphosphate
IPD Interpulse duration
IPEX Immunodysregulation polyendocrinopathy enteropathy X-linked
iPSC Induced pluripotent stem cell
IPSID Immunoproliferative small intestinal disease
IRAK IL-1 receptor-associated kinase
IRF Interferon-regulatory factor
IRG Interferon-response gene
ISGF3 Interferon-stimulated gene factor 3
ITAM Immunoreceptor tyrosine-based activation motif
ITIM Immunoreceptor tyrosine-based inhibition motif
JAK Janus kinase
JAM Junctional adhesion molecule
JNK c-Jun kinase
JUP Junction plakoglobin
KCNQ1 Potassium voltage-gated channel subfamily Q member 1
KLF Krüppel-like factor
KO Knockout
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Kras Kirsten rat sarcoma oncogene
LabA LacdiNAc-specific adhesin
LacdiNAc GalNAcb1–4GlcNAc
LAT Linker for activation of T cells
LBP Lipopolysaccharide-binding protein
LCK Lymphocyte-specific protein tyrosine kinase
LDL-C Low-density lipoprotein-cholesterol
Lea Lewis A antigen
Leb Lewis B antigen
LES Lower esophageal sphincter
Lex Lewis X antigen
Ley Lewis Y antigen
LFA-1 Lymphocyte function-associated antigen 1
LFS Li-Fraumeni syndrome
Lgr5 Leucin-rich-repeat-containing G-protein coupled receptor 5
LIMA1 LIM domain and actin-binding protein-1
LL37 37-residue amphipathic a-helical cathelicidin
LMO LIM domain-only protein fragment
LMP Latent membrane protein
LOH Loss of heterozygosity
LPS Lipopolysaccharide
Lrp Global regulatory protein
LRR Leucin-rich repeat
LSP1 Lymphocyte-specific protein 1
LT Labile toxin
LTb Lymphotoxin-b
M1 Type 1 macrophage
M2 Type 2 macrophage
m4C N4-methylcytosine
m5C 5-methylcytosine
m6A N6-methyladenine
MAdCAM-1 Mucosal addressin cell adhesion molecule 1
MAGI-1 Membrane-associated guanylate kinase with inverted orientation 1
MAGUK Membrane-associated guanylate kinase-like protein domain
MALT Mucosa-associated lymphoid tissue
MALT1 MALT lymphoma translocation protein 1
MAMP Microorganism-associated molecular pattern
MAP Mitogen-activated protein
MAPK Mitogen-activated protein kinase
MARK Microtubule affinity-regulating kinase
MCL-1 Myeloid cell leukemia 1
MD2 Lymphocyte antigen 96
MDC1 Mediator of DNA damage checkpoint protein 1
MDCK Madin-Darby canine kidney
MDM2 Mouse double minute 2 homolog

xviii Abbreviations



MDSC Myeloid-derived suppressor cell
MGMT 6-O-methylguanine-DNA transferase
MHC Major histocompatibility complex
Mincle Macrophage inducible C-type lectin
miR Non-coding micro-RNA (also called micro-RNA)
miRNA Non-coding micro-RNA
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MKI MARK kinase inhibitor
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MLCK Myosin light chain kinase
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MLN Mesenteric lymph nodes
MLST Multilocus sequence typing
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MMR DNA mismatch repair
MOI Multiplicity of infection
MPF Mating pair formation
Mre11 Meiotic recombination 11 homolog
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mRNA Messenger ribonucleic acid
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MS Multiple sclerosis
MSI Microsatellite instability
Msi-1 Musashi RNA-binding protein-1
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MSS Microsatellite stable
Mtase Methyltransferase
mtDNA Mitochondrial DNA
MTHFR Methylenetetrahydrofolate reductase
mTOR Mechanistic target of rapamycin
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MUC6 Mucin-6
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MUPP Multi-PDZ domain protein
MYC MYC proto-oncogene
MyD88 Myeloid differentiation primary response gene 88
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mbCD Methyl-b-cyclodextrin
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Nbs1 Nijmegen breakage syndrome 1
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NEIL Nei-like protein
NEMO NF-jB essential modifier
NER Nucleotide excision repair
NF-jB Nuclear factor-kappa B
NFAT Nuclear factor of activated T cells
NGS Next-generation sequencing
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OipA Outer inflammatory protein A
OMP Outer membrane protein
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Abstract It has been over 30 years since a link was established between H. pylori
infection of the gastric mucosa and the development of chronic gastric diseases.
Research in rodentmodels supported bydata fromhuman tissue demonstrated that the
host immune response toH. pylori is limited by host regulatory T cells. Immunization
has been shown to induce a potent Th1- andTh17-mediated immune response capable
of eradicating or at least significantly reducing the bacterial load of H. pylori in the
stomach in small animal models. These results have not translated well to humans.
Clinical trials employingmany of the strategies used in rodents for oral immunization
including the use of a mucosal adjuvant such as Escherichia coli LT or delivery by
attenuated enteric bacteria have failed to limitH.pylori infection andhavehighlighted
the potential toxicity of exotoxin-based mucosal adjuvants. A recent study, however,
utilizing a recombinant fusion protein ofH. pylori urease and the subunit B of E. coli
LT, was performed on over 4000 children. Efficacy of over 70% was demonstrated
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against naturally acquired infection compared to control volunteers one year post-
immunization. Efficacy was reduced, but still above 50% at three years. This study
provided new insight into the strategies for developing an improved vaccine for
widespread use in countries with high infection rates and where gastric cancer (GC)
remains one of the most common causes of death due to cancer.

1 Introduction

Helicobacter pylori is a microaerophilic Gram-negative, spiral-shaped bacterial
pathogen that resides in the human stomach, aided in large part by the produc-
tion of urease against the highly acidic environment. H. pylori is one of the most
prevalent global pathogens and colonizes an estimated 50% of the world’s popu-
lation (Parkin 2004). Prevalence varies widely throughout the world from 10% to
greater than 70% (Graham et al. 1991; Hunt et al. 2011). Infection is primarily,
but not exclusively, acquired in early childhood and spreads through oral–oral and
fecal–oral transmission pathways. It lasts for the entire life of the host, and while
most infected individuals remain asymptomatic, 10-20% of infected people develop
peptic ulcer disease (PUD), ~1% develop gastric adenocarcinoma, and less than 1%
developmucosa-associated lymphoid tissue (MALT) lymphoma (Posselt et al. 2013).
However, gastric cancer (GC) remains the fourth leading cause of death due to can-
cer worldwide and for large geographic regions including South America, Eastern
Europe, and the Far East levels range from 20 to 40 per 100,000 people (Yamaoka
et al. 2008). H. pylori may be responsible for 75% of all GC cases throughout the
world (de Martel et al. 2012). The World Health Organization classified H. pylori as
a definite class I carcinogen in 1994 (Bouvard et al. 2009), and this classification was
confirmed in 2012 (IARC 2012). In this chapter, we review our current knowledge
about the host immunity in response to H. pylori infection and the clinical vaccine
trials that have elucidated potential strategies for developing an efficacious vaccine
against H. pylori.

2 Host Immune Response to H. pylori Infection

H. pylori colonizes the surface of the gastric mucosa, where bacterial antigens are
recognized and presented by antigen-presenting cells (APCs), including dendritic
cells (DCs) and macrophages (Lee and Buck 1996). The activated APCs stimulate
naïve CD4+ T cells and induce antigen-specific responses in Th1 cells (D’Elios
et al. 1997; Bimczok et al. 2010; Eaton et al. 2001) and Th17 cells (Rolig et al.
2011; Zhuang et al. 2011) by secreting cytokines such as TGF-β, IL-6, IL-12, IL-21,
and IL-23. Th1 cells secrete IFN-γ and regulate cellular immunity, and Th17 cells
secrete IL-17 and maintain mucosal barriers and contribute to pathogen clearance
at mucosal surfaces. Several studies revealed significant expression of IL-12 and
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IL-23 in H. pylori-stimulated macrophages and IFN-γ and IL-17 in gastric tissue
of mice and humans with H. pylori infection (Shi et al. 2010; Shimizu et al. 2004;
Bamford et al. 1998; Lindholm et al. 1998). Th1 and Th17 cell subset differentia-
tion along with their signature cytokines are critical for proper control of H. pylori
infection, whereas B cells and antibodies have been shown not to be required for
control of H. pylori (Ermak et al. 1998). Additionally, Th1 and Th17 cell subtypes
have been implicated in initiating and promoting the immunopathology in the chron-
ically infected gastric mucosa due to inflammation that manifests histologically as
atrophic gastritis, compensatory epithelial hyperplasia, and intestinal metaplasia in
experimentally infected animals and symptomatic human carriers (Shi et al. 2010;
Stoicov et al. 2009). The Th17/IL-17 pathway modulates cellular responses and pro-
motes gastric epithelial cells (GECs), stromal cells, endothelial cells, and lamina
propria mononuclear cells that express the IL-17 receptor to release cytokines such
as IL-1, IL-6, IL-8, and TNF-α, which then attract neutrophils to attack H. pylori
(Mizuno et al. 2005; DeLyria et al. 2009) and are also involved in the pathogenesis
of H. pylori-induced gastric adenocarcinoma (Shi et al. 2010; Stoicov et al. 2009).

Whereas H. pylori infection promotes Th1 and Th17 cell responses and induces
gastric mucosal inflammation leading to gastric adenocarcinoma, a T regulatory
(Treg) cell response is also observed, which drives immune tolerance and suppresses
Th1- and Th17-mediated immunity againstH. pylori infection (Robinson et al. 2008;
Harris et al. 2008; Arnold et al. 2011b; Oertli et al. 2013). The induction of Treg
cells by H. pylori is in large part due to its lack of pathogen-associated molecu-
lar patterns (PAMPs) as illustrated in Fig. 1. While the T effector cell response
is generally driven in symptomatic patients with H. pylori-associated diseases, a
Treg-predominant response with high levels of IL-10 and TGF-β production tends
to be involved in asymptomatic H. pylori carriers (Robinson et al. 2008; Matsumoto
et al. 2005). Experimental murine infection suggests that the age at the time of
first exposure against H. pylori influences the immune response with respect to
pro-inflammatory T cells or Treg cells (Arnold et al. 2011b). Mice infected during
adulthood develop chronic gastritis and preneoplastic lesions over time, but mice
infected during the neonatal period mimic the asymptomatic human carrier and are
protected against gastric pathology (Arnold et al. 2011b). Moreover, the neonatal
infection model generates immune tolerance toward H. pylori that is driven by Treg
cells, which suppress Th1 and Th17 cell activity (Arnold et al. 2011b).

Two H. pylori virulence determinants, the vacuolating cytotoxin A (VacA) and
the γ-glutamyl-transpeptidase (GGT), are suggested to promote the differentiation
of Treg cells over Th1 and Th17 cells (Oertli et al. 2013). VacA and GGT promote
tolerant DCs to H. pylori, which retain a semi-mature phenotype and prime Treg
differentiation (Oertli et al. 2012, 2013; Oertli andMuller 2012). Additionally, in the
presence of VacA, DCs induced FoxP3 and CD25 expression in T cells, thereby pro-
moting a bias toward regulatory T cell responses (Oertli et al. 2013; Maldonado and
von Andrian 2010). Conversely, VacA deficiency leads to higher numbers of Th1 and
Th17 cells and higher expression of IFN-γ and IL-17, which cause severe inflamma-
tion, atrophic gastritis, intestinal metaplasia, and epithelial hyperplasia (Oertli et al.
2013).
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Fig. 1 Host immunity to mucosal bacteria varies with bacterial phenotype. The composition of
mucosal bacteria and the expression of specific macromolecules influence the nature of the host
response. An aberrant immune response to commensal bacteria in the alimentary tract can lead to
inflammatory bowel diseases. a Any bacteria that are invasive will induce an immune response as
these bacteria or bacterial components are ultimately filtered through the lymph tissue. The presence
of these new, complex, and non-host elements will generate a T helper cell response capable of
promoting a multi-faceted immune response. In the case of bacteria, this response would most
likely be dominated by Th1 and/or Th17 cells. Repeated exposure to the same bacteria would evoke
a strong secondary immune response. b Bacteria that remain in the lumen of the mucosa reside
“outside” of the tissue. These bacteria are sampled by the immune system through dendritic cell
(DC) surveillance. Macromolecules from resident bacteria are taken up by DCs which can then
present bacterial peptides to T cells. The nature of the DC response is highly dependent upon
the presence of pathogen-associated molecular patterns (PAMPs) such as flagellin protein, LPS,
peptidoglycan, and others. If these PAMPs contain the appropriate consensus sequence or structure,
they elicit maturation of the DC. The DC then activates T helper cells in the context of cytokines
that promote the development of pro-inflammatory Th1 or Th17 cells. These T cells are then poised
to promote a specific immune response to eradicate the potential pathogen. c Many bacteria that
reside at the mucosa lack PAMPs with the ability to induce maturation in DC. In these cases, the
DC presents bacterial peptides to T cells but in the context of cytokines and receptors that promote
the activation of Treg cells. These Tregs have the ability to limit the host response to what the host
treats as a commensal organism. H. pylori lacks PAMPs that induce maturation in DCs and are
known to induce Treg activity, contributing to its ability to remain at the gastric mucosa

Studies support a crucial role for Treg cells in maintaining a benign interac-
tion between H. pylori and its host. Additionally, immunomodulation and tolerance
induced by Treg cells in response to H. pylori infection not only ensures persistent
H. pylori infection but also contributes to protect mice from experimental allergic
asthma (Oertli et al. 2013; Engler et al. 2014; Arnold et al. 2011a; Koch et al. 2015).
H. pylori-induced Treg cell activity suppressed allergen-specific immune responses
in the lung, airway hyper-responsiveness, tissue inflammation and goblet cell meta-
plasia, and prevention of allergen-induced pulmonary and bronchoalveolar infiltra-
tion with eosinophils, Th2 cells, and Th17 cells (Arnold et al. 2011a). Conversely,
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the depletion of Treg cells abrogates tolerance and asthma protection (Arnold et al.
2011a).

The decline of the prevalence ofH. pylori infection inWestern countries correlates
with increases in childhood asthma and allergic diseases, and several epidemiolog-
ical studies have reported an inverse correlation between asthma incidence and H.
pylori infection (Blaser et al. 2008; Chen and Blaser 2007, 2008; Reibman et al.
2008). The relationship between asthma and H. pylori infection, however, remains
unclear as outcomes are different depending on the population, age, and other factors
(den Hollander et al. 2016; Wang et al. 2013, 2017; Zhou et al. 2013). A detailed
understanding of the Treg response and tolerance promoted by H. pylori infection
may lead to alternative strategies to antimicrobial eradication therapy. Immunomod-
ulation of the response against H. pylori infection could be used to either reduce
immunopathology, or conversely, promote a more aggressive inflammatory response
with the potential to eradicate H. pylori.

3 Obstacles in Developing H. pylori Vaccine

H. pylori infection can be treated by established antimicrobial therapies. These ther-
apies can vary, but in general consist of combination therapies including two antibi-
otics and a proton pump inhibitor (NIH 1994). Eradication therapy against H. pylori
infection can lead to significant improvement of gastric atrophy and may prevent the
development of GC (Ito et al. 2009; Kato et al. 2007; Lee et al. 2016; Ma et al. 2012;
Mabe et al. 2009; Take et al. 2015). However, successful rates of eradication ther-
apy are declining in recent years, and antibiotic resistance is thought to be the main
cause of eradication failure (Kobayashi et al. 2007; Murakami et al. 2016; Nishizawa
et al. 2015). In addition, these therapies are taken multiple times per day for a mini-
mum of 7–14 days and are often accompanied by side effects including diarrhea and
nausea. Patient compliance is often poor, which induces eradication failure as well.
Moreover, antimicrobial eradication is not expected to protect against reinfection,
although this would likely occur at a relatively low rate in adults. It is not fiscally
or practically possible to treat one half of the world’s population with antimicrobial
agents in an effort to cure PUD or prevent GC, and it would also lead to the devel-
opment of antibiotic resistance in both H. pylori and other human pathogens. Given
the limitations of antimicrobial therapy and analyses that indicate the use of a pro-
phylacticH. pylori vaccine could be cost-effective (Rupnow et al. 2009), a concerted
effort has been made toward vaccine development.

Development of a vaccine against H. pylori is technically challenging given its
niche in the gastric mucosa. The bacteria reside in the gastric mucous and in close
association with the surface of GECs. Unlike some other enteric pathogens such
as Salmonella which cross the gut epithelium, H. pylori is generally not invasive
per se. It, therefore, remains sequestered from many immune effector mechanisms.
Neutrophils are recruited and can cross the epithelium to form crypt abscesses, and
similar to the intestinal mucosa the gastric mucosa contains secreted antibodies and
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antimicrobial peptides (see also Chapter “Carbohydrate-Dependent and Antimicro-
bial Peptide Defense Mechanisms Against Helicobacter pylori Infections” of this
book). But these mechanisms appear insufficient to eradicate H. pylori infection. In
addition, as described above, H. pylori induces Treg cells that are dominant which
results in reduced inflammation, suppression of Th1- and Th17-mediated immunity,
and persistentH. pylori infection. In the early days ofmucosal immunology research,
there was a consensus that traditional systemic immunizations were ineffective at
inducing protection against mucosal pathogens and that such protection would have
to be generated locally through mucosal immunization. This presented researchers
with a technical challenge as protein antigens were known to stimulate weak immune
response or even tolerance at mucosal surfaces. Although such difficulties could in
theory be overcome through the use of adjuvants, no safe and efficacious adjuvants
for use in mucosal immunization existed. This limitation contributes to the lack of
vaccines against many enteric pathogens and venereal diseases.

4 Establishing the Principles for H. pylori Vaccination

One of the earliest and still most successful experimental mucosal adjuvants is
exotoxins from bacteria such as cholera toxin (CT) from Vibrio cholerae and the
Escherichia coli heat labile toxin (LT). These related toxins are composed of a pen-
tameric ring of B subunits that bind to GM1 gangliosides present on epithelial cells
and an A subunit that exhibits enzymatic activity (Spangler 1992). The B subunits,
therefore, target the toxin to the cell surface, where the A subunit activates a G pro-
tein, which ultimately leads to the continuous production of cAMP, resulting in the
efflux of ions and water. These exotoxins, however, can be given orally to animals
in small doses where they are not only immunogenic, but when mixed in solution
with an unrelated protein antigen confer potent immunogenicity to that protein when
applied by mucosal immunization (Elson and Ealding 1984; Lycke and Holmgren
1986; Nedrud et al. 1987). In its early days of use, CT was applied in mice with great
effectiveness to study host immunity to Sendai virus as a model for human influenza
(Nedrud et al. 1987). The protocol developed to induce immunity to Sendai virus in
the lungswas extended tomodels ofH. pylori to determinewhether similar protection
could be induced against the gastric pathogen (Czinn and Nedrud 1991).

The basic protocol proved effective and has been used either as developed or
with slight modification by numerous laboratories for over 25 years (Blanchard and
Czinn 2017; Blanchard and Nedrud 2010). The protocol is used for both CT and
LT. In the original protocol, mice received 1 mg H. pylori whole-cell lysate antigen
mixed with 10 μg CT adjuvant by oral gavage. The immunization was given in four
weekly doses. When serum and intestinal washes were examined, a fivefold increase
in anti-H. pylori serum IgA titer and a 16-fold increase in intestinal IgA compared
with mice immunized without CT was achieved. Anti-H. pylori IgG levels were also
significantly increased. The immunogenicity studywas also extended to ferrets.Most
ferret’s stomachs are naturally colonized by the closely related species H. mustelae
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(Fox et al. 1990). Oral immunization of the ferrets with 7 mg H. pylori lysate and
60 μg CT doses also induced a significant increase in anti-Helicobacter antibody
levels. This study demonstrated that oral immunization combined with experimental
exotoxin adjuvants could be used to manipulate immunity at the gastric mucosa
against H. pylori in animals.

Although this initial study demonstrated the utility of experimental oral immu-
nization to induce mucosal immune responses against H. pylori, the development of
a mouse model for gastric Helicobacter infection was an important step in vaccine
development. A species isolated from domestic cats, H. felis, was shown to infect
mice and to induce histologic gastritis similar to that observed in H. pylori-infected
humans (Lee et al. 1990). The H. felismouse model served as the original challenge
model for Helicobacter immunization. Mice were given the immunization protocol
described above, challenged 7–10 d after the final immunization, and then examined
for 7 days after challenge (Czinn et al. 1993). Significant increases in serum and
mucosal anti-H. felis antibody titers including a fourfold increase in gastric IgA, and
an eightfold increase in intestinal IgAwere achieved in mice, which received antigen
plus CT adjuvant. When gastric tissue was tested for infection, 76% of immunized
and challenged mice were determined to be protected from infection, whereas only
22% of control mice were bacteria free. A similar experiment was performed by a
second group using the H. felis mouse model and a similar immunization protocol
to achieve comparable results (Chen et al. 1992). Subsequent to these initial studies,
mouse-adapted H. pylori strains have been developed and used along with the H.
felismodel to extensively study and characterizeH. pylori pathogenesis, identify the
immunemechanisms that contribute to protective immunity, and to test multiple vari-
ations and new strategies for vaccinating against H. pylori (Blanchard and Nedrud
2010). The mouse models have been used to demonstrate that immunity against H.
pylori can be achieved with almost any candidate H. pylori protein antigens, by
multiple routes of immunization and with many alternative adjuvants and delivery
mechanisms. The model has also been useful to demonstrate that therapeutic immu-
nization is as efficacious as prophylactic immunization and that immunity is largely
based on Th1- and Th17-associated cellular immune responses. The widespread suc-
cess on immunization in these animals supports a model in which infection induces
a Treg dominant non-protective inflammatory response, while vaccination induces
protective T helper cells in organized lymphoid tissue which are recruited to the
gastric mucosa upon H. pylori challenge to promote more severe inflammation and
often protective immunity (Fig. 2). Despite such encouraging results in small animal
models, clinical trials in humans have shown less favorable results.

5 Varied Vaccination Strategies Employed in Clinical Trials

The first published clinical trial was reported in 1999 (Michetti et al. 1999). The
investigators used purified recombinant H. pylori urease as antigen utilizing an oral
immunization strategy based on the original description byCzinn andNedrud (1991).
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Fig. 2 Immunization against H. pylori induces a host immune response distinct from the response
induced by chronic infection. (Left panel) During chronic H. pylori infection, bacterial antigens
are sampled by dendritic cells (DCs) (1) for presentation to T cells (2). H. pylori lacks PAMPs
with the ability to induce maturation of DCs, and, therefore, the interaction of the DCs with T cells
promotes Treg activity (3). The Treg cell response is specific for H. pylori and prevents or limits
the host immune response against H. pylori (4). Although there are some T helper cell activity
and effector responses such as the recruitment of neutrophils, this response fails to limit H. pylori
infection. (Right panel) Vaccination of the host results in H. pylori antigens activating T helper
cells in organized lymph tissue (1). The incorporation of an adjuvant with the bacterial antigen, and
the environment within the lymph nodes, promotes Th1 and Th17 cell activation. The expanded
H. pylori-specific Th1 and Th17 cells then travel throughout the body via the circulatory system
(2). When H. pylori colonizes the gastric mucosa (3) bacterial antigens are sampled by DCs for
presentation to T cells. In the immunized host, there is now a population of memory Th1 and
Th17 cells that can be activated (4) resulting in a potent pro-inflammatory response in which both
lymphocytes and polymorphonuclear cells are amplified in number and activity. These cells can
then orchestrate the limitation and in some cases the eradication of H. pylori (5)

Since many parts of the world have a high prevalence of H. pylori infection, there
was a strong interest in a therapeutic vaccine. Previous studies in mice and fer-
rets demonstrated success when applying a Helicobacter vaccine therapeutically
(Corthesy-Theulaz et al. 1995; Cuenca et al. 1996; Doidge et al. 1994). Therefore,
the investigators screened for H. pylori-infected adults to receive a therapeutic vac-
cine (Michetti et al. 1999). Groups of subjects were confirmed as H. pylori-infected
using the 13C urea breath test and by serology. Subjects were immunized orally
with giving either 180, 60, or 20 mg recombinant H. pylori urease plus 5 μg LT.
The urease protein has already been established as an excellent vaccine candidate in
mice in many immunization experiments which began with the first demonstration of
induced protective immunity using a subunit vaccine instead of bacterial lysate anti-
gen (Michetti et al. 1994). Subjects were given four weekly doses, and then gastric
biopsies were collected by endoscopy 1 and 6 months after the final immunization
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to evaluate the host immune response and bacterial load. The results were compared
with subjects receiving either LT without antigen, or neither LT or antigen.

Despite some elements of success, the study was widely viewed as disappointing
since H. pylori were not eradicated by any of the tested urease doses. More discour-
aging were the noted side effects to the LT adjuvant reported by large numbers of
subjects. Diarrhea was reported by 62.5% of subjects within 12 h of receiving the
first dose and lasted as long as 24 h in some subjects. Episodes of diarrhea did decline
with successive doses of vaccine. Since its occurrence was independent of urease
dose and since bacterial exotoxins are known to induce diarrhea, this side effect was
attributable to the LT. A subgroup of 12 subjects was initially given 10 μg doses of
LT adjuvant and half of them experienced diarrhea that was significant enough to
interfere with daily activities or lasted more than 1 d, prompting the investigators
to switch these subjects to 5 μg LT in subsequent doses. These results highlight
the inherent problem in using exotoxin adjuvants for clinical applications. Humans
appear to be much more sensitive to CT and LT than rodents. The investigators
attempted to remedy this problem by performing subsequent studies to test a range
of lower LT doses and alternative mucosal routes of immunization to improve safety
but were unable to derive a satisfactory protocol to attempt another clinical vaccine
trial (Banerjee et al. 2002; Sougioultzis et al. 2002). The lack of protective immunity
achieved in this study and the side effects attributable to LT overshadowed the more
positive aspects of the study (Michetti et al. 1999). The measure of immune respon-
siveness was determined by measuring the levels of anti-urease antibody titers and
by enumerating the number of circulating urease-specific B cells. By these metrics,
the oral vaccine was demonstrated to have immunogenicity. Significant increases in
urease-specific serum IgAwas noted in subjects receiving either 180 or 60mg urease
antigen comparedwith control subjects. Additionally, all doses of urease induced sig-
nificantly greater numbers of urease-specific IgA positive antibody-secreting cells.
But there were also positive elements with respect to efficacy. A significant reduc-
tion in bacterial load was achieved in subjects receiving the 20 mg dose of urease
and when all subjects receiving urease were combined. Therefore, this study demon-
strated that oral immunization could be used to positively impact mucosal immunity
at the gastric mucosa as demonstrated by the reduced bacterial load. Given the pre-
dicted difficulties in immunizing against a mucosal pathogen, such a result could be
categorized as encouraging despite the lack of efficacy compared with studies in the
mouse model.

Four additional H. pylori vaccine clinical studies have been reported. Three of
these studies resulted in largely negative results: a killed, whole-cell therapeutic
vaccine administered orally in combination with a nontoxic LT variant containing
an amino acid substitution (Kotloff et al. 2001), an oral prophylactic attenuated
Salmonella vaccine expressing H. pylori proteins (Aebischer et al. 2008), and a pro-
phylactic trivalent protein vaccine mixed with alum given intramuscularly (Malfer-
theiner et al. 2018). Although in some instances clearance of bacteria was observed
in some subjects, the numbers did not exceed the number of control subjects that also
cleared the infection. These three studies employed strategies common in the study
of mucosal immunity in mice. The failure of these models to achieve the limited
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success reported by Michetti et al. (1999) suggests the use of the LT exotoxin seems
to provide an advantage over other immunization strategies. The biggest challenge,
therefore, remains developing a vaccine with the adjuvant properties of CT or LT,
while eliminating its toxicity.

6 Unique Aspects of a Successful Clinical Trial

The results of another study performed over 10 years ago, but reported in 2015,
provided additional evidence for the utility of the LT adjuvant and revealed the best
evidence yet for the potential for an efficacious vaccine againstH. pylori (Zeng et al.
2015; Sutton and Boag 2018). The study was the first large-scale phase III clinical
study on a H. pylori subunit vaccine. It was conducted in China, and the vaccine
was demonstrated to have a vaccine efficacy of 71.8% (95% confidence interval
48.2–85.6) one year after vaccination (Zeng et al. 2015). Efficacy was shown to drop
to 55%by24months and remained consistent at 36months (55.8%). These results are
highly significant for the long-term goal of immunizing against childhood infection
of H. pylori. The study strategy utilized a number of changes that distinguish it
from previous H. pylori clinical vaccine trials. It is difficult to attribute its success to
any particular factor, but each had the potential to positively impact the results and
suggest elements that might be incorporated in future trials.

The study by Zeng et al. (2015) was performed in children ranging from 6 to
15 years of age. The four other published H. pylori vaccine trials were all per-
formed in adults (Aebischer et al. 2008; Kotloff et al. 2001; Malfertheiner et al.
2018; Michetti et al. 1999). Given its success, the question arises as to how much
better it may possibly have performed if the vaccine had been administered even
earlier in life. Published data indicate that H. pylori infection occurs within the first
5 years of life in many societies (Feldman et al. 1998). It is possible that vaccine
delivery during the first several years of life when many other childhood vaccines
are administered may improve long-term outcomes. Infection can occur, however,
throughout life. Therefore, if a vaccine could be given when applied to teenagers
and adults, it would find greater utility. Although not tested in the study by Zeng
et al. (2015), if the tested vaccine were capable of inducing bacterial clearance when
administered therapeutically, it would increase effectiveness in that the infected pool
of hosts within a given population could be reduced, thereby limiting opportunity
for spread. Additional studies with this construct to determine whether the age of
application is important for vaccine efficacy would be of great value and perhaps
increase its utility.

Another unique aspect of the study was the nature of the H. pylori challenge.
It was not the first trial to be administered prophylactically. The two other trials
that did use a prophylactic delivery, however, employed an experimental challenge
using well-characterized strains of H. pylori (Aebischer et al. 2008; Graham et al.
2004; Malfertheiner et al. 2018). The doses used for this experimental challenge
were undoubtedly orders of magnitude higher than what occurs naturally. Zeng et al.
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(2015) tested the efficacy of their vaccine against a naturally acquiredH. pylori infec-
tion. The possibility that infectious challenge dose plays an important role in vaccine
efficacy bears consideration. The scale of the study also distinguishes it from the
other four clinical vaccine trials. The study involved a number of participants over
two orders of magnitude higher than the average of the other four studies. Although
almost 6000 subjects were screened for eligibility, 2232 eligible subjects were each
eventually assigned to vaccine and placebo groups. Ultimately, 2199 subjects suc-
cessfully completed the three-dose vaccination schedule with another 2204 receiving
a placebo.

Zeng et al. (2015) also used a different approach with regard to the adjuvant.
They used the urease B protein antigen genetically fused to the exotoxin B subunit
of E. coli LT. With the use of this recombinant protein, the investigators, therefore,
chose an antigen with an extensive history of use in animal and clinical trials fused
to a mucosal adjuvant subunit. The number of protein antigens tested in animal
models as candidate vaccines forH. pylori is extensive and includes many that play a
role in pathogenesis including urease, CagA, VacA, catalase, and others (Blanchard
and Nedrud 2010). Remarkably, almost every antigen that has been studied shows
promise, at least in rodent models, and no single protein seems to be superior to the
others.

There may be some benefits to using a multivalent vaccine. Ferrero et al. demon-
strated improved efficacy when combining two protein antigens compared to a single
antigen in mice (Ferrero et al. 1995). More recently, Guo et al. (2017) tested a mul-
tivalent epitope-based therapeutic vaccine with seven antigenic fragments from four
H. pylori adhesins (urease, Lpp20, HpaA, and CagL) referred to as CFAdE using the
Mongolian gerbil model and using Lycium barbarum polysaccharide adjuvant (PA).
This vaccine was compared with whole H. pylori lysate with PA, recombinant ure-
ase with PA, or PA alone.H. pylori-infected gerbils were immunized intragastrically
four times at one-week intervals. Two weeks after the final vaccination, the rodents
were evaluated. The oral therapeutic immunization with CFAdE plus PA, H. pylori
lysate with PA, or urease with PA all dramatically decreased theH. pylori loads in the
stomachs and reduced the infiltration of leukocytes and neutrophils compared with
oral therapeutic immunization with PA alone. Of note, the CFAdE vaccine-induced
eradication levels were comparable to theH. pylori lysate plus PA-immunized group,
and better than the monovalent urease plus PA vaccine.

It is possible, therefore, that the inclusion of additional proteins may improve the
efficacy of the vaccine tested inChina.However, the use of urease iswell supported by
numerous studies including the initial clinical trial byMichetti et al. (1999). Although
their results were a dramatic improvement compared to the other clinical trials, Zeng
and co-workers utilized a strategy that at its core is remarkably similar to the protocol
originally described by Czinn and Nedrud (1991) and Czinn et al. (1993). They
administered an oral vaccine with multiple doses spread out over a 28-day period,
and their construct included a protein antigen combined with a bacterial exotoxin
mucosal adjuvant. The manner in which the mucosal adjuvant was incorporated,
however, made their results less predictable.



12 T. Ikuse et al.

Zeng et al. (2015) limited their adjuvant to the B subunit of E. coli LT as part of
their fusion protein. It, therefore, lacked the A subunit which is responsible for the
toxins enzymatic activity and its mucosal adjuvanticity. Since the A subunit is also
responsible for the protein’s toxicity it is common for investigators to attempt to min-
imize its function. Unfortunately, purified B subunit in the absence of contaminating
A subunit is indeed safe, but lacks adjuvanticity (Blanchard et al. 1998; Lycke et al.
1991, 1992; Vajdy and Lycke 1992). Investigators have attempted to circumvent this
problem by developing holotoxin constructs that have introduced amino acid point
mutations in the A subunit. The goal is to retain adjuvanticity while minimizing the
toxicity. Since the role of the B subunit is to bind to the epithelium, the construct
employed by Zeng et al. would potentially bind to the gastrointestinal epithelium
but would lack adjuvancity. This is an attractive strategy and has been used in many
experimental models to induce immunity. It has also been used, however, to induce
immunologic tolerance to a fusion protein to treat autoimmune diseases in animal
models (Arakawa et al. 1998; Bergerot et al. 1997; Petersen et al. 2003; Ploix et al.
1999; Sun et al. 1994, 1996).

The importance of the E. coli LT B subunit in the study by Zeng et al. (2015)
cannot be determined. They observed the induction of significant levels of urease B-
specific serum IgG and salivary IgA titers within one month of vaccination. At three
years, the serum IgG titers had decreased, but remained fourfold higher for immu-
nized subjects compared with those receiving placebo. Animal models have been
used to demonstrate that antibodies are not required for vaccine-induced protective
immunity against H. pylori (Blanchard et al. 1999; Ermak et al. 1998), and they do
not correlate with immunity toH. pylori. Increases in antigen-specific antibodies can
be used, however, as a measure of vaccine immunogenicity. The groups of subjects
vaccinated with the urease B-LT B subunit fusion protein were not compared to a
group receiving the urease B protein in the absence of adjuvant. Therefore, without
a direct comparison to such a control, it is impossible to determine whether the anti-
body titers and protection achieved was due to the presence of the fused enterotoxin
B subunit or would have been achieved by 15 mg doses of urease B protein in the
absence of the LT B subunit.

Finally, the safety of the vaccine represents an important factor in H. pylori vac-
cine development. Seven percent of subjects receiving the experimental vaccine did
report dealing with adverse reactions, primarily within the first few days of immu-
nization (Zeng et al. 2015). The numbers were similar in control subjects receiving
the placebo. Subjects’ most frequent complaints included vomiting and to a lesser
extent fever and headache, but all side effects resolved within 24 h. The application
of the vaccine involved fasting for a minimum of 2 h and ingesting a buffer solution
consisting sodium bicarbonate and sodium citrate prior. The vaccine or placebo was
then given as an 80-ml dose. More subjects receiving the vaccine experienced bloat-
ing than the placebo control group (P= 0.0427), so it is difficult to attribute this side
effect to the buffers taken prior to vaccine, but this condition was mild and quickly
resolved.
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7 Concluding Remarks

Despite the promise in H. pylori vaccination demonstrated by Zeng et al. (2015),
there are currently no advanced phase clinical trials underway and large biotech-
nology companies are not engaged in H. pylori vaccine programs, although several
smaller companies have vaccine candidates in early development (Sutton and Boag
2018). The decision of whether or not to promote H. pylori vaccination is complex.
In fact, infection with H. pylori is associated with several significant health bene-
fits, at least in the Western hemisphere. Published analyses indicate that there is an
inverse correlation betweenH. pylori infection and esophageal pathologies, Barrett’s
esophagus (Fischbach et al. 2012; Rokkas et al. 2007; Rubenstein et al. 2014), Bar-
rett’smetaplasia (Sonnenberg et al. 2010), esophageal adenocarcinoma (Rokkas et al.
2007), and esophageal eosinophilia (Dellon et al. 2011) as well as allergic asthma. In
the lower gastrointestinal tract, a meta-analysis on published studies indicates thatH.
pylorimay provide protection from inflammatory bowel disease (Luther et al. 2010).
Therefore, before widespread vaccination against H. pylori is adopted or promoted,
it is important to weigh the benefits against the detriments associated with increasing
other chronic diseases with high morbidity.

One compromise may be to aim at immune regulation and not at bacterial eradica-
tion. Several recent studies demonstrate immunomodulatory effects due to H. pylori
vaccination in rodents. Vaccination was shown to reduce the infiltration of lympho-
cytes and neutrophils into the H. pylori-infected gastric mucosa in immunized mice
(Sun et al. 2018; Mahboubi et al. 2017; Liu et al. 2016; Li et al. 2015) andMongolian
gerbils (Guo et al. 2017) accompanied by significant reduction of H. pylori burden.
SinceH. pylori-associated diseases are thought to be an outgrowth of chronic inflam-
mation due to H. pylori infection, an immunomodulatory vaccine, which reduces
the bacterial load ofH. pylori colonization and suppresses the chronic inflammation,
might limit the developmentH. pylori-associated diseaseswhilemaintaining the ben-
efits associated with infection. However, in populations where GC remains prevalent
and associated with highmorbidity andmortality vaccination would provide an over-
all advantage. Additionally, PUD is still associatedwith highmorbidity andmortality
in many low- and middle-income countries. Today, a diagnosis of PUD accompanied
by H. pylori infection can be permanently cured in most cases with antimicrobial
therapy. However, where health care is scarce or therapy is prohibitively expensive,
a successful vaccine could prevent a lifetime of pain and suffering and even death.

The vaccine trials performed to date indicate that if appropriately designed, a
vaccine againstH. pylori is possible. While many barriers remain, the vaccine devel-
oped by Zeng et al. (2015) provides encouragement that such a vaccine is within
reach. In certain countries, such a vaccine would have a profound impact in reducing
the incidence, and the morbidity and mortality associated with GC. Further research
is warranted in the interest of developing a vaccine with improved efficacy or with
the ability to reduce the immunopathology associated with infection. The develop-
ment of such a vaccine will require a significant commitment in resources from the
biotechnology industry or state governments.
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Abstract Helicobacter pylori chronically infects nearly half theworld’s population,
yet most of those infected remain asymptomatic throughout their lifetime. The out-
come of infection—peptic ulcer disease or gastric cancer versus asymptomatic col-
onization—is a product of host genetics, environmental influences, and differences
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in bacterial virulence factors. Here, we review the current understanding of the cag
pathogenicity island (cagPAI), the vacuolating cytotoxin (VacA), and a large family
of outer membrane proteins (OMPs), which are among the best understoodH. pylori
virulence determinants that contribute to disease. Each of these virulence factors is
characterized by allelic and phenotypic diversity that is apparent within and across
individuals, as well as over time, and modulates inflammation. From the bacterial
perspective, inflammation is probably a necessary evil because it promotes nutrient
acquisition, but at the cost of reduction in bacterial load and therefore decreases the
chance of transmission to a new host. The general picture that emerges is one of
a chronic bacterial infection that is dependent on both inducing and carefully reg-
ulating the host inflammatory response. A better understanding of these regulatory
mechanisms may have implications for the control of chronic inflammatory diseases
that are increasingly common causes of human morbidity and mortality.

1 Introduction

Inflammation, often called chronic active gastritis, is the hallmark of infection with
Helicobacter pylori, occurring uniformly in all those that are infected. In most cases,
this is asymptomatic and remains so throughout the lifetime of the host. However,
about 10% of those infected will develop peptic ulcer and 1–3% will progress to
gastric cancer (GC), which is the second most common cause of cancer death world-
wide (Bray et al. 2018). The outcome of infection depends to a large extent upon
the relative balance of Th1, Th17, and regulatory T cells (Treg), which together
represent the predominant adaptive immune response to H. pylori. Th1 and Th17
responses control the infection—though do not eliminate it—but it comes at the
expense of immunopathology and disease (Arnold et al. 2011). On the other hand,
a Treg response induces tolerance and is likely also responsible for the protective
effects ofH. pylori against asthma and some other inflammatory diseases. For exam-
ple, those with peptic ulcer disease (PUD) have a threefold greater Th1 and twofold
lower Treg response than asymptomatic controls (Robinson et al. 2008), and there
is an inverse relationship between the number of gastric Treg cells and the degree of
gastritis (Harris et al. 2008). Mechanistic studies have also demonstrated that Treg-
mediated immune tolerance protects neonatal mice from pre-neoplastic pathology
(Arnold et al. 2011), an observation that is consistent with the Treg response and
lack of disease from H. pylori in children (Harris et al. 2008).

What then determines the relative balance of Th1/Th17 and Treg immune
responses to H. pylori infection? If we could understand this sufficiently, we might
better target our screening and treatment interventions to those most likely to benefit,
which is important because nearly half the world’s population is infected and uni-
versal treatment is probably impractical and may also be harmful. The answer likely
rests on the same three-legged stool that is the case for most infectious diseases: host
genetics or epigenetics, microbial genetics, and environmental factors. Host genetic
polymorphisms associated with increased risk of H. pylori-associated GC include
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IL-1β and TNF-α, among others. Risk of acquiringH. pylori, though not disease, has
been associatedwith polymorphisms in TLR1 (Mayerle et al. 2013). Recent evidence
suggests that environmental factors may also affect the outcome of H. pylori infec-
tion. For example, both high salt and low iron in the diet enhanceH. pylori virulence
(Gaddy et al. 2013; Noto et al. 2013). Observational studies in humans (Yang et al.
2016) and experimental studies in gnotobiotic mice (Lertpiriyapong et al. 2014) have
also demonstrated that the commensal microbiota may affect the development of H.
pylori-associated GC, including chronic infection with Epstein–Barr virus (Borozan
et al. 2018).

But the most well-characterized factors that contribute to PUD or to GC, rather
than asymptomatic infection, are bacterial virulence genes. There is no consensus
regarding the definition of exactly what constitutes an H. pylori virulence gene.
Some would include factors such as urease or flagella, which are necessary for
colonization, but are not implicated in disease per se. Here we will focus on genetic
loci that are present or demonstrate allelic variants in strains that cause disease rather
than colonization. The best studied of these are the vacuolating cytotoxin (VacA),
the cytotoxin-associated gene A (CagA) and the related cagA pathogenicity island
(cagPAI), and a large family of outer membrane proteins (OMPs). It was noticed very
early that H. pylori strains recovered from patients with PUD induced vacuolization
in susceptible host cells, and when the gene was identified, it was called vacA (Cover
et al. 1992). Although vacA is present in allH. pylori strains, there is extensive allelic
variation that in part determines the host response and disease outcome (Posselt et al.
2013). Cytotoxic strains also express a high molecular weight immunodominant
antigen, which was called CagA because it was found only in cytotoxin-positive
strains. DNA sequencing of genes adjacent to cagA revealed the presence of the
cagPAI (Covacci et al. 1997), which encodes a type IV secretion system (T4SS) that
injects CagA and other effectors into host cells (Backert et al. 2010). H. pylori also
encodes an unusually large family of OMPs, some of which have been characterized
as adhesins that contribute to the disease outcome (Alm et al. 2000). While these are
not the only H. pylori virulence factors that have been identified, they are the best
understood, and they are the focus of this review.

2 Vacuolating Cytotoxin

2.1 Heterogeneity and the Epidemiology of Gastric Disease

VacAwasfirst identified andnamedafter its ability to induce vacuolization in cultured
epithelial cells. AllH. pylori strains have the vacA gene, which is expressed as a 140-
kDa protein that is cleaved into p33 and p55 kDa segments that are both required
for toxicity (McClain et al. 2017). However, only some strains produce a VacA with
cytotoxic activity, which is largely attributed to differences in amino acid sequence
in three specific regions called “s” (signal), “i” (intermediate), and “m” (middle) that



24 S. Javed et al.

can each be classified into two main families. SinceH. pylori is naturally competent,
it is not surprising that strains can be foundwith vacA alleles that contain nearly all s, i,
andm combinations. However, strains with s1, i1, andm1 alleles demonstrate greater
vacuolating activity in cell culture, and they are more often associated with peptic
ulcer and GC or its precursor lesions than strains carrying s2, i2, and m2 alleles
(McClain et al. 2017). A recent meta-analysis that included 25 studies suggested
that GC risk is most strongly associated with s1m1 vacA alleles (Pormohammad
et al. 2018), which is consistent with the observation that these strains are also very
common in East Asia where GC is highly prevalent.

The mechanistic explanation for the allelic variation in vacuolation and disease
risk is not well understood. The best characterized of the vacA alleles is the dif-
ference between s1 and s2, which are located in the signal peptide at the 5’ end of
vacA that encodes the p33 domain. The s2 allele affects the hydrophobicity of the
secreted protein in a way that prevents formation of anion channels and vacuoliza-
tion (McClain et al. 2001). The s2 allele is also less transcribed leading to lower
amounts of VacA. The i region is located in the p33 domain, though little is known
about how it affects the function of VacA. In s1m2 strains, the i region determines
the vacuolating activity: The i1 genotype can induce vacuolation, but the i2 genotype
and the rarely found i3 genotype cannot (Chung et al. 2010; Rhead et al. 2007). The
m region is involved in channel-forming properties and VacA binding to host cells.
The m1 allele binds to low-density lipoprotein receptor-related protein 1 (LRP1),
which results in an accumulation of reactive oxygen species leading to autophagy
and apoptosis (Yahiro et al. 2012). The lack of binding of the m2 allele can also
lead to less vacuolating activity. This depends on the host cell, since VacA has been
suggested to bind to several other host receptors, which include sphingomyelin in
lipid rafts (Gupta et al. 2008), fibronectin (Hennig et al. 2005), receptor-like protein
tyrosine phosphatase alpha and beta (Yahiro et al. 2003), EGFR on epithelial cells
(Seto et al. 1998), as well as β2-integrin on T cells (Sewald et al. 2008).

2.2 Animal Models and Cell Biology

Determining the contributionofVacA to thedevelopment of gastric disease in humans
is complicated because strains with vacA alleles that are associated with disease also
frequently carry other virulence factors. For example, the s1 allele is associated
with the cagPAI and with particular OMPs such as BabA and OipA, which are
also linked to disease. Animal models and in vitro studies provide an opportunity
to dissect the particular role of VacA independently of other virulence factors. The
VacA toxin is secreted from H. pylori through an autotransporter pathway and binds
to the surface of host cells within lipid rafts (McClain et al. 2017). From there, it
can be internalized into endosomes or integrated into the plasma membrane to form
anion-selective channels. It can also interact with the membranes of mitochondria,
the Golgi apparatus, and the endoplasmic reticulum. Intragastric inoculation of mice
with sonicates from toxin-positive strains, or of purified cytotoxin, results in epithelial
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cell damage (Ghiara et al. 1995; Telford et al. 1994), which suggests a key role in
virulence. In vitro, VacA also targets mitochondria to induce apoptotic cell death
(Jain et al. 2011). A more physiologic approach is to challenge animals with wild-
type or VacA mutants and examine gastric pathology. Studies in gnotobiotic piglets,
gerbils, and mice found no differences in gastritis compared to wild type (Eaton
et al. 1997; Salama et al. 2001; Wirth et al. 1998), though prolonged colonization in
gerbils led to an increase in gastric ulceration (Ogura et al. 2000). More recently, it
has been demonstrated that isogenic strains expressing the s1m1 allele induce more
gastric inflammation and spasmolytic polypeptide expressing metaplasia, which is
thought to be a precursor to GC (Winter et al. 2014).

However, our understanding of VacA biology took an unexpected turn, when it
was demonstrated in competition experiments that deletion of vacA actually impairs
the capacity ofH. pylori to colonize mice (Salama et al. 2001), which suggested that
in vivo VacAmust function differently, or have pleotropic effects. This has now been
clarified in a series of studies from several laboratories, demonstrating that VacA
regulates the immune response to H. pylori by inhibition of phagosome maturation
(Zheng and Jones 2003), blocking T-cell activation (Gebert et al. 2003), and promot-
ing regulatory over effector T cells (Oertli et al. 2013). VacA has also been shown to
have antagonistic effects to CagA-mediated inhibition of apoptosis and stimulation
of the immune system (Yokoyama et al. 2005). The immunoregulatory effects of
VacA are particularly apparent with strains encoding the s2i2 allele, which actually
colonizes more effectively than both the null mutant and the more inflammatory s1i1
allele (Winter et al. 2014). In fact, so profound are the immunosuppression effects of
VacA that it is perhaps best considered an immunoregulatory protein, rather than a
cytotoxin, and if this effect was discovered first, it might well be named differently.

3 Cag Pathogenicity Island

3.1 Epidemiology

The H. pylori cagPAI is a ~40-kb chromosomal DNA insertion element found in so-
called type I strains that are associated with PUD and GC, rather than asymptomatic
gastritis. These strains are especially common in East Asia and Latin America, where
the incidence of GC is highest. However, the relationship of the cagPAI to disease is
complex because type I strains also typically express babA and the virulent s1 form
of vacA, while cagA-negative strains from theUnited States andWestern Europemay
lack babA expression and contain s2 vacA alleles. Moreover, geographic variation
seems to play an important role in the virulence profile ofH. pylori strains.Multilocus
sequence typing (MLST) has identified seven populations and subpopulations of H.
pylori with a distinct geographic distribution traceable to the ancestral population
arising from Africa, Central Asia, and East Asia (Falush et al. 2003). H. pylori
virulencemay be best understoodwhen the ancestral bacterial population is analyzed
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in the context of host ancestry. Individuals harboring strains with a different ancestry
than the host have a greater risk of developing gastric lesions compared to those
infected with similar ancestral percentage as the host (Kodaman et al. 2014). This
suggests that the relationship between microbial and host ancestry, not geographic
location per se, is driving disease severity. Nevertheless, the cagPAI is the H. pylori
virulence locus that is most clearly associated with disease.

3.2 Genetic Organization

The cagPAI typically encodes about 31 contiguous genes, though in some strains it
may be disrupted, and in others, cagA may be off the island. Gene content and gene
order on the cagPAI are highly conserved and organized into several operons that are
also consistent across strains (Sharma et al. 2010; Ta et al. 2012). Sequence analysis
demonstrates that the cagPAI phylogeny parallels that of housekeeping genes, sug-
gesting that it was likely acquired only once since humans migrated out of Africa.
However, there is considerable sequence variability in several component genes,
particularly those encoding cell surface proteins that frequently show signs of diver-
sifying selection (Olbermann et al. 2010),most dramatically cagA and cagY. An early
systemic mutagenesis approach to determine the genes essential for cagPAI function
identified 17 genes required for translation of the CagA oncoprotein (Fischer et al.
2001), 14 of which were also necessary for induction of IL-8 in cell culture. Sub-
sequent studies have modified these results somewhat by identifying polar effects
and strain-dependent phenotypes (Backert et al. 2015). Some of the essential genes
are thought to be required for assembly of the T4SS, while others are necessary for
function but not formation of the pilus (Table 1).

3.3 T4SS

T4SSs are multiprotein structures on the cell surface that are exploited by many
Gram-positive andGram-negative bacteria to inject effectormolecules into host cells,
where they disrupt or co-opt host cell signaling pathways (Grohmann et al. 2018).
The H. pylori cagPAI encodes orthologs of all 11 VirB and VirD4 proteins that are
found in the canonicalAgrobacterium tumefaciensT4SS, aswell as several additional
components that are essential for its function (Table 1). Though it was discovered
more than 30 years ago by DNA sequence analysis, only recently has the T4SS
structure been convincingly visualized. Even with current methods, the pili can be
found on only about 5% of bacterial cells and only after contact with gastric epithelial
cells (GECs) (Chang et al. 2018; Johnson et al. 2014; Shaffer et al. 2011; Skoog et al.
2018). Although the critical host factors are unknown, T4SS pili are increased under
iron-limiting conditions (Noto et al. 2013) and decreased upon depletion of zinc
(Gaddy et al. 2014). The diameter of the H. pylori T4SS pilus has been variously



H. pylori Virulence and Gastric Pathology 27

Ta
bl
e
1

Su
m
m
ar
y
of

C
ag
PA

I
ge
ne

ch
ar
ac
te
ri
za
tio

n

C
ag
PA

I
G
en
e
de
si
gn
at
io
n

Su
bc
el
lu
la
r

lo
ca
liz
at
io
n

Fu
nc
tio

n

ca
g/
vi
r
G
en
e
de
si
gn
at
io
na

G
en
e
ID

26
69
5

J9
9

Pu
ta
tiv

e
fu
nc
tio

n
St
ru
ct
ur
al

co
m
po
ne
nt

IL
-8

in
du
ct
io
n

C
ag
A

tr
an
sl
oc
at
io
n

Pi
lu
s
fo
rm

at
io
n

ca
gζ

ca
g1

H
PY

05
20

H
P0

52
0

JH
P0

46
9

IM
A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gε

ca
g2

H
PY

05
21

H
P0

52
1

JH
P0

47
0

C
A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gδ

ca
g3

H
PY

05
22

H
P0

52
2

JH
P0

47
1

O
M

O
M

co
m
pl
ex

+
−

−
+

ca
gγ

ca
g4
/v
ir
B
1

H
PY

05
23

H
P0

52
3

JH
P0

47
2

PP
PG

N
hy
dr
ol
as
e

−
−

−
−

ca
gβ

ca
g5
/v
ir
D
4

H
PY

05
24

H
P0

52
4

JH
P0

47
3

IM
C
ou
pl
in
g
fa
ct
or

−
+

−
+

ca
gα

vi
rB
11

H
PY

05
25

H
P0

52
5

JH
P0

47
4

C
,I
M

N
T
Pa
se

−
−

−
+

ca
gZ

ca
g6

H
PY

05
26

H
P0

52
6

JH
P0

47
5

C
,I
M

ca
gβ

st
ab
ili
za
tio

n
+

+
−

ca
gY

ca
g7
/v
ir
B
10

H
PY

17
53

H
P0

52
7

JH
P0

47
6

IM
,O

M
,S

In
te
gr
in

bi
nd
in
g

+
+

+
+

ca
gX

ca
g8
/v
ir
B
9

H
PY

05
28

H
P0

52
8

JH
P0

47
7

IM
,O

M
,S

In
te
gr
in

bi
nd
in
g

+
+

−
+

ca
gW

ca
g9
/v
ir
B
6

H
PY

05
29

H
P0

52
9

JH
P0

47
8

IM
IM

ch
an
ne
l

+
−

−
−

ca
gV

ca
g1
0/
vi
rB
8

H
PY

05
30

H
P0

53
0

JH
P0

47
9

IM
C
or
e
co
m
pl
ex

+
+

−
+

ca
gU

ca
g1
1

H
PY

05
31

H
P0

53
1

JH
P0

48
0

IM
A
cc
es
so
ry

fa
ct
or

−
−

−
−

ca
gT

ca
g1
2/
vi
rB
7

H
PY

05
32

H
P0

53
2

JH
P0

48
1

O
M
,S

C
or
e
co
m
pl
ex
,

lip
op
ro
te
in

+
+

−
+

(c
on
tin

ue
d)



28 S. Javed et al.

Ta
bl
e
1

(c
on
tin

ue
d)

C
ag
PA

I
G
en
e
de
si
gn
at
io
n

Su
bc
el
lu
la
r

lo
ca
liz
at
io
n

Fu
nc
tio

n

ca
g/
vi
r
G
en
e
de
si
gn
at
io
na

G
en
e
ID

26
69
5

J9
9

Pu
ta
tiv

e
fu
nc
tio

n
St
ru
ct
ur
al

co
m
po
ne
nt

IL
-8

in
du
ct
io
n

C
ag
A

tr
an
sl
oc
at
io
n

Pi
lu
s
fo
rm

at
io
n

ca
gS

ca
g1
3

H
PY

05
34

H
P0

53
4

JH
P0

48
2

C
A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gQ

ca
g1
4

H
PY

05
35

H
P0

53
5

JH
P0

48
3

IM
A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gP

ca
g1
5

H
PY

05
36

H
P0

53
6

JH
P0

48
4

IM
A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gM

ca
g1
6

H
PY

05
37

H
P0

53
7

JH
P0

48
5

O
M

O
M

co
m
pl
ex

+
−

−
+

ca
gN

ca
g1
7

H
PY

05
38

H
P0

53
8

JH
P0

48
6

PP
,I
M

A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gL

ca
g1
8/
vi
rB
5

H
PY

05
39

H
P0

53
9

JH
P0

48
7

PP
,S

In
te
gr
in

bi
nd
in
g

+
−

−
+

ca
gI

ca
g1
9

H
PY

05
40

H
P0

54
0

JH
P0

48
8

PP
,S

In
te
gr
in

bi
nd
in
g

+
−,

+
−

+

ca
gH

ca
g2
0

H
PY

17
14

H
P0

54
1

JH
P0

48
9

IM
Pi
lu
s
bi
og
en
es
is

+
−

−
+

ca
gG

ca
g2
1

H
PY

05
42

H
P0

54
2

JH
P0

49
0

PP
A
cc
es
so
ry

fa
ct
or

−
+

−,
+

−
ca
gF

ca
g2
2/
vi
rB
3/
B
4

H
PY

05
43

H
P0

54
3

JH
P0

49
1

C
,I
M

ca
gA

ch
ap
er
on
e

−
+

−
−

ca
gE

ca
g2
3

H
PY

05
44

H
P0

54
4

JH
P0

49
2

IM
N
T
Pa
se

−
−

−
−

ca
gD

ca
g2
4

H
PY

05
45

H
P0

54
5

JH
P0

49
3

IM
,P

P,
S

A
cc
es
so
ry

fa
ct
or

−
+

+
−

ca
gC

ca
g2
5/
vi
rB
2

H
PY

05
46

H
P0

54
6

JH
P0

49
4

IM
,O

M
,S

Pi
lu
s
su
bu
ni
t

−
−

−
−,

+
ca
gA

ca
g2
6

H
PY

17
58

H
P0

54
7

JH
P0

49
5

C
,S

T
ra
ns
lo
ca
te
d

ef
fe
ct
or

−
+

−
−

M
od
ifi
ed

fr
om

B
ac
ke
rt
et
al
.(
20
17
)

IM
in
ne
r
m
em

br
an
e;
O
M

ou
te
r
m
em

br
an
e;
C
cy
to
pl
as
m
;P

P
pe
ri
pl
as
m
ic
;S

su
rf
ac
e
ex
po
se
d

a A
lp
ha
be
tic

al
an
d
nu

m
er
ic
al
ca
g
ge
ne

de
si
gn
at
io
ns

ar
e
us
ed

in
te
rc
ha
ng
ea
bl
y;

bo
th

ar
e
lis
te
d
fo
r
cr
os
s-
re
fe
re
nc
e



H. pylori Virulence and Gastric Pathology 29

reported to range from14–70 nm, perhaps due to different bacterial culture conditions
and EM staining procedures. More recently, cryotomographic imaging found that
each bacterial cell produced 1 to 10 “tubes” that measured 37 nm in diameter and
corresponded to what others have called T4SS “pili” (Chang et al. 2018). These
studies also identified a periplasmic cone-like structure with two concentric rings,
which was proposed to represent the nascent T4SS based on structural similarity
to the core complex of H. pylori T4SS (Frick-Cheng et al. 2016) and the dot/icm
T4SS in Legionella pneumophila (Ghosal et al. 2017). Because both the T4SS core
complex and the pili or tubes have been associatedwithCagX,CagY, andCagT, itwas
suggested that they may represent different states of the same secretion apparatus,
with the T4SS structure representing a “pre-extension” state that assembles into a
tube in response to host cell contact (Chang et al. 2018). This interesting hypothesis
remains to be tested.

Recent studies have also begun to reveal additional ultrastructural details of the
T4SS and its protein components. The major pilin subunit is predicted to be CagC
based on similarity to VirB2 and its presence on the bacterial surface. However, this
is inconsistent with the observation that cagC mutants have similar numbers of pili
as wild-type bacteria (Johnson et al. 2014); hence, identification of the pilin subunit
remains unresolved. The length and thickness of the pilus appears to be regulated by
CagH, since mutants are hyperpiliated and produce thicker and longer pili (Shaffer
et al. 2011). The T4SS core complex spans the periplasmic space and is composed
of CagM, CagT, Cag3, CagX, and CagY (Frick-Cheng et al. 2016), each of which is
required for cag T4SS activity. In 2007, it was first reported that T4SS function also
requires host cell β1-integrin (Kwok et al. 2007), which is expressed basolaterally
but becomes accessible to H. pylori via disruption of cell junctions by the serine
protease, HtrA (Tegtmeyer et al. 2017b). In vitro, β1-integrin binds CagA, CagI,
CagL, and the C-terminus of CagY (Jimenez-Soto et al. 2009; Koelblen et al. 2017;
Kwok et al. 2007; Barden et al. 2013; Conradi et al. 2012). Yet, it is the highly
variable middle repeat region of CagY that decorates the bacterial surface (Jimenez-
Soto et al. 2009; Rohde et al. 2003; Tanaka et al. 2003), even in the absence of all
other cagPAI genes, and is necessary for whole-cell binding to β1-integrin (Skoog
et al. 2018). This suggests the hypothesis that a particular motif structure in the
hypervariable CagY middle repeat region promotes surface expression of the CagY
C-terminus, which binds β1-integrin and serves as a nucleation signal to promote
expression of a functional T4SS “tube.” Cells with functional or non-functional
cagY variants may then be acted upon and selected by environmental factors at
the gastric mucosal surface or deep in the glands (Fig. 1). However, very recently,
it was reported that CagA translocation was unaffected by deletion of αβ-integrin
heterodimers by CRISPR/Cas-9 technology in AGS and Kato-III cells (Zhao et al.
2018). This surprising result will no doubt prompt confirmatory studies by others.
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Fig. 1 CagY-dependent regulation of the T4SS. CagY is an essential component of theH. pylori
T4SS. At the 3′ terminus, cagY has homology to other VirB10 orthologs found in all bacterial T4SS,
but there is a large middle repeat region (MRR) containing numerous direct DNA repeats that is
unique to the H. pylori virB10. Under Th1 immune pressure, MRR variants are selected that arise
from in-frame recombination, typically reducing the size of CagY. Although these variants continue
to make T4SS pili, they do not bind integrin and they are functionally “off,” with reduced induction
of IL-8 and translocation of T4SS effectors (CagA, peptidoglycan, HBP, DNA). This process is
reversible and may be promoted by factors that favor enhanced T4SS activity, such as low Fe+3,
high Zn+2, and a Treg immune response. Although a very recent work suggests that CEACAMs
but not integrins are essential for CagA translocation (Zhao et al. 2018), this surprising observation
remains to be verified

3.4 T4SS Effectors

3.4.1 CagA

CagA is a highly immunogenic protein associated with type I strains that is associ-
ated epidemiologically with GC and is the only known bacterial oncoprotein. When
expressed transgenically in mice, it induces neoplasia (Ohnishi et al. 2008). Upon
contact, CagA enters the host cell and is phosphorylated by host kinases on tyrosine
residues (Selbach et al. 2002a; Tammer et al. 2007). CagA entry requires an intact
T4SS, but it remains unclear whether it is injected syringe-like, or presented to the
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host cell surface and then actively internalized by the host plasmamembrane (Murata-
Kamiya et al. 2010). The CagA C-terminus contains the tyrosine phosphorylation
motifs, Glu-Pro-Ile-Tyr-Ala (EPIYA), which differ in number and sequence (Backert
and Blaser 2016). Four distinct motifs (denoted EPIYA-A-D) have been identified,
based on the characteristics of the amino acids that flank tyrosine (Higashi et al.
2002; Xia et al. 2009). East Asian H. pylori strains typically contain EPIYA-A and
EPIYA-B motifs, followed by EPIYA-D, whereas Western H. pylori strains usually
contain EPIYA-A and EPIYA-B followed by one to three repeats of EPIYA-C (Lind
et al. 2014, 2016). Qualitative and quantitative differences in the EPIYA motifs are
linked epidemiologically to the relative risk of H. pylori-associated GC and PUD
(Li et al. 2017). CagA is highly polymorphic, due not only to different combinations
of EPIYA, but also to duplication of regions within the gene (Covacci et al. 1993;
Zhang et al. 2015) and even copy number variation (Draper et al. 2017; Jang et al.
2017). Expression of CagA is increased by salt (Gaddy et al. 2013; Loh et al. 2007),
which may in part explain the epidemiologic link between dietary salt and GC.

3.4.2 Peptidoglycan

H. pylori is for themost part a mucosal pathogen, yet its LPS and flagellin are not rec-
ognized by surface expression of TLR4 and TLR5, respectively. How then do GECs
generate an innate immune response to H. pylori? This dilemma was resolved, at
least in part, with the observation that H. pylori induction of NF-κB was dependent
upon the intracellular recognition protein Nod1 (Viala et al. 2004), which recognizes
peptidoglycan. Nod1-deficient mice are more susceptible to infection with wild-
type H. pylori, but not strains lacking the cagPAI, suggesting that internalization of
peptidoglycan is dependent on an intact T4SS. However, small amounts of peptido-
glycan can be internalized even in the absence of a T4SS, which may result from
internalization of outer membrane vesicles (Olofsson et al. 2010). Recognition of
peptidoglycan by Nod1 has also been shown to mediate innate defense against H.
pylori by induction of β-defensins (Grubman et al. 2010).

3.4.3 Chromosomal DNA

H. pylori also appears to stimulate innate immune responses via T4SS-dependent
translocation of chromosomal DNA into host cells, where it stimulates TLR9 (Varga
et al. 2016). This observation mirrors the classical translocation of DNA by the T4SS
of A. tumefaciens, though it differs in that the H. pylori DNA is chromosomal, while
in A. tumefaciens it is episomal.
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3.4.4 ADP-heptose (ADP-hep)

Three groups independently reported that another effector of the cagT4SS is heptose-
1,7-bisphosphate (HBP), an important intermediate metabolite of LPS inner heptose
core (Stein et al. 2017; Zimmermann et al. 2017; Gall et al. 2017). The ALPK1-
TIFA axis was proposed to play a central role in induction of IL-8 transcription in
response to H. pylori infection through HBP-mediated NF-κB activation. However,
more recent results suggest that the bacterial pathogen-associated molecular pat-
tern (PAMP) that is the actual ligand for ALPK1 is ADP-hep, not HBP (Pfannkuch
et al. 2018). Analysis of H. pylori extracts by mass spectrometry revealed only
small amounts of HBP that were insufficient to induce NF-κB activation. In contrast,
ADP-hep is a prominent compound inH. pylori lysates and can activate NF-κB acti-
vation via the ALPK1-TIFA axis when applied extracellularly without transfection
or permeabilization of the cell membrane, which is required for HBP. It appears that
ADP-hep can be converted to HBP intracellularly by host cell adenylyltranferases
(Zhou et al. 2018). The exact mechanism of uptake for ADP-hep remains unclear,
but recognition of ADP-hep by ALPK1 appears to be a form of innate sensing in
diverse bacteria, including some like H. pylori, which have injection systems, and
others that are extracellular and do not (Zhou et al. 2018).

3.5 Hijacking Host Signaling

H. pylori infection of GECs activates the NF-κB inflammatory pathway and induces
IL-8, a chemokine that recruits neutrophils to the site of infection and promotes
chronic inflammation. This typically requires a functional T4SS, but can occur by
CagA-dependent and CagA-independent mechanisms (Backert et al. 2017; Backert
and Tegtmeyer 2017). Upon intracellular delivery of CagA by the T4SS, or perhaps
by endocytosis of outer membrane vesicles (Olofsson et al. 2010), CagA is phospho-
rylated on EPIYA motifs by c-Src and c-Abl tyrosine kinases (Backert et al. 2008;
Mueller et al. 2012). Phosphorylated CagA interacts with numerous host cell proteins
that contain Src homology 2 (SH2) domains, which are phosphotyrosine-specific
binding sites that mediate crucial pathways for cell signaling (Selbach et al. 2009).
This suggests that phospho-CagAmimics tyrosine-phosphorylated host proteins and
acts as a sort of “master key” that alters host cell signaling (Tegtmeyer et al. 2017a).
H. pylori can also disrupt signal transduction in GECs by unphosphorylated CagA
and by T4SS-dependent but CagA-independent effects, which result from injection
of HBP, DNA, peptidoglycan, and perhaps other unknown T4SS effectors.
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4 Outer Membrane Proteins (OMPs)

4.1 Paralogous OMP Gene Families

Compared to other bacteria, H. pylori has a remarkable number of outer membrane
proteins. The genome of H. pylori contains over 50 OMPs, representing up to 4% of
its coding potential. Some of them have been identified as porins, iron transporters,
or adhesins (Alm et al. 2000). The best understood group of OMPs belongs to the
Helicobacter outer membrane protein (Hop) family, but there are also the hop-related
(Hor) proteins, the Helicobacter OMP family (Hof) proteins, and the Helicobacter
outer membrane (Hom) family proteins, which are grouped based on sequence sim-
ilarities (Alm et al. 2000). Recent structural analysis suggests that the Hop family
can be further divided into three monophyletic groups that form a novel class of
secretion proteins (Coppens et al. 2018). The OMPs typically contain a β-barrel
structure that spans the outer membrane and conserved N- and C-terminal regions,
while the surface-exposed regions carry more diversity. The conserved regions allow
in some cases for gene duplication or gene conversion, where one gene is replaced
by its paralog. Duplicated paralogs within a strain are often more closely related to
one another than either is to its ortholog in other strains, suggesting co-evolution
and diversification during the often lifelong infection within a given host. Many H.
pylori OMPs can also undergo phase variation by slipped strand mispairing, altering
the number of dinucleotide CT repeats in their 5’ coding region to turn on or off gene
expression (Alm et al. 2000).

4.2 H. pylori OMPs and Clinical Disease

Bacterial attachment to the gastric mucosal surface is the first step in colonization.
Several OMPs serve as adhesins that mediate attachment to structures present on
the secreted mucus and the epithelial cell surface. The best characterized of these
are the Hop family members, designated most commonly as BabA (HopS), SabA
(HopP), AlpA (HopC), AlpB (HopB), OipA (HopH), LabA (HopD), and HopQ.
Most known adhesins on the bacterial surface are variably present in 40–80% of
strains, or show allelic variation, with the exception of AlpA and AlpB. This raises
the possibility that a particular repertoire of OMPs may be associated with disease,
rather than asymptomatic colonization. In some studies, gastric pathology has been
associated with expression of the blood group antigen-binding adhesin, BabA (Chen
et al. 2013; Gerhard et al. 1999; Prinz et al. 2001). This might be explained in part
by the association of attachment with potentiation of the H. pylori T4SS activity
and expression of the neutrophil chemoattractant IL-8 (Ishijima et al. 2011), though
this has not been generally observed (Odenbreit et al. 2002). BabA may also be
associated with disease because attachment affects the expression of other virulence
genes, or because its presence is correlated with other virulence loci, most notably
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the cagPAI. However, other studies have found no association of gastric disease with
BabA expression (Mattar et al. 2005; Mizushima et al. 2001), or have identified
associations with other OMPs or some combination of them, including SabA (Su
et al. 2016; Yamaoka et al. 2006), HopQ (Yakoob et al. 2016; Yamaoka et al. 2006),
and HomB (Jung et al. 2009; Talebi Bezmin Abadi et al. 2011). Discrepant findings
likely result in part fromdifferences in patient populations and fromdifferences in the
methods used to detect OMP expression, which variously include PCR, identification
of an open reading frame, immunoblotting, and mass spectrometry.

4.3 OMPs and Pathogenesis

4.3.1 BabA

The best characterized H. pylori adhesin is BabA (HopS), which binds fucosylated
blood group antigens that are expressed on GECs and the overlying mucus (Borén
et al. 1993). Binding was initially thought to be specific for the Lewis B (Leb) anti-
gen (Borén et al. 1993) found in blood group O individuals. Later, it was realized
that while this is true for strain P466 used in the early work, as well as in some
others designated “specialists,” most strains are actually “generalists” that bind LeB,
but also ALeb and BLeb (Aspholm-Hurtig et al. 2004). X-ray structural analysis of
BabA isoforms recently demonstrated that the carbohydrate-binding domain consists
of two diversity loops, designated DL1 and DL2, which are under strong selective
pressure and provide rapid adaptation to binding affinity for ABO (generalist) versus
O (specialist) blood group binding, even with single amino acid substitutions (Moo-
nens et al. 2016). Another early observation that was later corrected is that BabA is
encoded by what was called babA2, because in strain 17,875 there is a duplication
called babA1 that lacked 10 nucleotides needed for the translation initiation codon
(Ilver et al. 1998). This has led to some confusion in studies that use primers for detec-
tion of babA2 as a measure of BabA expression. In fact, most strains have one copy
of babA and one or sometimes two babA paralogs with unknown function (Colbeck
et al. 2006), called babB (hopT ) and babC (hopU). Occasional strains lack babA
and have duplicate copies of babB, or have babB and babC, while a few, like 17875,
have two copies of babA. Some strains, like the common laboratory strain 26695,
express a BabA that cannot bind Leb.

Gene conversion between these babA paralogs has been observed during experi-
mental infection of gerbils and rhesus macaques and typically occurs by replacement
of babA with a duplicate copy of babB that eliminates binding to blood group anti-
gens (Solnick et al. 2004; Styer et al. 2010). BabA expression is also lost during
experimental infection of mice, but it occurs by phase variation rather than gene con-
version (Kable et al. 2017; Styer et al. 2010). Characterization of sequential clinical
isolates suggests that changes in BabA and loss of Leb binding also occur in human
beings (Nell et al. 2014). Presumably, this serves to promote adaptation to changes in
the gastric environment, but the selective pressures are unknown. Unlike regulation
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of the T4SS, BabA expression in mice is not affected by adaptive immunity or by
Toll-like receptor signaling (Kable et al. 2017). Surprisingly, loss of BabA expression
is also not dependent on Leb expression, nor even on the capacity of BabA to bind
Leb, suggesting the possibility that BabA may have other unrecognized functions
beyond attachment to blood group antigens (Hansen et al. 2017; Kable et al. 2017).
In monkeys, there is independent selective pressure to delete BabA and to overex-
press BabB, which confers a fitness advantage, but again the selective pressures are
unknown (Hansen et al. 2017).

Genomic change resulting fromgene conversion, phase variation, ormutationmay
enableH. pylori tomodify blood group antigen binding, but it is insufficient to explain
how H. pylori can adapt to epithelial cell turnover that occurs every few days. If
bindingwere irreversible, thenH. pyloriwould be rapidly released from the epithelial
surface into the lumen of the stomach and shed into the lower gastrointestinal tract.
The solution to this dilemma appears to be that BabA binding to Leb is reversibly
acid sensitive, so that BabA can detach from its ligand when the pH decreases, but
then re-attach when pH is neutralized (Bugaytsova et al. 2017). This acid sensitivity
may also play a role in colonization preferences for gastric antrum or corpus, which
can change with the development of gastric atrophy after years of infection.H. pylori
with an acid-sensitiveBabA localizes predominantly to the antrumwhere there are no
acid-secreting parietal cells and themucus layer is thicker andmore protective against
acid and digestive enzymes. The acid sensitivity of BabAmay also be associatedwith
global disease patterns, as populations more prone to peptic ulcer and low gastric
pH carry strains with a highly acid-sensitive BabA, while those with a higher risk
of atrophic gastritis and GC more often carry strains with acid-resistant BabA that
allows for a pan-gastric colonization (Bugaytsova et al. 2017).

4.3.2 SabA

It has been known for more than 30 years that H. pylori has the capacity to aggluti-
nate erythrocytes, which is thought to play a role in disease pathogenesis. Although
originally identified as HpaA, we now know that the H. pylori hemagglutinin is
the sialic acid-binding adhesin, SabA (Aspholm et al. 2006), which binds sialylated
Lewis antigens, particularly sLex (Aspholm et al. 2006; Mahdavi et al. 2002). Sia-
lylated glycans are usually not prominent in the gastric mucosa, but their expression
increases uponH. pylori infection in cell lines (Marcos et al. 2008) and in vivo in the
rhesus monkey model (Linden et al. 2008; Marcos et al. 2008). Expression of SabA
is not universal in all H. pylori strains. Like BabA, expression of SabA is modulated
by gene conversion and phase variation (Talarico et al. 2012), but also by variability
in the length of a polynucleotide tract in the promoter region (Aberg et al. 2014).
Some evidence suggests that SabA expression is associated with GC (Yamaoka et al.
2006), perhaps in association with other OMPs (Su et al. 2016). Crystal structures
of the extracellular domain of SabA fromH. pylori 26695 (Pang et al. 2014) and J99
(Coppens et al. 2018) are in good agreement and reveal an L-shape that resembles
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a golf putter, with the head region featuring loops that vary in sequence among H.
pylori strains.

4.3.3 OipA

HopH is designated outer inflammatory protein A (OipA) because a deletion mutant
shows ~50% reduction in IL-8 after co-culture with GECs (Yamaoka et al. 2000) and
may also reduce translocation of CagA (Horridge et al. 2017). While this is not true
of all strains, the exceptions are typically phase variants of oipA in which the protein
is not expressed (Yamaoka et al. 2000). Like BabA, OipA is typically present and
expressed only in strains that have the cagPAI (Dossumbekova et al. 2006), thoughH.
pylori can induce low to intermediate levels of IL-8 even when the cagPAI is deleted,
so long as OipA is still functional (Tabassam et al. 2008; Yamaoka et al. 2000). A
role for OipA in inflammation and carcinogenesis is also supported by the capacity of
OipA to phosphorylate focal adhesion kinase (FAK) and its downstream pathways,
which mediate OipA-dependent IL-8 induction (Tabassam et al. 2008, 2011). OipA
also mediates attachment to host cells, but the ligand is unknown (Dossumbekova
et al. 2006; Horridge et al. 2017).

4.3.4 HopQ

All H. pylori strains studied to date express HopQ, but there are two allelic variants,
which have ~70% amino acid sequence identity (Cao and Cover 2002). Type I is
found most commonly in the more virulent East Asian strains carrying the cagPAI
and type S1 vacA, whileWestern strains aremore commonly type II (Cao et al. 2005).
HopQ is required for H. pylori-induced activation of NF-κB, translocation of CagA,
and induction of IL-8 (Belogolova et al. 2013). Recently, HopQ has been identified
as an adhesin for carcinoembryonic antigen-related cell adhesion molecules (CEA-
CAMs), a large immunoglobulin superfamily with wide tissue distribution (Javaheri
et al. 2016;Koniger et al. 2016). The binding is species-specific for human and rat, but
not to murine, bovine, or canine CEACAM1 (Javaheri et al. 2016). Strains that carry
HopQ type II can also bind CEACAM5, but show only weak binding to CEACAM1
(Koniger et al. 2016; Moonens et al. 2018). Although HopQ has a similar genetic
organization to BabA and SabA, with an insertion domain that interacts with their
glycan ligands, HopQ binding to CEACAM is not mediated by the hopQ insertion
domain, and glycosylation of CEACAM plays a minimal role (Bonsor et al. 2018).
Unlike the binding of BabA to Leb, HopQ binding to CEACAM is not reversible
after being exposed to low pH that disrupts the binding (Bonsor et al. 2018). Recent
structural studies have shown that HopQ interacts with CEACAMmonomers at their
dimer interface and induces monomerization (Bonsor et al. 2018), which abrogates
CEACAM-dependent cell adhesion and signaling. No structural or signaling fea-
ture has been found that links HopQ–CEACAM interactions to CagA translocation,
except for bringing the bacteria and the host cell in close contact. This suggests that
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HopQ does not induce NF-κB activation, but affects its activation level by promoting
the functionality of the T4SS. This effect seems to depend on the postulated HopQ
interaction partners, CEACAM1, 5, and 6. These results demonstrate unambiguously
that direct binding of components of the T4SS to β1-integrin receptors is not suf-
ficient for CagA translocation, and are consistent with the recent observation that
integrins, but not CEACAMs, are dispensable for CagA translocation (Zhao et al.
2018), while in other cells, both integrin and CEACAMs are required (Tegtmeyer
et al. 2019).

4.3.5 AlpAB

Adherence-associated lipoprotein A and B (HopC and HopB) were first identified as
adhesins involved in binding to human gastric tissue sections (Odenbreit et al. 1999).
Subsequent work identified the cell receptor for AlpAB as laminin (Senkovich et al.
2011), a glycoprotein expressed on the basolateral membrane. AlpA and AlpB are
paralogous genes with 46% amino acid identity that are organized in an operon
(Odenbreit et al. 1999). Both alleles are present in all clinical isolates studied to
date. Not surprisingly, deletion of AlpA leads to a polar loss of AlpB expression,
so the specific effect of AlpA has been difficult to determine. Most studies suggest
that AlpAB is important for successful infection, as mutants show reduced or absent
colonization in mice, gerbils, and guinea pigs (de Jonge et al. 2004; Lu et al. 2007;
Sugimoto et al. 2011). A deletion mutant of AlpB alone was also cleared from
stomachs of guinea pigswithin 3weeks and resulted in amarked decrease in antibody
response (de Jonge et al. 2004). However, an effect of AlpAB on colonization has
not been seen uniformly (Senkovich et al. 2011). The effect of AlpAB on the host
inflammatory response has been even more controversial. Deletion of AlpAB led to
a reduction in the capacity to induce IL-6 (Lu et al. 2007), as well as IL-8 in some
studies (Selbach et al. 2002b), but not in others (de Jonge et al. 2004; Odenbreit et al.
2002). As is so often the case with H. pylori, the discrepant results likely depend
on strain differences. When a large population of strains was examined, deletion of
AlpAB reduced the capacity to induce IL-8 in East Asian but not in Western strains,
though it uniformly reduced the capacity ofH.pylori to induce IL-6 (Luet al. 2007). In
vivo in the mouse model, deletion of AlpAB reduced IL-6 and CXCL-1 (previously
called keratinocyte chemokine, KC), but gerbils infected with an AlpAB deletion
mutant actually showed increased neutrophilic and lymphocytic infiltration using
strain SS1. These effects were independent from the cagPAI as the SS1 strain has
a non-functional T4SS. The reason for different results between studies and strains
is unknown, but may reflect polymorphism in AlpAB proteins or in their interaction
with different hosts.
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4.3.6 HopZ

Hop Z is found in all known H. pylori strains, though it is highly polymorphic and
exists as two distinct alleles that are <80% identical at the amino acid level from one
strain to another. Like several other OMPs, HopZ expression is regulated by slipped
strand mispairing in a CT repeat region located in the signal peptide coding region
(Peck et al. 1999). HopZ may itself also regulate expression of some pH-dependent
genes, including SabA (Giannakis et al. 2009). HopZ is found on the bacterial surface
and mediates attachment to GECs (Peck et al. 1999), but the receptor is unknown.
Deletion of hopZ reduces H. pylori fitness in hypochlorhydric gnotobiotic mice
without expression of the H+/K+ATPase, but not in wild-type mice (Giannakis et al.
2009). Re-isolation of H. pylori within individuals over time after acute infection,
either from experimental challenge or from transmission within families, suggests
that there is selective pressure for an ON status of HopZ expression. In contrast,
ON versus OFF status appears stable during chronic infection, suggesting a role for
HopZ early during acute infection. Since acute infection has been associated with
hypochlorhydria, this finding is consistent with reduced fitness of a hopZ deletion
mutant in hypochlorhydric mice (Giannakis et al. 2009).

4.3.7 LabA

MUC5AC gastric mucin expressing LacdiNAc was found to be correlated with H.
pylori localization in humans, and all strains tested adhered significantly to this
glycan motif (Rossez et al. 2014). The adhesin was subsequently identified and
called LacdiNAc-binding adhesin A (LabA, HopD). LacdiNAc decoration on gastric
MUC5AC may be in competition with complex glycosylation such as the Le(b) and
H type 1, as well as complex sialylated structures that serve as receptors for BabA
and SabA, respectively (Kenny et al. 2012).

5 Modulation of the Host Response: Bacterial Virulence
from the Bacterial Perspective

The inflammatory response to infection is traditionally thought of as a host defense
to control microbial replication, and bacteria in turn frequently elaborate virulence
factors that inhibit host immunity, promote colonization, and increase the likeli-
hood of transmission. Often, these virulence factors are expressed on mobile genetic
elements, such as plasmids, phage, or pathogenicity islands. For example, T3SSs or
T4SSs found inmany bacteria secrete effectors that induce apoptosis inmacrophages,
inhibit phagocytosis, and decrease inflammatory cytokines and chemokines (Bynd-
loss et al. 2017). But it is increasingly appreciated that from the bacterial perspec-
tive, inflammation may also be beneficial. T3SS-dependent inflammation in the gut
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Fig. 2 H. pylori virulence factors balance inflammation and colonization. The hallmark of
chronic H. pylori infection is inflammation, which probably enhances nutrient availability on the
one hand, but comes at the cost of decreased colonization and therefore decreased possibility of
transmission to a new host. AlthoughH. pylori virulence factors aremost often viewed in the context
of their contribution to gastric pathology, from the bacterial perspective, they may be mechanisms
to tune the host immune response so as to regulate these competing pressures

is actually required for Salmonella infection, because it enables Salmonella to com-
pete with the intestinal microbiota by exploiting novel systems for respiration and
for acquiring iron and other metals (Baumler and Sperandio 2016). InMycobacteria
infection, granuloma formation that has long been thought of as a host response to
control bacterial spread actually limits immune cell access and promotes chronic
infection (Cronan et al. 2016). These fundamental observations in animal models are
supported by the growing recognition that immune suppression with corticosteroids
has a role in the treatment of many infectious diseases. From the bacterial perspec-
tive, the optimal strategy may be to balance the benefits and the risks of the host
immune response in a manner that promotes colonization, fitness, and transmission
to a new host (Fig. 2).

Viewed in this context, it is not surprising thatH. pylori virulence factors may not
only promote, but also regulate inflammation, achieving a sort of “immunological
sweet spot” that is probably critical tomaintain chronic infection. This is perhaps best
understood for VacA, where particular allelic variants are immunoregulatory. Like
other bacteria with small genomes and a restricted niche (Alm et al. 2006), H. pylori
has relatively few two-component regulatory systems and instead often uses DNA-
based mechanisms to respond to the environment. This is particularly true for many
of the H. pylori adhesins, which are commonly phase variable via a poly-CT tract in
the 5′ coding region, and so can toggle with high frequency between ON and OFF
states.Many also have long homopolymeric adenine or thymine tracts in the promoter
region, which are prone to replication errors that change the length of the tract and
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alter transcription (Aberg et al. 2014). Since attachment can affect the host immune
response and T4SS function (Ishijima et al. 2011; Javaheri et al. 2016; Koniger
et al. 2016), polynucleotide tracts provide a mechanism to generate diverse bacterial
populations that can balance the beneficial and detrimental effects of inflammation.
Moreover, many H. pylori adhesins and other OMPs have paralogs that are very
closely related at the DNA and amino acid sequence levels, but which often differ
markedly in function, such as BabA/BabB and SabA/SabB. Recombination events
between paralogs result in gene conversion that is yet another mechanism by which
H. pylori can regulate the host response and, in turn, respond to it. Experimental
infections in mice (Hansen et al. 2017; Kable et al. 2017), non-human primates
(Solnick et al. 2004), gerbils (Ohno et al. 2011; Styer et al. 2010), and human beings
(Nell et al. 2018) have demonstrated that each of thesemechanisms is relevant in vivo.

Although genes on the cagPAI encoding the H. pylori T4SS share sequence sim-
ilarity to orthologs in other bacteria, cagY stands out as unique because it is much
larger than other virB10 orthologs, and it contains an extraordinary number of direct
DNA repeats that are predicted to encode in-frame insertions or deletions (Liu et al.
1999). When this was first recognized, it was proposed that repeat-mediated recom-
bination in cagY might be a mechanism of immune evasion to avoid host recognition
of a surface component of the T4SS pilus (Aras et al. 2003), although surprisingly
CagY did not elicit a humoral immune response in naturally infected human beings.
More recently, we discovered that CagY recombination serves not simply to avoid
the host immune response, but rather to modulate it (Barrozo et al. 2013). During
H. pylori infection of C57Bl/6 mice, cagY frequently undergoes CD4+T-cell- and
interferon gamma (IFNγ)-dependent recombination that eliminates T4SS function
(Barrozo et al. 2016). Similar results sometimes occur during infection of non-human
primates (Barrozo et al. 2013) and in human beings (Barrozo et al. 2016). However,
in non-human primates, cagY recombination can also cause gain of function in the
T4SS, which implies that CagY serves as a sort of molecular rheostat that, from
the bacterial perspective, “tunes” the host response to achieve the optimal level of
inflammation that maximizes benefits and minimizes risks. CagY recombination
occurs at a very high frequency—variants can be found easily by screening only a
few dozen colonies—and presumably the immune system selects from among this
random diversity those variants that are most fit. Since recombination in the cagY
MRR that reduces T4SS function also produces commensurate reduction in whole-
cell binding to α5β1-integrin (Skoog et al. 2018), it is tempting to speculate that
alteration in integrin binding is the mechanism by which CagY recombination mod-
ulates T4SS function. However, surface plasmon resonance studies demonstrated
that the C-terminus but not the MRR binds integrin (Koelblen et al. 2017), so the
details remain unclear.

Despite these many DNA-based mechanisms by which the H. pylori T4SS func-
tion can be modulated or reversibly inactivated, it is typically active in isolates from
naturally infected human beings (Olbermann et al. 2010; Reyes-Leon et al. 2007)
and non-human primates (Skoog et al. 2016), though to varying degrees. This begs
the question of why T4SS function is commonly lost in experimental but not natu-
ral infection. The most likely explanation appears to be immune tolerance. Natural
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infection in both human beings and socially housed non-human primates occurs very
early in life, often during the first year and sometimes even the first few weeks, when
the immune system is not fully mature. Studies in neonatal mice demonstrate that
under these circumstances, T4SS function is maintained because of Treg-mediated
immunological tolerance (Arnold et al. 2011), which controls CD4+ T cells that
would otherwise inhibit colonization and drive off T4SS (Barrozo et al. 2016). This
conclusion is also consistent the observation that in countries whereH. pylori preva-
lence is low and acquired later in life, the cagPAI is rapidly being lost (Perez-Perez
et al. 2002).

Since T4SS function is typically retained in natural H. pylori isolates, yet cagY
and the MRR are ubiquitous, there must be situations where loss of T4SS function
is advantageous to the bacterium. But when might cagY recombination and loss of
T4SS function occur during natural human infection? It may be soon after acquisi-
tion, as in mice and monkeys, or during some environmental events, such as a change
in pH, which from the bacterial perspective tips the balance against inflammation.
Another possibility is a transient, systemic infection that enhances non-specific innate
immunity that would promote bacterial clearance, but could be at least partially over-
come by downregulation of T4SS-mediated inflammation. Conceptual support for
this idea comes from experiments in which mice latently infected with herpesviruses
are resistant to infection with Listeria monocytogenes and Yersinia pestis (Barton
et al. 2007). Protection is not antigen specific but is mediated by viral induction of
IFNγ and systemic activation of macrophages, upregulating innate immunity against
subsequent bacterial infection. If so, the natural, homeostatic state of the T4SS may
be on, and it might be challenging to “catch it in the act” of turning off in natural
infection, because acute H. pylori infection is rarely detected in human beings, and
the hypothetical environmental events are unknown.

6 Concluding Remarks

The sine qua non of H. pylori infection is chronic gastritis, which partially controls
the bacterial burden, but in some individuals comes at the cost of clinical disease.
Using the paradigm of tolerance versus resistance as the host response to infection
(Medzhitov et al. 2012), disease results from resistance rather than from bacterial
infection per se. For the bacterium, resistance is probably a necessary evil—necessary
because it promotes nutrient acquisition but evil because it leads to reduction in
bacterial load and therefore decreased chance of transmission to a new host. The
solution to this dilemma is to have the cagPAI,which promotes inflammation, but also
to have numerous, redundantmechanisms to control it. These includemany discussed
here with respect to VacA, OMPs, and CagY-dependent regulation of the cagPAI, but
also others, such as γ-glutamyl transpeptidase (Oertli et al. 2013) and the recently
described role of eosinophils in homeostasis and immune regulation (Arnold et al.
2018). While the study of H. pylori began with efforts to characterize its virulence
factors so as to better treat or prevent infection, or perhaps develop biomarkers to
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identify pathogenic strains, better understanding of its regulatorymechanismsmay in
the end have a greater payoff for the control of asthma and other chronic inflammatory
diseases that are increasingly common causes of human morbidity and mortality.
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Abstract Helicobacter pylori infection is associated with the development of
a chronic inflammatory response, which may induce peptic ulcers, gastric can-
cer (GC), and mucosa-associated lymphoid tissue (MALT) lymphoma. Chronic
H. pylori infection promotes the genetic instability of gastric epithelial cells and
interferes with the DNA repair systems in host cells. Colonization of the stom-
ach with H. pylori is an important cause of non-cardia GC and gastric MALT
lymphoma. The reduction of GC development in patients who underwent anti-
H. pylori eradication schemes has also been well described. Individual suscepti-
bility to GC development depends on the host’s genetic predisposition, H. pylori
virulence factors, environmental conditions, and geographical determinants. Bio-
logical determinants are urgently sought to predict the clinical course of infec-
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tion in individuals with confirmed H. pylori infection. Possible candidates for
such biomarkers include genetic aberrations such as single-nucleotide polymor-
phisms (SNPs) found in various cytokines/growth factors (e.g., IL-1β, IL-2, IL-
6, IL-8, IL-10, IL-13, IL-17A/B, IFN-γ, TNF, TGF-β) and their receptors (IL-
RN, TGFR), innate immunity receptors (TLR2, TLR4, CD14, NOD1, NOD2),
enzymes involved in signal transduction cascades (PLCE1, PKLR, PRKAA1) as
well as glycoproteins (MUC1, PSCA), and DNA repair enzymes (ERCC2, XRCC1,
XRCC3). Bacterial determinants related to GC development include infection
with CagA-positive (particularly with a high number of EPIYA-C phosphorylation
motifs) and VacA-positive isolates (in particular s1/m1 allele strains). The combined
genotyping of bacterial and host determinants suggests that the accumulation of
polymorphisms favoring host and bacterial features increases the risk for precancer-
ous and cancerous lesions in patients.

1 Introduction

Helicobacter pylori infection, which occurs in ca. 50% of the human population,
significantly increases the risk of intestinal and diffuse-type gastric cancer (GC) and
is responsible for ~90% of non-cardia GC cases (Plummer et al. 2015) due to vari-
ous factors including the genetic instability of gastric epithelial cells (GECs) during
long-term infection (Machado et al. 2009). A relationship between H. pylori sero-
prevalence and the frequency of GC was shown by the EUROGAST Study Group
in 1993 (The EUROGAST Study Group 1993). More recently, Lee et al. (2016) in
a systematic review and meta-analysis clearly verified the association between H.
pylori eradication and reduced incidence of GC. Similarly, Tsukamoto et al. (2017)
showed that eradication of H. pylori prevents GC development. In high-risk areas
of GC such as East Asia, official programmes for H. pylori screening and treat-
ment, even in asymptomatic individuals, have started to reduce the prevalence of GC
(Kim et al. 2013). However, due to an inverse association between H. pylori infec-
tion and esophageal adenocarcinoma, the idea of worldwide eradication of H. pylori
has raised much debate (Islami and Kamagar 2008; Kamada et al. 2012). How the
infection could prevent esophageal cancer is still not fully understood (Moss 2016).
It is also unknown whether eradication guarantees full protection against stomach
cancer and whether the conditions of atrophy or intestinal metaplasia and associ-
ated molecular changes are irreversible (Wong et al. 2004). Compared to the total
number of H. pylori-infected people, only a minority (~1–2%) of H. pylori-infected
individuals develop GC, and this depends on the genetic variability of the host as
well as on specific H. pylori virulence factors (Basso et al. 2008; Hunt et al. 2015;
McClain et al. 2017; Memon et al. 2014; Nogueira et al. 2001; Winter et al. 2014).
One of the key strategies to identify individuals at high risk for developing GC is
focusing on individual host determinants.H. pylori promotes the development of GC
through multiple mechanisms, but the inflammatory response seems to be crucial.
Polymorphisms in genes involved in regulation of these inflammatory responses,
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but also others, may be very important for GC development. In this chapter, we dis-
cuss results obtained in large-scale epidemiological studies, literaturemeta-analyses,
and findings from clinical and animal model studies focused on searching for host
immune system regulators that increase the risk for GC development and challeng-
ing these immune system regulators with H. pylori virulence factors facilitates the
development of precancerous and cancerous lesions, in the context of environmental
and geographical determinants.

2 Gastric Cancer Development is Related to H. pylori
Infection

Historically, Rudolf Virchow, Pelayo Correa, Robin Warren, and others were pio-
neers in understanding carcinogenesis initiated by microbes such as H. pylori. More
than 150 years ago, Rudolf Virchow suggested that cancer in general is derived from
normal cells responding to certain damaging or inflammatory factors (Balkwill and
Mantovani 2001). However, it was recently shown that specific gastrointestinal stem
cells, that undergo genetic/epigenetic mutations and can transform into cancer cells,
are involved in the development of precancerous lesions such as metaplasia and dys-
plasia, and GC (Hayakawa et al. 2017). This stem cell research included basic studies
in mouse models and in human patients, and showed enhanced cell proliferation in
the isthmus and gastric stem cell region (Hayakawa et al. 2017) and a critical role
of the Notch signalling pathway in regulating gastric stem cell proliferation, dif-
ferentiation, gland fission, tissue expansion, and tumour formation (Demitrack and
Samuelson 2017; Gifford et al. 2017). The model of initiation and progression of GC
proposed by Correa and co-workers was based on atrophic changes developing from
chronic gastritis, which over time increases the risk of intestinal metaplasia, and of
GCwithin 30–50 years of development (Correa et al. 1975;Malaty et al. 2002). Stud-
ies by Warren and Marshall (1983) enabled further investigations, that demonstrated
the role of H. pylori infection as the initial step in the gastric carcinogenesis cascade
and led to the categorization of H. pylori as a class 1 carcinogen (IARC 1994). Lee
et al. (2016) confirmed the association betweenH. pylori eradication and diminished
GC incidence.

3 H. pylori Virulence Factors and Gastric Cancer Risk

It was shown that H. pylori virulence factors differ among strains and contribute to
variation in clinical manifestations of the infection (Torres et al. 2009; Zambon et al.
2003; Posselt et al. 2013). In general, genes encoding pathogenic H. pylori factors
that are involved in GC development include adhesion and colonization properties
and/or the capability to induce GEC damage and inflammation (Abdi et al. 2017;
Chen et al. 2016b; Cherati et al. 2017; see also Chapter “Impact of Helicobacter
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pylori Virulence Factors on the Host immune Response and Gastric Pathology” of
this book). The best-described virulence factors are the cytotoxin-associated gene
pathogenicity island (cagPAI), effector protein CagA, and cytotoxin VacA (Back-
ert et al. 2017; McClain et al. 2017), as discussed below. Among the genes that
determine H. pylori colonization, a high frequency of gene mutations has been
described in the flagellins, flaA and flaB (Franco et al. 2009; Ye et al. 2007). Another
group of genetic determinants involved in the pathogenicity of H. pylori includes
the outer membrane proteins (Hop) and Hop-related proteins (Hor), among which
the BabA (HopS), encoded by the babA2 gene, and SabA (HopP) adhesins are best
characterized (Oleastro and Ménard 2013). From the four H. pylori genotypes, (1)
cagA(−), vacA(s2m2), babA2(−); (2) cagA(+), vacA(s1m1) babA2(+); (3) cagA(+),
vacA(s1m2), babA2(+), and (4) cagA(+), vacA(s1m2), babA2(−), the second geno-
type revealed the strongest association with inducing gastric metaplasia (Torres et al.
2009; Zambon et al. 2003). In addition, HopH encoded by the HP0638/hopH gene
(also known as OipA) is related to cagA, vacA(s1m1), and babA2-positive H. pylori
strains and thus determines gastric disease outcome (Dossumbekova et al. 2006).

Blood-group antigen-binding adhesin (BabA) is a key H. pylori component
involved in bacterial colonization. BabA binds to Lewis B (Leb), a fucosylated blood
group antigen, that is expressed in the gastric mucosa, or to ABO blood group anti-
genic determinants (Aspholm et al. 2006; Yamaoka 2008). In addition, BabA is
involved in the upregulation of inflammatory responses and is linked with a higher
risk for the development of gastroduodenal disorders, including GC (Chen et al.
2016b). By comparison, the sialic acid-binding adhesin A (SabA) of H. pylori rec-
ognizes sialylated Lewis X (LeX) on GECs. The existence of polymorphic variants
of the sabA gene is hypothesized to provide a mechanism for avoiding of the host
immune responses (Aspholm et al. 2006). It has been shown that cagPAI-positive
H. pylori strains can upregulate their adhesion capabilities in association with β3N-
acetylglucosamine T5 and N-acetylglucosamine (GlcNAc) transferase, which pro-
mote LeX synthesis (Goodwin et al. 2008).

As mentioned above, CagA, VacA, and various outer membrane proteins (OMPs)
have been implicated in H. pylori-driven gastric precancerous and cancer lesions. A
meta-analysis of the relationship between CagA seropositivity and GC performed
by Huang et al. (2003) showed that infection with H. pylori CagA-positive strains
increased the risk for GC. Similarly, Plummer et al. (2007) showed a strong rela-
tionship between the presence of CagA-positive H. pylori strains and the severity of
precancerous lesions in a large epidemiological study. In fact, CagA has been demon-
strated to be translocated into GECs by the cagPAI-encoded type IV secretion system
(T4SS). After delivery into the cells, CagA undergoes tyrosine phosphorylation and
induces morphological changes in GECs due to rearrangement of cytoskeletal fac-
tors (Backert et al. 2015; Huang and Tang 2010). The C-terminal region of cagA
encodes various tyrosine phosphorylation sites in the so-called Glu-Pro-Ile-Tyr-Ala
(EPIYA) sequence motifs (called A, B, C, or D), which are involved in the inter-
action of CagA with various host cell proteins (Alzahrani et al. 2014; Lind et al.
2014, 2016). In Western countries, H. pylori strains with EPIYA-A, B, and C-motifs
are dominant, whereas Asian strains possess mainly EPIYA-A, B, and D-motifs,
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and they are associated with the development of GC (Backert et al. 2008; Kawai
et al. 2011; Olbermann et al. 2010). Different numbers, configurations, and poly-
morphisms in the EPIYA motifs have been found and up to seven EPIYA repeats
were observed in single CagA variants (Backert et al. 2010). The type and number
of EPIYA motifs influences the virulence of H. pylori strains and the transcription
of host genes involved in carcinogenesis (Vaziri et al. 2015). Several studies have
shown that infection with H. pylori strains carrying more than one EPIYA-C motif
was associated with higher levels of GEC damage, with atrophic gastritis, intestinal
metaplasia, and dysplasia, and were more frequently found in GC biopsies (Basso
et al. 2008; Sicinschi et al. 2010; Batista et al. 2011; Ferreira et al. 2012). In Western
countries, EPIYA-B motifs are also polymorphic and may impact gastric disease
development (Zhang et al. 2015). Other components of the T4SS, such as the pilus-
associated CagL protein, can also affect the course of disease (Kwok et al. 2007;
Barden et al. 2013). Cherati et al. (2017) showed that the presence of amino acids
D, I, Q, and N at CagL positions 58, 60, 62, and 122, respectively, was related to an
increased risk of peptic ulcer disease (PUD). However, amino acids N, M, Q, and N
at the same position alongside V134 increased the risk of GC.

VacA is a typical pore-forming toxin composed of four polymorphic regions—the
signal (s) region in variants s1 and s2, which is responsible for anion channel for-
mation; the mid (m) region affecting host cell tropism, which is subdivided into m1
and m2; the intermediate (i) region, subdivided into i1, i2, and i3, which determines
the vacuolation and carcinogenic properties of VacA; and the deletion region (d) of
81bp located between the i- and m-regions (Bridge and Merell 2013; Jones et al.
2011; Latifi-Navid et al. 2013).H. pylori carrying the vacA(s1/m1) allele showed the
strongest vacuolation activity in infected host cells; which has been associated with
an increased risk for the development of PUD andGC (Jones et al. 2011). In addition,
certain polymorphisms in the vacA s1, m1, i1, and d1 (no deletion) alleles further
increase the risk of GC development (Ogiwara et al. 2009). Recently, Abdi et al.
(2017) showed that in Ardabil, a region in north-western Iran with a very high risk of
GC, the vacA i1, and d1 genotypes significantly increased the risk of cardia and non-
cardia GC.Moreover, infection of strains with the vacA i1 genotype was significantly
associated with an increased risk of intestinal type GC, whereas infectionwith strains
of the vacA d1 genotype was associated with the diffuse-type GC (Abdi et al. 2017).
Accordingly, the authors suggested that i1 and d1 sequences might be molecular
candidates for the prediction of the risk for these cancer subtypes. Considering that
both CagA and VacA proteins, affect the formation of precancerous and cancerous
lesions in H. pylori-induced GC, the co-expression of both virulence factors may
constitute an indicator of a higher risk for H. pylori-related GC development (Basso
et al. 2008; Memon et al. 2014; Rhead et al. 2007). A meta-analysis, performed by
Matos et al. (2013), showed that individuals infected with cagA+ and vacA s1/m1
H. pylori strains had an increased risk for GC. González et al. (2011) performed a
long-term follow-up study in a high-risk area for GC in Spain and showed that H.
pylori cagA and vacA genotypes may be useful for the identification of patients at
high risk of progression of gastric pre-neoplastic lesions.
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4 Host Genetic Susceptibility to Gastric Cancer

4.1 Immuno-Regulatory Cytokines

Various cytokines secreted by immune cells infiltrating the gastric mucosa duringH.
pylori-related gastritis have been identified. Due to the broad and pleiotropic effects
of cytokines on immune cells, as well as epithelial and endothelial cells, these soluble
mediators are considered to be additional risk factors for GC development. Recent
research has focused on identifying a panel of biomarkers, including polymorphisms
in genes controlling the inflammatory host responses,whichwould become indicators
of individual susceptibility to and consequences of infection, including GC (McLean
and El-Omar 2014). The role of cytokines in regulating the severity of gastritis, cell
activation and turnover, and neoplastic transformation has been intensively studied
usingmouse and humanmodels (Bockerstett and DiPaolo 2017; Epplein et al. 2013).
Researchbasedongenetic data indicated the involvement of several crucial cytokines,
growth factors, and their receptors in GC progression. Additionally, protein-based
studies have provided additional data on cytokines, which may potentially drive
GC development (Al-Sammak et al. 2013; Buzzeli et al. 2015; Fukui et al. 2014;
Howlett et al. 2012; Petersen et al. 2018; Tanaka et al. 2017; Tsai et al. 2014; Wu
et al. 2003). Similarly, using mouse models, the cytokines implicated in gastric
disorders such as parietal cell atrophy (IL-4, IL-6, IL-11, IL-33, interferon (IFN)-γ,
and gp130 receptor), neck cell hyperplasia (IL-1, IL-6, IFN-γ, and gp130 receptor),
and metaplasia (IL-1β, IL-6, IL-11, IL-13, IL-33, IFN-γ, and gp130 receptor), and
transforming growth factor (TGF)-β have been classified (Bockerstett and DiPaolo
2017). In the last two decades, host genetic polymorphisms of several cytokine genes
and innate immune response genes have been found to be involved in various stages
of the neoplastic process in gastric carcinoma. Corresponding meta-analysis studies
have revealed both consistent and contradictory results, which will be discussed
below.

4.1.1 IL-1β and IL-1R

Transgenic mice overproducing interleukin (IL)-1β in the stomach have been shown
to develop inflammation and cancer (Tu et al. 2008). In addition, IL-1β-/- knock-
out mice exhibited a decreased capability to develop gastric tumours compared to
wild-typemice (Shigematsu et al. 2013). Thus, IL-1β plays a central role in the devel-
opment of GC. In fact, the IL-1 family of cytokines comprises 11members, including
7 pro-inflammatory agonists (IL-1α, IL-1β, IL-18, IL-33, IL-36α, IL-36β, and IL-
36γ) and 4 proven or putative antagonists (IL-1R antagonist IL-1Ra, IL-36Ra, IL-37,
and IL-38). IL-1 (IL-1α and IL-1β) is a pro-inflammatory cytokine, whereas IL-1Ra
possesses natural anti-inflammatory activity (Palomo et al. 2015). Thus, an imbal-
ance between agonist and antagonist levels can lead to exaggerated inflammatory
responses. The biological activity of IL-1β favours enhancing the host’s inflamma-
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tory response mainly by the induced expression of many other pro-inflammatory
cytokines such as tumour necrosis factor (TNF)-α, IL-2, IL-6, IL-12, IFN-α, β, and
γ and, pro-inflammatory mediators such as cyclooxygenase-2 and C-reactive pro-
tein (El-Omar 2001). On the other hand, IL-1β also acts as a powerful gastric acid
inhibitor.

In a series of landmark papers, El-Omar and co-workers reported that the levels of
IL-1β are upregulated in gastric tissues of patients withH. pylori infection (El-Omar
et al. 1997, 2000; El-Omar 2001). The IL-1 gene cluster is located on the long arm of
human chromosome 2, comprising IL-1A, IL-1B, and IL-1RN (El-Omar et al. 2000).
IL-1RN encodes IL-1rα,which is the endogenous receptor antagonist of IL-1α and IL-
1β. Several genetic polymorphisms in the IL-1 locus are associated with dysregulated
IL-1 activity and development of gastric diseases in humans. Remarkably, the pres-
ence of two pro-inflammatory genotypes, IL-1β-31T+ and IL-1RN*2/*2, increased
the likelihood of chronic hypochlorhydria due to elevated levels of IL-1, which ini-
tiate spontaneous inflammation followed by dysplasia and GC through activation of
the pro-inflammatory transcription factor NF-κB during H. pylori infection, while
in the absence of the pathogen, this relationship does not exist (El-Omar et al. 1997,
2000; Hwang et al. 2002). Machado et al. (2001) provided further pro-inflammatory
genotype evidence showing increased GC risk associated with an IL-1β-511T allele,
which substantially increased in individuals homozygous for the IL-1RN*2 allele
(Machado et al. 2001). It was also shown that patients carrying allele 2 (IL-1RN*2)
are more likely to develop adenocarcinoma compared to carriers of the IL-1RN1/1
variant (Melo Barbosa et al. 2009).

After these important initial findings in the IL-1 gene locus, a series of meta-
analyses followed. For example, one study evaluated the association between IL-
1B-51 and IL-1RN polymorphisms and gastric precancerous lesions showing that
individuals carrying the IL-1RN*22 genotype had an increased risk of gastric pre-
cancerous lesions (22 versus LL) and no such association was found for IL-1B-511
(TT versus CC) (Peleteiro et al. 2010). One of the largest meta-analyses published,
included patient populations from various geographic locations, and supported the
idea of increased cancer risk for IL-1RN2 carriers in non-Asian populations and was
observed for intestinal and diffuse cancers, distal cancers and, to a lesser extent, car-
dia cancers (Ma et al. 2017). Reduced risk in association with the IL-1B-31C carrier
status was observed in Asian and Mexican populations, respectively (Persson et al.
2011; Garza-González et al. 2005). Recently, the results of another meta-analysis
revealed that the IL-1B-31-C/T polymorphism increased the risk for H. pylori infec-
tion, whereas IL-1B-511-C/T was a risk factor for H. pylori-related GC or PUD
(Ma et al. 2017). Additionally, Ying et al. (2016) showed that the IL-1B-31-T/C
polymorphism might confer susceptibility to GC in the ongoing H. pylori infection,
which may suggest a gene–environment interaction during the process of gastric
carcinogenesis.

In addition to the host susceptibility associated with IL-1B and IL-1RN poly-
morphisms, specific bacterial factors can affect the course of H. pylori-dependent
development of GC as discussed above. Thus, combined genotyping analyses have
been performed to help define high-risk individuals. For example, in a study of Por-
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tuguese patients, the risk of developing GC was the highest in IL-1B-511*T carriers
or IL-1RN*2 homozygotes infected with H. pylori vacA s1/m1 and cagA-positive
strains, demonstrating the combinations of both bacterial and high-risk host geno-
types (Figueiredo et al. 2002). A similar approach was followed to study the combi-
nation of bacterial/host genotypes and gastric histological abnormalities in patients
from Germany. The highest prevalence of severe gastric inflammation and intestinal
metaplasia was found in patients carrying both the bacterial and host high-risk geno-
types cagA(+)/vacAs1(+) and IL-1B −511T/IL-1RN*2 (Rad et al. 2003). Sicinschi
et al. (2006) showed a significant correlation between IL-1B-31 polymorphism and
CagA status for the risk of intestinal type GC incidence in a Mexican population.
Among CagA-positive individuals, those with IL-1B-31-CC genotype displayed a
higher risk of intestinal GC type than the carriers of IL-1B-31-TT genotype. None
of these polymorphisms were significantly related to the risk of diffuse-type GC
(Sicinschi et al. 2006).

4.1.2 TNF-α

Similar to IL-1β, TNF-α is pro-inflammatory cytokine and inhibits gastric acid pro-
duction. TNF-α is upregulated in the gastricmucosa in response toH. pylori infection
and is considered a potential biomarker of H. pylori-related gastric diseases (Bren-
ner et al. 2015; Shibata et al. 1999). In a case–control study, including patients with
chronic gastritis and GC, Machado et al. (2003) showed that carriers of the TNF-α
308*A allele polymorphism were at increased risk for GC development. Zambon
et al. (2005) evaluated five SNPs in the TNF-A gene (at −1031 C/T, −857 C/T, −
376 A/G, −308 A/G, and −238 A/G), which were related to H. pylori infection
and gastroduodenal diseases together with genetic polymorphisms of IL-1B (−31
C/T), IL-1RN (intron 2 VNTR), IFN-G (+874 A/T), and IL-10 (−1082 A/G, −
819 C/T, −592 A/C). They showed that the TNF-A −857 TT genotype is related to
duodenal ulcer disease, and that the IFN-G+874 AA genotype promotes CagA+ H.
pylori infections, whereas the IL-10-819 TT genotype is related to gastricmetaplasia.
Another meta-analysis performed by Sun et al. (2016) demonstrated the protective
role of TNF-A−308G/A and−1031 T/C polymorphisms againstH. pylori infection
and suggested a−863C/A polymorphism as a risk factor for infection. The presence
of the TNF-A-G308A (rs1800629) SNP in association with GC has been confirmed
in a Chinese population, and haplotypes of TNF-A-308/-238 GA/GG, AA/GG, and
AA/GA appeared to increase the susceptibility for GC development (Xu et al. 2017).

4.1.3 Other Cytokines

In addition to the important polymorphisms found initially in IL-1 and TNF-α gene
clusters, further studies screened for disease-associated SNPs in other cytokines.
For instance, the first stages of acute inflammatory responses by H. pylori infection
involve the release of chemotactic IL-8 from the epithelium, which attracts the gran-
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ulocytes to infiltrate the lamina propria to resolve the infection (Ramis et al. 2015).
Variation in IL-8 genetic diversity was addressed by Caleman Neto et al. (2014) who
showed that the elevated production of IL-8 and the intensity of the inflammatory
response are related to the presence of the A allele in the promoter region of the
IL-8 gene (−251 position) and that the IL-8 −251TT genotype protects, whereas
the IL-8 −251TA genotype promotes H. pylori infection. Another study by Ohyachi
et al. (2005) indicated that expression of the IL-8 −251A allele was linked with gas-
tric ulcers, gastric atrophy, and eventually GC development. This study also showed
that the IL-8 −251T and IL-8 −251A variants are associated with active gastritis
accompanied by strong neutrophil infiltration. However, no link between the IL-8
polymorphism at −251 and increased risk of gastric carcinoma was found in other
studies (Kamangar et al. 2006; Savage et al. 2006; Canedo et al. 2008; Ramis et al.
2015).

Zhang et al. (2017) investigated the association of genetic variations in the IL-6
gene [rs6949149, rs1800796, rs10499563, and its receptor (IL-6R) rs2228145] with
GC risk in a Chinese population. The study was based on 473 patients with GC and
474 healthy individuals with or without H. pylori infection. In the uninfected group,
IL-6R rs2228145 AC and AC/CC genotypes were associated with a decreased risk
of GC, similar to H. pylori-positive individuals with IL-6 rs10499563 TC, CC and
TC/CC genotypes. Specifically in males, IL-6 rs1800796 CG and CG/GG genotypes
were associated with diminished risk of GC (Zhang et al. 2017). Furthermore, Kim
et al. (2012) performed genotyping of three promoter polymorphisms in the IL-10
gene (−1082A/G,−819T/C;−592 A/C) and showed that they were associated with
an increased risk of the intestinal type of non-cardia GC, specifically in H. pylori-
infected individuals and active smokers. These results are consistent with another
meta-analysis demonstrating that an IL-10-1082 GG-plus-GE genotype versus AA
genotype was associated with increased risk of intestinal type GC (Ni et al. 2012). In
addition, IL-2 is a key pro-inflammatory cytokine, which is mainly synthesized by
immuno-regulatory T helper lymphocytes that promote T cell proliferation and acti-
vation of other immunocompetent cells, which intensify inflammation and potentiate
gastric disorders. Recently, Melchiades et al. (2017) investigated polymorphisms in
the IL-2 gene. It was shown that among H. pylori-infected Brazilian patients, the
IL-2-330 G/G genotype and the G allele, as well as the IL-2+114 T/T genotype and
the T allele or the −330G/+114T haplotype, increased the risk of GC development.

Finally, several studies reported the association between gene polymorphisms of
IL-17 and gastroduodenal diseases. IL-17 is induced in Th17 lymphocytes by H.
pylori and bridges the innate and adaptive immune responses (Khamri et al. 2010;
Mizuno et al. 2005; Tanaka et al. 2017). Arisawa et al. (2012) showed the associa-
tion between GC and genetic polymorphisms in the IL-17A rs2275913 (−197 G/A),
rs3748067 (*1249 C/T), and pri-miR-938, rs2505901 (T/C), targeting IL-17A 3’-
UTR. Six SNPs in the IL-17A (rs2275913, rs3748067, and rs3819025) and IL-17F
(763780, rs9382084, and rs12203582) geneswere associatedwithH.pylori infection,
and smoking significantly enhanced the risk of GC in a Chinese population (Qing-
hai et al. 2014). In addition, Liu et al. (2015) analyzed genetic variants in a large
cohort of patients and found that the AA genotype of IL-17A rs2275913 and IL-17F
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rs763780 polymorphisms were associated with increased GC risk in Asian popu-
lations. Another meta-analysis by Jiang et al. (2015) confirmed that the rs2275913
variant was significantly associated with gastrointestinal malignancy, whereas the
rs763780 variant was not. Together, this multitude of studies demonstrates that vari-
ous cytokines contain genetic polymorphisms, that affect their expression levels and
play a crucial role in gastric disease development induced by H. pylori infection.

4.2 Pattern Recognition Receptors (PRRs)

4.2.1 Toll-Like Receptors (TLRs)

Toll-like receptors (TLRs) are critical for pathogen detection and downstream sig-
nalling to stimulate effective immunity (Smith 2014;Varga and Peek 2017). The early
detection of pathogen-associated molecular patterns (PAMPs) by TLRs and other
PRRs is believed to produce regulatory cytokine or chemokine profiles through acti-
vation of NF-κB,MAP kinases, and interferon regulatory factor (IRF) signalling cas-
cades,whichfinally controlH.pylori infection (Backert andNaumann2010;Brisslert
et al. 2005; Pachathundikandi et al. 2015). H. pylori factors such as lipopolysaccha-
ride (LPS), NapA, HSP-60, RNA, and DNA were described in various reports to
be recognized by specific TLRs such as TLR1, TLR2, TLR4, TLR6, TLR9, and
TLR10, while H. pylori flagellin was found to evade recognition by TLR5 (see
Chapter “Importance of Toll-like Receptors in Pro-inflammatory and Anti-inflam-
matory Responses by Helicobacter pylori Infection” of this book). Furthermore,
various TLRs have been found to be overexpressed in precancerous and cancerous
conditions in the gastric tissues (Pimentel-Nunes et al. 2011). Genetic polymor-
phisms have been reported in various TLR genes, most notably TLR4 rs4986790
(Asp299Gly), TLR4 rs4986791 (Thr399Ile), TLR4 rs10116253, TLR4 rs10983755,
TLR4 rs11536889 (C3725G/C), andTLR4 rs1927911were identified to be associated
with GC (Castaño-Rodríguez et al. 2013; Bagheri et al. 2014; Zhou et al. 2014). In
addition, CD14 (cluster of differentiation 14) is a factor that co-operates with TLR4
in the recognition of LPS. Interestingly, two single-nucleotide polymorphisms in the
promoter region of CD14 (namely,−260C/T rs2569190 and−561 rs5744455) have
been found to be associated withH. pylori-related risk of GC development (Castaño-
Rodríguez et al. 2013; Wang et al. 2014). Additional polymorphisms in TLR2, such
as the deletion of nucleotides at position −196 to −174, have also been described
(Castaño-Rodríguez et al. 2013). Another well-documented SNP has been reported
within the TLR9 promoter (TLR9 −1237T/C) and is associated with a variety of
inflammatory disorders, including allergic asthma, inflammatory bowel disease, and
atopy. The TLR9−1237C allele is also significantly associatedwith the development
ofH. pylori-induced premalignant gastric changes (Ng et al. 2010). Functional anal-
ysis of this SNP showed that carriage of the C allele increases TLR9 transcriptional
activity driven by activation ofNF-κB. Therefore, the interplay of TLRs andH. pylori
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factors highlights the complexity of innate immune recognition of the pathogen as
well as signalling processes in the development of gastric pathology.

4.2.2 NOD-Like Receptors (NLRs)

Nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are con-
served intracellular sensors of bacterially-released peptidoglycan (Mukherjee et al.
2018; see also Chapter “Role of NOD1 and ALPK1/TIFA Signalling in Innate
Immunity AgainstHelicobacter pylori Infection” of this book). Two important NLR
members, NOD1 and NOD2, play fundamental and pleiotropic roles in host defence
against bacterial infections and in the control of inflammation. NOD1/NOD2 protein
expression levels were found to be significantly upregulated in the gastric epithelium
of H. pylori-positive patients (Rosenstiel et al. 2006). However, NOD1/NOD2 gene
mutations were not found to be linked with gastritis or gastric ulcer development.
Nevertheless, a mutation in the leucine-rich region of NOD2 at R702W was sig-
nificantly associated with gastric lymphoma. Patients carrying the rare T allele had
a more than doubled risk of developing lymphoma compared to controls (Rosen-
stiel et al. 2006). Thus, H. pylori-induced upregulation of NOD1 and NOD2 in vivo
may play a critical role in the recognition of the pathogen and the R702W mutation
of NOD1 is associated with gastric lymphoma. It was further shown that GC risk
increases due to SNPs in NOD1, namely the rs 7789045 TT genotype (Wang et al.
2012). In addition, Li et al. (2015) showed that patients carrying theNOD1 rs2709800
TG genotype had a decreased risk of intestinal metaplasia, while the presence of the
NOD2 rs718226 G allele (AG/GG) showed an increased risk of dysplasia and GC
development. Moreover, the NOD2 rs2111235 C allele and rs7205423 G allele were
found to be associated with decreased risk of GC progression in H. pylori-infected
subjects (Li et al. 2015). Finally, Castaño-Rodríguez et al. (2014) investigated genetic
variance in the NLR signalling cascade of 310 patients from China in relation to H.
pylori infection and GC development. They detected 51 polymorphisms in 6 genes
comprisingNLRX1, NLRP3, NLRP12, CASP1, CARD8, and ASC. Newly discovered
SNPs were located in NLRP12 (rs2866112) and in CARD8 (rs11672725) and were
found to be associated with an increased risk for H. pylori infection and GC for-
mation. Together, the above studies considerably advance our understanding of the
roles of TLR and NLR signal transduction cascades and their SNPs during H. pylori
infection and highlight the importance of these pathways in gastric pathogenesis.

4.3 DNA Repair Enzymes

DuringH. pylori infection, the gastric milieu is heavily infiltrated by various immune
cell types, which become activated (see also Chapter “Inflammation, Immunity and
Vaccine Development for the Gastric Pathogen Helicobacter pylori” of this book).
However, the host immune response is not efficient enough to eradicate the pathogen,
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and as a consequence, the inflammatory response becomes chronic (Chmiela et al.
2014; Grebowska et al. 2008, 2010;Mnich et al. 2015; Paziak-Domanska et al. 2000;
Rudnicka et al. 2015). These infection-induced inflammatory reactions in gastric tis-
sue combined with the induction of oxidative stress such as the release of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), lead to DNA damage,
which also plays a crucial role in tumour development (Bhattacharyya et al. 2014;
Butcher et al. 2017; Naumann et al. 2017). It was shown in cell culture and mouse
models deficient in DNA repair enzymes that H. pylori infection increased the sus-
ceptibility to oxidative stress and DNA damage (Koeppel et al. 2015; Machado et al.
2009; Meira et al. 2008). In addition, experimental infection of transgenic BigBlue®

mice with Helicobacter felis was found to be associated with inactivation of the p53
tumor suppressor gene, enhancement of gastric mutations, infiltration of inflamma-
tory cells and hyperplasia (Jenks et al. 2003). Similarly, it was demonstrated that H.
pylori infection of cultured GECs induced DNA double-strand breaks in the chro-
mosome (Hartung et al. 2015) and mutations in the mitochondrial DNA (Machado
et al. 2013). Chronic colonization of mice with H. pylori induced mutations in the
gastric epithelium and the mutagenic potential of the bacteria was determined by the
genotype and duration of infection (Sheh et al. 2010). Long-term H. pylori infection
ofmice has been shown to result inmore severe gastric lesions and pro-inflammatory,
Th1-biased responses promote mutagenesis, presumably by exposing the stomach to
prolonged oxidative stress (Sheh et al. 2010). A nested case–control study, includ-
ing 246 gastric adenocarcinomas, 1175 matched controls, and 91 cases with chronic
atrophic gastritis, studied 12 polymorphisms in DNA repair genes (MLH1, MSH2,
OGG1, ERCC2, and XRCC1), combined with seropositivity for H. pylori (Capellá
et al. 2008). No association was observed for any of the polymorphisms with a risk of
GC. However, the ERCC2 K751Q polymorphism was associated with an increased
risk for non-cardia neoplasm, andERCC2D312NandK751Qalleleswere associated
with diffuse-type GC. Furthermore, ERCC2 D312 N and K751Q polymorphisms as
well as the XRCC1 R399Q allele were associated with an increased risk for severe
chronic atrophic gastritis (Capellá et al. 2008). Other reports suggested that genetic
polymorphisms in XRCC1 R194W, XRCC1 R399Q, and OGG1 S326C may play
important roles in the evolution of H. pylori-associated gastric lesions in a high-
risk population in China (Li et al. 2009). Furthermore, a meta-analysis of published
case–control and cohort examinations,which included 18 studieswith 3915GCcases
and 6759 controls, revealed that the XRCC1 R194W homozygous mutant genotype
(W/W) was associated with increased GC risk (Chen et al. 2016a). Recently, another
meta-analysis was performed in China, including nine case–control studies focusing
on the XRCC3 gene, which is responsible for the maintenance of genome integrity
and protection against mutations (Quin et al. 2014). This study revealed a T241M
gene polymorphism in XRCC3, representing a new risk factor for non-cardia GC
development but not for cardia GC, and among Asian, but not Caucasian popula-
tions. This finding highlights the importance of genotype differences for specific GC
development in various ethnic groups.
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4.4 Genetic Polymorphisms in Other Factors

Gastric disease-associated genetic polymorphisms have also been detected in a mul-
titude of other host factors. We will highlight below some representative findings
on mucins (MUC), caspases (CASP), prostate stem cell antigen (PSCA), pyruvate
kinase (PKLR), catalytic α-subunit of AMP-activated protein kinase (PRKAA1),
phospholipase-C epsilon-1 (PLCE1), and cyclooxygenase-2 (Cox2). For example, a
recent large-scale meta-analysis identified 11 variants significantly associated with
risk for different types of GC (Mocellin et al. 2015). Gene variants associated with
cardia, non-cardia, diffuse, intestinal, and mixed gastric cancer, encoding cytokines
and kinases as well as glycolipids, mucins and caspases were identified. Notably,
MUC1 rs2070803 at 1q22 and PKLR rs3762272 1q22 variants were associated with
diffuse-type PSCA rs2976392 was linked with the intestinal group, PSCA rs2294008
at 8q24.2 and PRKAA1 rs13361707 5p13 were associated with non-cardia GC,
whereas the PLCE1 rs2274223 10q23 variant was linked to cardia GC. CASP8
rs3834129 2q33 and TNF rs1799724 6p21.3 were associated with the mixed type of
GC (Mocellin et al. 2015). Finally, in the inflammatory milieu, cytokines increase
the production of Cox2, which activates angiogenesis by inhibiting apoptosis and
promotes metastasis and influences GC development (Cheng and Fan 2013). A poly-
morphism in the cox2 gene at position 1195AAwas found and proposed as a potential
new biomarker of GC development (Li et al. 2012), whereas other investigators sug-
gested that the−765G/C rs20417 polymorphism is an indicator of GC risk in Asians
and Indians (Zhao et al. 2014). Compelling evidence has been provided in recent
years showing that H. pylori-induced gastric diseases also strongly depend on the
susceptibility of the host, which is associated with various genetic polymorphisms
in immuno-regulatory and other genes.

5 Concluding Remarks

H. pylori infection is still one of the most frequent infections that occur in humans
worldwide. Apart from chronic inflammation and peptic ulcers, H. pylori coloniza-
tion significantly increases the risk of intestinal and diffuse types of GC, and is
responsible for ~90% of non-cardia GC cases. Studies in humans and mouse mod-
els have demonstrated that the inflammatory milieu, especially multiple cytokines,
contributes to an increased risk for gastric atrophy, intestinal metaplasia, and GC.
Nearly 60% of the intestinal type GCs are associated with H. pylori infections.
Cancer risk increases if the H. pylori strain possesses the well-known virulence fac-
tors—CagA and VacA. These bacteria promote gastric carcinogenesis, for instance
by inducing increased DNA damage in the nucleus and mitochondria and impair-
ing the corresponding DNA repair processes. In addition, the host cell receptors
and cytokines, that are involved in the propagation of the immune and inflamma-
tory responses during infection, may also play a role in the development of GC.
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More information on cytokines and other host targets as well as bacterial factors that
influence GC development is urgently needed to better understand how inflamma-
tory responses influence GC risk. Numerous studies have focused on searching for a
panel of biomarkers, including polymorphisms of genes involved in host inflamma-
tory responses to predict individual susceptibility and consequences (including GC)
of H. pylori infection. The relationship between the risk for GC development and
polymorphisms of host genes involved with the maintenance of the genome integrity
and protection against mutations has also been reported. Recently, non-coding
microRNAs (miRNAs) were also suggested to be key regulators in signalling path-
ways during oncogenesis (see also Chapter “Mechanisms of Inflammasome Signal-
ing, microRNA Induction and Resolution of Inflammation by Helicobacter pylori”
of this book). miRNA dysregulation affects GC growth, cell cycle progression, and
metastatic processes due to inhibition of tumour suppressor genes and other responses
(Wu et al. 2010, 2013). Further studies describing the role of these newly described
regulators and possible new SNPs in the development of GC are required to fully
address their prognostic value.
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Abstract Mucosa-associated lymphoid tissue (MALT) lymphoma, or extranodal
marginal zone lymphoma of MALT, is an indolent B-cell non-Hodgkin lymphoma
linked with preexisting chronic inflammation. The stomach is the most commonly
affected organ and the MALT lymphoma pathogenesis is clearly associated with
Helicobacter pylori gastroduodenitis. Inflammation induces the lymphoid infiltrates
in extranodal sites, where the lymphoma then subsequently develops. Genetic aber-
rations arise through the release of reactive oxygen species (ROS),H. pylori-induced
endonucleases, and other effects. The involvement of nuclear factor kappa B (NF-
κB) pathway activation, a critical regulator of pro-inflammatory responses, further
highlights the role of inflammation in gastricMALT lymphoma. TheNF-κBpathway
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regulates key elements of normal lymphocyte function, including the transcription of
proliferation-promoting and anti-apoptotic genes. Aberrant constitutive activation of
NF-κB signaling can lead to autoimmunity and malignancy. NF-κB pathway activa-
tion can happen through both the canonical and non-canonical pathways and can be
caused by multiple genetic aberrations such as t(11;18)(q12;q21), t(1;14)(p22;q32),
and t(14;18)(q32;q21) translocations, chronic inflammation and even directly by H.
pylori-associated mechanisms. Gastric MALT lymphoma is considered one of the
best models of how inflammation initiates genetic events that lead to oncogenesis,
determines tumor biology, dictates clinical behavior and leads to viable therapeutic
targets. The purpose of this review is to present gastric MALT lymphoma as an out-
standing example of the close pathogenetic link between chronic inflammation and
tumor development and to describe how this information can be integrated into daily
clinical practice.

1 Introduction

Marginal zone lymphomas are the third most frequent type of B-cell non-Hodgkin
lymphoma after diffuse large B-cell lymphoma (DLBCL) (~30%) and follicular
lymphoma (~20%) (Swerdlow et al. 2008). They develop in the marginal zone of
B-cell follicles, which are most prominently developed in organs that are chronically
exposed to antigenic stimulation. These organs include spleen, mesenteric lymph
nodes, and mucosa-associated lymphoid tissue (MALT) (Martin and Kearney 2002).
Marginal zone B (MZB) cells are crucial in T-cell-independent responses to vari-
ous antigens such as polysaccharides derived from encapsulated bacteria (including
Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pneumoniae)
(Pillai et al. 2005). The current WHO classification of tumors of hematopoietic and
lymphoid tissues subdivides marginal zone lymphomas on the basis of their anatom-
ical location in splenic zone, nodal marginal zone, and extranodal marginal zone or
MALT lymphomas (Swerdlow et al. 2008). Extranodal marginal zone lymphoma of
MALT, or MALT lymphoma, differs from its splenic and nodal counterparts in that it
arises in organs that normally lack lymphoid tissue, but that have accumulatedB-cells
in response to either chronic infection or autoimmune processes (Wotherspoon et al.
1991; De Re et al. 2000; Roggero et al. 2000; Zucca et al. 2000; Thieblemont et al.
2002; Lecuit et al. 2004; Ferreri et al. 2009; Stefanovic and Lossos 2009; Coeuret
et al. 2014). This review focuses on gastric MALT lymphoma, because it is the most
frequent primary lymphoma of the gastrointestinal tract (~50%) and 85% of gas-
trointestinal MALT lymphomas are located in the stomach (Cook et al. 2017). The
small intestine is the other potential gastrointestinal site, extra-gastrointestinal sites
are, lung, head and neck, ocular adnexa, skin, salivary glands, thyroid, and breast
(Thieblemont et al. 1997). Gastric MALT lymphoma has an indolent course; recur-
rences are less frequent than in patients with extragastric MALT lymphomas and it is
associated with H. pylori in >90% of cases (Wotherspoon et al. 1991; Raderer et al.
2005).
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The strong association with H. pylori infection makes gastric MALT lymphoma
an ideal model to examine the link between chronic inflammation and lymphoma
pathogenesis. Sustained antigenic stimulation triggers a polyclonal B-cell prolifer-
ation and attracts neutrophils to the site of inflammation. The release of reactive
oxygen species (ROS) by these neutrophils can cause a wide range of genetic aber-
rations (Coussens and Werb 2009). Next to ROS-induced genetic defects, H. pylori
can also activate endonucleases XPF and XPG through the nuclear factor kappa B
(NF-κB) pathway, which induce double-strand DNA breaks (DSBs) in chromosomal
DNA of the host (Hartung et al. 2015). Furthermore, B-cells are inherently insta-
ble during somatic hypermutation and class-switching recombination. Prolonged B-
cell proliferation, therefore, increases the risk of genetic aberration accrual such as
DSBs and translocation events (Goossens et al. 1998). Identified mutagenic events
in MALT lymphomas include trisomy of chromosomes 3, 7, 12, or 18, and the
disease-specific chromosomal translocations t(1;14)(p22;q32), t(14;18)(q32;q21),
t(11;18)(q21;q21), and t(3;14)(p13;q32). In those MALT lymphomas lacking the
aforementioned aberrations, inactivating mutations of TNFAIP3 (tumor necrosis fac-
tor alpha-induced protein 3) are frequent (Lin et al. 2010). Remarkably, the majority
of mutagenic events in MALT lymphomas, at least two of the three trisomies, three
of the translocations and TNFAIP3 inactivation, all result in activation of the NF-κB
pathway. Moreover, H. pylori-specific products such as the CagA protein may also
play a direct role in oncogenesis and may modulate NF-κB signaling (Brandt et al.
2005; Posselt et al. 2013; Zhang et al. 2015). NF-κB is a key mediator of the immune
response and has been the focus of intense investigation over the past thirty years
(Zhang et al. 2017; Yu et al. 2017). NF-κB regulates the expression of over 200 genes
including several implicated in survival and proliferation of B-cells (Ruefli-Brasse
2003; Siebenlist et al. 2005; Packham 2008).

In this review, we discuss current insights into the pathogenesis of gastric MALT
lymphomas and relate this information to daily clinical practice. This review only
briefly mentions non-gastric MALT lymphomas, as they are considered to be out-
side the scope of this article and is an update of a previous review by our group
(Sagaert et al. 2010b). In-depth reviews of non-gastric MALT lymphomas are avail-
able (Schreuder et al. 2017; Defrancesco and Arcaini 2018).

2 Clinical and Pathological Features

The gold standard for gastric MALT lymphoma diagnosis is histopathological exam-
ination of endoscopic mucosal biopsies. The tumor consists of diffusely spread
lymphoma cells surrounding reactive B-cell follicles and invading epithelial struc-
tures. The malignant B-cells resemble MZB cells with a limited, pale cytoplasm,
and slightly irregular nuclei with inconspicuous nucleoli. The presence of reactive
B-cell follicles and lympho-epithelial lesions (Fig. 1) is important for histological
diagnosis and the absence of these lesions can make diagnosis difficult. Lympho-
epithelial lesions are not always prominent, reactive B-cell follicles can become
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Fig. 1 Morphologic and immunohistochemical features of gastric MALT lymphoma. Gastric
MALT lymphoma cells can overgrow reactive B-cell follicles (*) and invade the gastric glandular
epithelium, resulting in so-called lympho-epithelial lesions (white arrowheads). a Hematoxylin
and eosin stain, overview. b Hematoxylin and eosin stain, detail of lympho-epithelial lesions.
c Prekeratin. d CD20, overview. e CD20, detail of lympho-epithelial lesions. f Helicobacter pylori
staining (black arrowheads). All scale bars are 100 μmAbbreviations: HE, hematoxylin and eosin,
HP, Helicobacter pylori

unrecognizable due to neoplastic overgrowth and biopsy specimens are sometimes
small. Molecular techniques such as polymerase chain reaction (PCR) are, therefore,
often used to support MALT lymphoma diagnosis by determining if a clonal B-cell
population is present or not (Dreyling et al. 2013; Zucca et al. 2013).

Gastric MALT lymphoma has an indolent behavior and the vast majority of
patients diagnosed with MALT lymphoma have a disease limited to the site of origin
(Ann Arbor stage IE) at the time of diagnosis. Gastric MALT lymphoma tends to
remain localized for several years, nevertheless several prospective studies revealed
that up to 15–32%of patients showed involvement of the regional lymph nodes (stage
IIE) and around that 11% of patients had secondary tumors in other extranodal sites
(Fischbach et al. 2000; Hong et al. 2006; Moleiro et al. 2016). The therapeutic
strategy differs greatly for patients with localized (Ann Arbor stage IE/II) versus
advanced (Ann Arbor III–IV) disease making thorough tumor staging at primary
diagnosis essential and specific attention should be given to the presence of disease in
extranodal sites such asWaldeyer’s ring, intestine, and spleen (Fischbach et al. 2000;
Hong et al. 2006; Moleiro et al. 2016).

Patients with gastric MALT lymphoma have a 10-year survival rate of ~90% and
disease-free survival rate of ~70% (Cogliatti et al. 1991; Thieblemont et al. 2000).
Transcriptional profiling and existence of patients with diagnosis of synchronous
gastric MALT lymphoma and DLBCL diagnosis provided evidence that MALT lym-
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phomas can transform into DLBCL. Transformation into DLBCL is thought to lead
to a more aggressive biological behavior, but available clinical data are conflicting.
In the early 1990s, two retrospective studies reported 5-year survival of 42 and 56%,
respectively (Cogliatti et al. 1991; Radaszkiewicz et al. 1992). However, prospective
studies conducted 10 years later showed no or only a marginal difference in overall
survival between gastric DLBCL and the more indolent gastric MALT lymphoma
(Koch et al. 2001, 2005).

AMALT lymphomaprognostic index (MALT-IPI) for both gastric and non-gastric
lymphomas was recently proposed and validated in the largest randomized study
conducted in MALT lymphoma to date (Thieblemont et al. 2017). The prognostic
index based on three parameters (Ann Arbor stage, Age ≥ 70 years and elevated
serum lactate dehydrogenase levels) and can help identify patients with increased
risk of disease progression and death (Thieblemont et al. 2017).

3 Pathogenesis

MALT lymphomas develop from reactive MZB cells in a multistep process (Fig. 2).
According to the current hypothesis, chronic antigen stimulation is the primary insult
(Zucca et al. 2003). The antigens can be of exogenous origin as is described for lung
and gastric MALT lymphomas both of which come in frequent contact with environ-
mental particles and are linked to various infectious agents (Zucca et al. 2003). Two
infectious agents are currently associated with gastric MALT lymphoma: H. pylori
and H. heilmannii. Both ocular and cutaneous MALT lymphomas have also been
linked with infectious agents, Chlamydia psittaci and Borrelia burgdorferi, respec-
tively, but the association is strongly dependent on the geographical area (Roggero
et al. 2000; Ferreri et al. 2009).Campylobacter jejuni andmore recentlyCampylobac-
ter coli have also been detected in patients with small intestinal MALT lymphoma,
known as immunoproliferative small intestinal disease (IPSID) (Lecuit et al. 2004;
Coeuret et al. 2014). Other MALT lymphomas such as those of the salivary glands
and often those of the ocular adnexa are more frequently linked with autogenic anti-
gen stimulation and autoimmune disease (Zucca et al. 2003). It is in this context
of chronic immune system activation and continuous lymphocyte proliferation that
malignant lymphoid transformation ultimately occurs.

3.1 First Step: Gastric Acquisition of MALT

The stomach, unlike the rest of the gastrointestinal tract, lacks MALT under physi-
ological conditions since low pH prevents the survival of lymphocytes in the gastric
wall. Microbial agents that thrive in the gastric environment buffer local pH values
trough secretion of bacterial urease. The combined presence of bacterial antigens and
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Fig. 2 Hypothetical model of gastric MALT lymphoma pathogenesis. Phase 1: Helicobac-
ter pylori (H. pylori) infection attracts B-cells, T-cells, and neutrophils to the gastric mucosa.
B-cell proliferation is driven by CD40–CD40 ligand interaction with H. pylori-activated, reactive
T-cells, as well as by cytokines. Phase 2: The chronic proliferative state of these B-cells, as well
as neutrophil–mediated release of reactive oxygen species (ROS) in areas of chronic inflammation,
induces additional oncogenic events that eventually make lymphoproliferation independent of anti-
genic stimulation. Phase 3: The major recurring genetic aberrations all dysregulate NF-κB through
various mechanisms

decreased acidity of the stomach triggers lymphoid infiltration and the acquisition
of MALT (Zucca et al. 2003).

3.1.1 The Role of Antigen Stimulation

The presence of antigen-driven changes in MALT lymphoma DNA supports the role
of antigen stimulation in MALT lymphomagenesis. These changes include somatic
hypermutation and intraclonal variation. Sequence analysis of the immunoglobulin
heavy chain locus (IGH) in DNA from MALT lymphomas confirmed the presence
of somatic hypermutation and about 50% of the tumors also showed intraclonal
variation in the IGH locus (Craig et al. 2010).

Next to the DSBs and translocations caused by the inherent genetic instability
during somatic hypermutation, the continuous B-cell proliferation and consequen-
tially DNA replication causes an accrual of transcription errors. The DNAmismatch
repair (MMR) mechanism normally repairs these errors in physiological conditions.
The presence of MMR-defects as illustrated by RT-PCR for 10 microsatellite loci
(BAT25, BAT26, D5S346, D17S250, D2S123, TGFB, BAT40, D18S58, D17S787 and
D18S69) in 20% of gastric MALT lymphomas further supports the role of antigen
stimulation in lymphomagenesis (Degroote et al. 2012).

The role of antigenic stimulation in the late stages of tumor progression is most
likely of only marginal importance as illustrated by the reduction of the ongoing
mutation rate. Accumulation of ROS-induced genetic anomalies over time result-
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ing in more and more antigen stimulation-independent lymphoproliferation could
explain this change.

3.1.2 H. pylori Infection

The infectious etiology of gastric MALT lymphoma is the best documented among
all marginal zone lymphomas. A thickmucus layer and gastric acid create an environ-
ment that is hostile to most bacteria.H. pylori is one of the few pathogens, which can
survive there and the association with gastric MALT lymphoma, gastric carcinoma,
and peptic ulcer disease (PUD) is made clear through several factors (Parsonnet et al.
1994). Epidemiological studies revealed that in patients with MALT lymphoma the
prevalence of H. pylori infection in gastric mucosa and H. pylori seropositivity are
well above the population average with a recorded seropositivity in up to 98% of
patients (Wotherspoon et al. 1991; Parsonnet et al. 1994; Eck et al. 1997). The inci-
dence of gastric MALT lymphoma is furthermore highest in regions of endemic H.
pylori infection (Doglioni et al. 1992). Moreover,H. pylori eradication therapy leads
to complete lymphoma regression in about 80% of patients with early stage disease
(Fischbach et al. 2004; Wündisch et al. 2005). Both in vitro studies in cell lines
and in vivo studies in mouse models further support a causal role of H. pylori gas-
tric MALT lymphomagenesis. First,H. pylori triggers T-cell mediated, clonal B-cell
expansion by activating the CD40 (cluster of differentiation 40) pathway (Hussell
et al. 1993b). Second, chronic H. pylori infection induces gastric MALT lymphoma
in mice (O’Rourke 2008). Finally, specific bacterial proteins such as CagA (encoded
by cytotoxin-associated gene A) with known carcinogenic effects in gastric carci-
noma (Backert et al. 2008; Tegtmeyer et al. 2017) have been shown to translocate
into B-cells in vitro (Lin et al. 2010) and can affect chronic inflammation through
NF-κB activation and interleukin (IL)-8 upregulation (Backert and Naumann 2010;
Kuo et al. 2013).

The causal link between H. pylori and gastric MALT lymphoma, however, still
needs further investigation since not all H. pylori-infected patients develop MALT
lymphoma and conversely 2–10% of patients with gastric MALT lymphoma are H.
pylori-negative (Wotherspoon et al. 1991; Parsonnet et al. 1994; Eck et al. 1997).
Notably, the antibodies produced by gastric H. pylori-positive gastric MALT lym-
phomas recognize various autoantigens instead of H. pylori (Hussell et al. 1993a).
One possible explanation for this observation is that gastric MALT lymphoma arises
from H. pylori-stimulated, but otherwise autoreactive B-cells.

The cause of the imperfect correlation between H. pylori infection and gastric
MALT lymphoma could lie in the host genetic background, but one study investi-
gating MALT lymphoma translocation protein 1 (MALT1) gene polymorphisms in
a large cohort of patients failed to identify a risk factor (Hellmig et al. 2009). A
second possible explanation could lie in the exact nature and efficacy of the immune
response. SpecificT-cell subsets such asThelper 1 andThelper 17 cells correlatewith
the development of gastritis and PUD. On the other hand, T helper 2 and regulatory
T-cell responses modulate tissue damage but may lead to persistence of the pathogen
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and promote malignancy through persisting chronic inflammation (Jafarzadeh et al.
2018). The majority of this data was, however, generated in mouse models and vali-
dation in human disease is still needed (Watanabe et al. 2004; Kaparakis et al. 2006).

At least part of H. pylori-negative gastric MALT lymphomas are most likely
caused by other, not routinely identified, pathogens such as H. heilmannii. This is
supported by the fact that H. pylori eradication therapy can be effective in these
cases (Morgner et al. 2000; Asano et al. 2012; Raderer et al. 2015). In other cases,H.
pylori infection may have simply gone undiagnosed. For this reason, a negative H.
pylori test in a patient with gastric MALT lymphoma should be routinely followed
by a 13 C-urea breath test, serological antibody test, immunostaining of biopsy tissue
samples, and/or stool culture. In those cases where a H. pylori test is performed on
only the biopsy, sample interpretation of a negative result should be done with care
since some gastric MALT lymphomas arise in atrophic mucosa where the H. pylori
bacterial load is low.

3.2 Second Step: Acquisition of Genetic Abnormalities

Specific genetic abnormalities are associated with location and are considered to
reflect differences in underlying pathogenesis.MALT lymphomas in distinct anatom-
ical locations have exposure to different inflammatory agents, which could explain
the subsequent genetic differences. Trisomy of chromosome 3, 7, 12, and 18, chro-
mosomal translocation t(11;18)(q21;q21), t(1;14)(p22;q32), t(14;18)(q32;q21), and
t(3;14)(p13;q32) are all well known to occur with variable frequencies in both gastric
and non-gastric MALT lymphomas (Willis et al. 1999; Baens et al. 2000; Streubel
et al. 2003; Wlodarska et al. 2005). Translocation detection is possible in both fresh
frozen and paraffin-embedded tumor tissue by reverse transcription PCR and fluores-
cence in situ hybridization (FISH). One or both of these techniques are available in
most laboratories as screening tests for various cancers. Aneuploidy can be identified
by karyotyping or FISH (using special probes), but these two techniques are only
available in more specialized laboratories.

3.2.1 t(11;18)(q21;q21)

The translocation t(11;18)(q21;q21) is the most frequent structural chromosomal
abnormality in gastric MALT lymphomas. Different studies have reported the pres-
ence of this aberration in 10–50% of gastric MALT lymphomas, but it is infrequent
in other non-gastric MALT lymphomas with the exception of pulmonary MALT
lymphoma, and it is not found in other lymphoma types (Streubel et al. 2003; Ye
et al. 2003; Baens et al. 2006). The presence of t(11;18)(q21;q21) in gastric MALT
lymphomas is also strongly associated with infection by cagA-positive strains of H.
pylori (Eck et al. 1997; Ye et al. 2003). The CagA protein can induce various cancer-
associated signal transduction pathways and expression of IL-8 (Backert et al. 2017;
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Naumann et al. 2017), a powerful chemokine involved in neutrophil activation and
subsequent ROS secretion (Ye et al. 2003). A tempting hypothesis, therefore, is
that the genetic abnormality t(11;18)(q21;q21) is a consequence of the increased
oxidative stress associated with inflammatory responses, specifically in the MALT
of organs frequently exposed to exogenous antigens such as the stomach and lung.

The translocation t(11;18)(q21;q21) fuses the amino (N)-terminus of the BIRC3
gene (Baculoviral IAP repeat-containing 3; formerly termed API2, on chromosome
11q21) to the carboxyl (C)-terminus of the MALT1 gene (located on chromosome
18q21), resulting in the fusion gene BIRC3–MALT1 (Fig. 3) (Dierlamm et al. 1999).
BIRC3 (Baculovirus inhibitor of apoptosis protein repeat-containing protein 3) is a
member of the inhibitor of apoptosis family and inhibits the biological activity of
certain caspases (Roy et al. 1997). The protein contains three Baculovirus inhibitor
of apoptosis repeat (BIR) domains, a CARD (caspase recruitment domain) motif and
oneRINGfingermotif.MALT1 (MALT lymphoma translocation protein 1 gene; also
known as paracaspase) is a key mediator of the antigen-receptor signaling pathway
that leads toNF-κB activation (Uren et al. 2000). This protein contains anN-terminus
death domain, two immunoglobulin-like domains, and a C-terminus caspase-like
domain (Uren et al. 2000). The break points in both BIRC3 and MALT1 are well
documented (Dierlamm et al. 1999; Baens et al. 2000; Kalla et al. 2000; Remstein
et al. 2000; Motegi et al. 2000; Liu et al. 2001b; Ye et al. 2003). The location of the
MALT1 break point seems to be associated with specific gene expression profiles in
t(11;18)(q21;q21)-positive gastric MALT lymphomas (Sagaert et al. 2010a), but all
variants result a similar BIRC3–MALT1 fusion protein. BIRC3 is fused in-frame to
MALT1 and the resulting protein always contains the three intact BIR domains of
the N-terminus BIRC3 portion and the intact caspase-like domain of the C-terminus
MALT1portion. The presence of this structural aberration correlateswith the absence
of other genetic abnormalities (Starostik et al. 2002; Müller-Hermelink 2003), but
more recent high-resolution genome studies revealed the existence of genetically
distinct subclones within each lymphoma with a variable amount of other genetic
aberrations (Flossbach et al. 2013). Remarkably, there was a correlation between
cell size and genetic complexity with the least genetic aberrations in the smaller
lymphoma cells (Flossbach et al. 2013). This further validates the finding that a
t(11;18)(q21;q21) translocation does not exclude progression to DLBCL (Alpen
et al. 2000; Sugiyama et al. 2001; Liu et al. 2001a; Ye et al. 2003; Toracchio et al.
2009).

Multiple studies have revealed that t(11;18)(q21;q21)-positive gastricMALT lym-
phomas are more often resistant to H. pylori eradication treatment than tumors lack-
ing this translocation (Alpen et al. 2000; Sugiyama et al. 2001; Liu et al. 2001a;
Ye et al. 2003). Nevertheless, complete lymphoma regression can still be obtained
in 20% of patients with t(11;18)(q21;q21)-positive disease after H. pylori eradica-
tion. Consequently, although FISH for the t(11;18)(q21;q21) translocation can be
used to identify patients who are unlikely to respond toH. pylori eradication therapy
(Zucca et al. 2013), patients who have H. pylori-positive gastric MALT lymphoma
should always undergo eradication therapy, regardless of their t(11;18) (q21;q21)
status (Zullo et al. 2010). Given this, once the diagnosis of MALT lymphoma has
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Fig. 3 BIRC3-MALT1 fusion gene. Known break points (arrows) in BIRC3 and MALT1
are shown with their respective frequencies. The break points within BIRC3 almost always
occur in I6 (according to Ensembl Gene eNSG00000023445), whereas those within MALT1
are located in I2, I4, I7, and I8, which result in four possible versions of the BIRC3–MALT1
fusion gene: BIRC3(I6)–MALT1(I2), BIRC3(I6)–MALT1(I4), BIRC3(I6)–MALT1(I7) and
BIRC3(I6)–MALT1(I8). The fusion gene depicted is the BIRC3(I6)–MALT1(I4) version. Abbrevi-
ations: BIR, Baculovirus inhibitor of apoptosis repeat; BIRC3, Baculoviral IAP Repeat-Containing
3; CARD, caspase recruitment domain; Death, death domain; I, intron; Ig, immunoglobulin-like;
MALT1,MALT lymphoma translocation 1 gene; p20, caspase-like p20 domain; RING, really inter-
esting new gene

beenmade, FISH for the t(11;18)(q21;q21) translocations is notmandatory (Dreyling
et al. 2013), although it can be used in difficult cases to confirm the diagnosis.

3.2.2 t(14;18)(q32;q21)

The translocation t(14;18)(q32;q21), which generates the fusion gene IGH–MALT1,
is detected in 2–20% of gastricMALT lymphomas (Streubel et al. 2003; Sagaert et al.
2006b). This translocation juxtaposes the MALT1 gene located at 18q21 to the IGH
transcriptional enhancer regions located at 14q32, which results in overexpression
of the MALT1 protein. In contrast to t(11;18)(q21;q21)-positive tumors, however,
t(14;18) (q32;q21)-positive MALT lymphomas mainly occur in non-gastric tissues
and as such are discussed in excellent other review articles (Streubel et al. 2003;
Remstein et al. 2004).

3.2.3 t(1;14)(p22;q32) and t(2;3)(p22;p12)

One of either t(1;14)(p22;q32) or its variant t(1;2)(p22;p12) is present in approxi-
mately 5% of gastric MALT lymphomas (Thome 2004; Sagaert et al. 2006b). These
translocations are again only rarely reported in other extranodal MALT lymphomas,
excluding those of the lung (9%) or other lymphoma subtypes (Thome 2004; Sagaert
et al. 2006b). These two translocations are grouped together here because they bring
the same gene, BCL10 (B-cell lymphoma 10), in the neighborhood of the IGH gene
on chromosome 14 or the IGK gene on chromosome 2, which encode immunoglobu-
lin heavy chains and light chains, respectively. This brings the BCL10 gene (located
at chromosome 1p22) under the control of either the IGH transcriptional enhancer
located at 14q32 or the IGK immunoglobulin light-chain κ gene enhancer at 2p12,
both of which result in overexpression of BCL10 (Ye et al. 2000). This gene encodes
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a CARD-containing protein that has a key role in antigen-receptor signaling and
NF-κB regulation (Thome 2004; Turvey et al. 2014). Patients with t(1;14)(p22;q32)
or t(1;2)(p22;p12) tend to present with more advanced stages of gastric MALT lym-
phoma and their tumors typically have multiple additional genetic aberrations, such
as other structural chromosomal anomalies or alterations in chromosomal number
(Willis et al. 1999; Achuthan et al. 2000).

3.2.4 t(3;14)(p12;q32)

The translocation t(3;14)(p13;q32) has a low reported frequency in gastric MALT
lymphoma (not more than 10%) and DLBCL of which the majority is extranodal
(Streubel et al. 2005; Wlodarska et al. 2005; Sagaert et al. 2006a; Haralambieva
et al. 2006). Again the IGH enhancer regions on chromosome 14 cause overex-
pression of a translocated gene, in this case FOXP1 (forkhead box P1, located at
chromosome 3p13). Interestingly, up to 10% of t(3;14)(p13;q32)-negative MALT
lymphomas have a strong nuclear expression of FOXP1 (Wlodarska et al. 2005).
This suggests other genetic aberrations, such as a trisomy of chromosome 3, which
might lead to nuclear FoxP1 overexpression as well. During recent years, multi-
ple studies have revealed more about the potential oncogenic functions of FoxP1
(Banham et al. 2001; van Keimpema et al. 2014; van Keimpema et al. 2015). The
FOXP1 gene encodes a member of the FOX family of transcription factors, which
are characterized by a common DNA-binding winged helix or forkhead domain
(Banham et al. 2001). FOXP1 has been shown to inhibit pro-apoptotic genes such
as Bcl2 homology 3 (BH3)-only genes (BIK and Harakiri), p53-regulatory genes
(TP63, RASSF6, and TP53INP1, AIM2 and EAF2) as well as transcriptional factors
of plasma cell differentiation (PRDM1, IRF4, XBP1) (van Keimpema et al. 2014,
2015). Importantly, FOXP1 complementsNF-κBactivity by further enhancingB-cell
survival during constitutive NF-κB activity (van Keimpema et al. 2014). The prog-
nostic implications of nuclearFOXP1 overexpression in lymphoma remain contested
until this day. Previous studies linked FOXP1 overexpression with reduced survival
in patients with (nodal) DLBCL (Barrans et al. 2004; Banham et al. 2005), although
another study could not confirm this (Hans et al. 2004). In recent years, one study
found an association between FOXP1 positivity and improved survival in extranodal
DLBCL of the non-germinal center subtype (non-GCB), but not on the total cohort
suggesting the existence of not only a difference in FOXP1 impact between nodal
and extranodal DLBCL, but also non-GCB and GCB DLBCL (Petrakis et al. 2017).
Expression of FOXP1 was linked to more adverse overall survival according to one
study which looked specifically at gastric MALT lymphoma (27 cases) (Zhai et al.
2011). Another retrospective study of FOXP1 expression in 115 MALT lymphomas
found no impact on survival in the general cohort, but a potential negative influence
on prognosis in thyroid cases. The FOXP1-positive group in this cohort had more
plasmacytic differentiation and a higher Ki-67 proliferation index. FOXP1 expres-
sion was also higher in MALT lymphoma cases with a large cell component. This is
concordant with two previous studies where strong nuclear expression of FOXP1 in



88 L. Marcelis et al.

gastric MALT lymphoma was only present in a subgroup of lymphomas at risk of
transforming into DLBCL (Sagaert et al. 2006a; Han et al. 2009).

3.2.5 Other Translocations

The above-described translocations were all identified in the 1990s using
cytogenetic and FISH analyses. More recent described translocation in
MALT lymphoma are t(5;14)(q34;q32)/ODZ2-IGH, t(9;14)(p24;q32)/JMJD2C-
IGH, t(1;14)(p21;q32)/CNN3-IGH and t(X;14)(p11.4;q32)/GPR34-IGH, all of
which bring specific genes under influence of the IGH enhancer region (Vinatzer
et al. 2008; Baens et al. 2012; Ansell et al. 2012). Due to the low reported incidence
of each translocation and absence of these translocations in the few included gastric
MALT lymphoma cases, they will not be discussed further in this review.

3.2.6 Other Genetic Aberrations

Over the past decades, a wide array of other genetic and epigenetic aberrations has
been reported. First, chromosomal aneuploidies are frequently observed in gastric
MALT lymphomas. Returning aneuploidies are trisomy of chromosomes 3, 7, 12,
and 18, which all have been reported in t(11;18)(q21;q21)-negative gastric MALT
lymphomas. Trisomy of chromosome 3 and 18 are the most frequently observed ane-
uploidies with an occurrence in one study of 15% and 30%, respectively (Kwee et al.
2011). The exact biological effects of the aneuploidies remain unknown, although
both chromosome 3 and 18 each contain an oncogenic gene, also involved in the
above-mentioned translocations. These are FOXP1 and MALT1 on chromosomes 3
and 18, respectively.

Next to chromosomal aneuploidies, chromosomal gains and losses are again
mainly observed in t(11;18)(q21;q21)-negative gastric MALT lymphomas and not in
those harboring the translocation (Barth et al. 2001; Starostik et al. 2002; Zhou et al.
2006; Ferreira et al. 2008). Remarkably, gastric MALT lymphomas have a higher
frequency of 8q gains compromising MYC, a proto-oncogene involved in multiple
lymphomas such as Burkitt lymphoma, compared to MALT lymphomas of other
anatomical sites (Kwee et al. 2011). Chromosomal imbalances (specifically, regions
of recurrent gain on chromosomes 3, 1p36.2 and 18q, and regions of recurrent loss on
1p36.3 and 7q31–q3) in t(11;18)(q21;q21)-negative gastric MALT lymphomas may
also be linked with non-responsiveness to H. pylori eradication therapy (Fukuhara
et al. 2007). The observation that the highest amount of aberrations are observed
in gastrointestinal MALT lymphomas with both a small and large cell component
points toward an accumulation of these errors over time and a possible link with
progression to large B-cell lymphoma (Flossbach et al. 2013).

Finally, epigenetic alterations such as DNA methylation are another mechanism
that can influence gene expression and have garnered increased interest over the
recent years (Arribas and Bertoni 2017). Hypermethylation of CpG islands within
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gene promoter regions,which lead to silencing of related gene expression is present in
gastricMALT lymphoma.Promoter hypermethylation-mediated silencing is reported
forCDKN2A,DAPK1,APBA1,APBA2, andMINT31 (a “methylated in tumors” locus
mapped to chromosome 17q21) genes (Sinn et al. 2009; Kondo et al. 2009). INK4A
and KIP2 (inhibitors of cyclin-dependent kinases) promoter hypermethylation were
also implied in the development of gastric MALT lymphoma and accumulation of
CpG hypermethylation has been associated with H. pylori infection and lymphoma
progression (Min et al. 2006; Kondo et al. 2009). Another epigenetic mechanism is
gene expression regulation through microRNAs (miRs). miRs are noncoding RNAs
that can bind target messenger RNA molecules and induce RNA degradation, which
can lead to posttranscriptional gene silencing (Belair et al. 2009). Deregulation of
multiple miRs has been implied in the transformation of gastritis to malignancy
(Thorns et al. 2012), but only miR-150 upregulation was validated in a follow-up
study (Gebauer et al. 2014) and was also observed in primary conjunctival MALT
(Cai et al. 2012). MiR-150 targets the transcription factor c-Myb and so influences
B-cell differentiation, but its exact role in oncogenesis remains to be investigated
(Xiao et al. 2007). Remarkably, miR-150 has been implied as a tumor suppressor,
downregulated in DLBCL (Roehle et al. 2008). Increased expression of miR-155
was already observed in other B-cell malignancies (Jiang et al. 2006) and recently
found to be upregulated in gastric MALT lymphoma compared to chronic gastritis
(Fernández et al. 2017).MiR-155 targets the pro-apoptotic geneTP53INP1 and could
be a factor in lymphoma persistence after H. pylori eradication (Saito et al. 2012).

3.3 Third Step: Dysregulation of NF-κB Signaling

The NF-κB signaling pathway is involved in several critical physiological functions
including cell proliferation, apoptosis, angiogenesis, and inflammation (Yu et al.
2017). It was first described more than 30 years ago by Sen and Baltimore (1986)
as a nuclear factor binding near the κ light-chain gene in B-cells or NF-κB. To date,
it is known that NF-κB is not a single transcription factor but rather a family of
five-related proteins that share a N-terminal REL homology domain: RelA (p65),
RelB, c-Rel, NF-κB 1 (p105/p50) and NF-κB2 (p100/p52). The homology domain
is required for dimerization, sequence-specific DNA binding, and inhibitory protein
binding. Two independent pathways control NF-κB signaling the canonical pathway
and non-canonical pathway (Li and Verma 2002; Pomerantz and Baltimore 2002).

3.3.1 The Canonical Pathway

A broad range of receptors such as the B-cell receptors (BCRs), Toll-like receptors
(TLRs), nucleotide oligomerization domain-like receptors (NODs), and TNF family
receptors (TNFRs) can activate the canonical pathway. Potential triggers are, there-
fore, pathogen-associatedmolecular patterns (PAMPs) frombacteria and viruses, and



90 L. Marcelis et al.

pro-inflammatory cytokines such as TNF and IL-1. All upstream signaling converges
at the IκB kinase (IKK) complex, in unstimulated B-cells, iκB proteins are bound
to RelA and p50 to form latent complexes that remain in the cytoplasm. Activation
of the canonical pathway induces polyubiquitinylation and activation of “NF-κB
essential modifier” (NEMO), which results in the phosphorylation and subsequent
proteasomal degradation of iκB by the iKK catalytic subunit iKKα. Because of iκB
degradation, p50/RelA and p50/c-Rel heterodimers and p50/p50 homodimers can
form and translocate to the nucleus, where they influence gene expression. Upregu-
lated proteins include various cytokines, chemokines, adhesion molecules and anti-
apoptotic proteins (Bcl2, Bcl2-related protein A1, Bcl2-like protein 1) as well as
proliferation-promoting proteins, such as cyclin-D2. In physiological conditions,
canonical signaling is transient due to negative auto-regulators such as IκBα, IκBε,
and TNFAIP3/A20 induced by the canonical pathway itself (Bonizzi andKarin 2004;
Krappmann and Vincendeau 2016).

3.3.2 The Non-canonical Pathway

A more restricted set of triggers activates the non-canonical pathway, specifically a
subset of TNF superfamily members such as B-cell activating factor (BAFF; also
known as 13B or BLyS), lymphotoxin-β (LTβ), and CD40 ligand. Non-canonical
stimuli lead to the destabilization of TRAF2/3-cIAP E3 ligase complexes, which
in unstimulated cells, induce degradation of protein kinase NF-κB inducing kinase
(NIK). The stabilized protein kinase NIK phosphorylates and activates IKKα, which
in turn phosphorylates the C-terminal serine residues of the precursor protein p100.
Ubiquitin-proteasome system-mediated degradation of the C-terminal half of p100
creates p52 and ultimately leads to nuclear translocation of RelB/p52 heterodimers
(Krappmann and Vincendeau 2016). Non-canonical signaling is, in physiological
conditions, more chronic than canonical pathway activation and has been associated
with more long-term effects such as lymphoid organogenesis next to distinct reg-
ulatory functions in adaptive immunity, including upregulation of CXCL13 (CXC-
motif chemokine ligand 13, formerly known as B lymphocyte chemoattractant) and
TNFSF13B (Bonizzi and Karin 2004; Krappmann and Vincendeau 2016).

Many genetic aberrations inMALT lymphomas activate NF-κB signaling through
the canonical pathway and this has been studied most intensively (Hussell et al.
1993b). The non-canonical NF-κB signaling pathway is, however, also involved
in gastric MALT lymphoma pathogenesis as discussed later. Furthermore, in vitro
experiments have shown that H. pylori directly activated the non-canonical NF-κB
pathway in B lymphocytes (Ohmae et al. 2005). However, more than 16 different
and often contradictory signaling cascades have been implicated inH. pylori-induced
pro-inflammatory signaling, making interpretation difficult (Backert and Naumann
2010).
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3.3.3 The CARD11-BCL10-MALT1 (CBM) Signalosome Complex

Both MALT1 and BCL10 are upregulated as a consequence of chromosomal
translocations with relatively high frequency in gastric MALT lymphoma, namely
t(11;18)(q21;q21) for MALT1 and either t(1;14)(p22;q32) or t(2;3)(p22;p12) for
BCL10. Both MALT1 and BCL10 are essential components in the activation of the
canonical NF-κB pathway by forming a signalosome complex together with a third
“caspase activation and recruitment domain” (CARD) and “membrane-associated
guanylate kinase-like” (MAGUK) domain-containing protein (CARMA), known as
the CARMA-BCL10-MALT1 (CBM) signalosome complex (Fig. 4) (Ruland et al.
2001, 2003; Ruefli-Brasse 2003). This is illustrated by in vivo data frommouse mod-
els with targeted BCL10, MALT1, and CARD11 (=CARMA1) disruptions showing
that all three proteins are critical for NF-κB activation after B- and T-cell receptor
activation (Rosebeck et al. 2011b; Turvey et al. 2014).

Initial activation can occur in B-cells, for instance, through stimulation of the
B-cell receptor (BCR). Antigen binding to the BCR initiates a tyrosine phosphoryla-
tion signaling cascade culminating in activation of PKC (protein kinase C) isoforms
(Rawlings et al. 2006). PKCβ in turn phosphorylates CARD11, which undergoes a
structural changewith exposure of its CARDmotifs. BCL10 andCARD11 then inter-
act through their respectiveN-terminal CARDdomains (Qiao et al. 2013). Interaction
between BCL10 and MALT1 happens through the Ser/Thr-rich C-terminal portion
of BCL10 and the immunoglobulin-like domains of MALT1 (Qiao et al. 2013).
MALT1-BCL10 heterodimers exist in the absence BCR stimulation and CARD11

Fig. 4 CARD11-BCL10-MALT1 interaction. The CARD11-BCL10-MALT1 (CBM) signalo-
some complex forms after upstream signaling lead to phosphorylation of the CARD11 CC-domain
resulting in exposure of its CARD motif and CARD–CARD interaction with BCL10. BCL10 also
constitutively interacts withMALT1 via its Ser/Thr (S/T)-rich C-terminus. There are no direct inter-
actions between CARD11 and MALT1. BCL10 and MALT1 protein concentration is increased in
gastric MALT lymphoma by t(1;14)(p22;q32) and t(14;18)(q32;q21), respectively. Abbreviations:
Bcl–10, B–cell lymphoma 10; CARD, caspase activation and recruitment domain; CARD11, cas-
pase recruitment domain family member 11; CC, coiled-coiled domain; death: death domain; GUK,
Guanylate kinase; Ig: immunoglobulin-like; MAGUK, membrane-associated guanylate kinase;
MALT1, MALT lymphoma translocation protein 1; SH3, SRC Homology 3 domain; S/T: ser-
ine/threonine
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(Thome et al. 2010). The resulting CARD11–Bcl-10–MALT1 complex interacts
with and induces oligomerization of TRAF6 (TNF-receptor associated factor 6) via
the C-terminus of MALT1 (Sun et al. 2004). This enables TRAF6 to polyubiqui-
tinylate various target proteins including NEMO and TRAF6 itself on Lys63. This
Lys63-linked polyubiquitinylation of TRAF6 is made possible by the E3 ubiqui-
tin ligase activity of the RING E3 domain in TRAF6 and is distinct from Lys-48
linked polyubiquitinylation, which leads to proteasomal degradation. The Lys-63
linked polyubiquitinylation of TRAF6 enables interaction of NEMO and TRAF6
with TAK1 (transforming growth factor β activating kinase). The interaction with
TAK1 in turn activates this protein, which subsequently fully activates the IKK com-
plex by phosphorylation of its β subunit. Phosphorylation of IKK then leads to IκB
phosphorylation and nuclear translocation of p65-p50 dimers.

MALT1 was for a long time considered to be mainly a scaffolding protein, but
discovery and further investigation of its caspase activity by caspase-like or “paracas-
pase” domain revealed that it can activate NF-κB signaling in an NF-κB-independent
manner through cleavage of various substrates includingTNFAIP3 (A20) andBCL10
(Afonina et al. 2015). This led to an increased interest forMALT1 inhibitors as a ther-
apeutic tool. However, the development of multi-organ inflammation in knock-out
mice and the existence of a link betweenMALT1deficiency and combined immunod-
eficiency disorder (CID) in humans have dramatically tempered initial expectations
for this therapy (McKinnon et al. 2014; Bornancin et al. 2015; Demeyer et al. 2016).

BCL10 has been discovered to be a critical regulator of both canonical NF-Kb
signaling activation and termination through extensive post-translational regulation
involving phosphorylation and ubiquitination. Nonetheless, the functions of BCL10
are not limited toNF-κB signaling regulation (Gehring et al. 2018). It has been shown
that MALT1 through its paracaspase domain can cleave BCL10, which is required
for adhesion of T-cells to fibronectin indicating functions of BCL10 outside of the
CBM signalosome (Rebeaud et al. 2008).

A remarkable feature of gastric MALT lymphomas is the aberrant subcellular
localization of BCL10 in malignant cells. In normal marginal zone lymphoid tissue,
BCL10 is weakly expressed in the cytoplasm of B-cells (Ye et al. 2000). In gas-
tric lymphomas on the other hand, t(11;18)(q21;q21)-positive tumors show moder-
ate nuclear Bcl-10 expression, t(1;14)(p22;q32)-positive tumors demonstrate strong
nuclear Bcl-10 expression and t(14;18)(q32;q21)-positive tumors have a perinuclear
staining pattern of BCL10 (Ye et al. 2000, 2005; Sagaert et al. 2010a). The different
staining patterns can be explained by the balance betweenBCL10 andMALT1,which
regulates the transport of BCL10 between cytoplasm and nucleus (Nakagawa et al.
2005). In the presence of t(1;14)(p22;q32), there is overexpression of BCL10 result-
ing in nuclear retention due to a relative shortage of MALT1. In t(14;18)(q32;q21)-
positiveMALT lymphomas, there is overexpression ofMALT1 and BCL10 ismainly
cytoplasmic because all nuclear Bcl-10 is exported. A relative shortage of MALT1,
due to the loss of one allele in t(11;18)(q21;q21)-positive MALT lymphomas, might
be responsible for the nuclear retention of Bcl-10 as the associated BIRC3–MALT1
fusion protein is unable to export Bcl-10. In a diagnostic setting, it is important to
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note that a nuclear Bcl-10 staining pattern can indirectly indicate the presence of
t(1;14)(q32;q21) or t(11;18)(q21;q21).

3.3.4 Aberrant NF-κB Activation

The NF-κB pathway regulates key elements of normal lymphocyte function, includ-
ing the transcription of proliferation-promoting and anti-apoptotic genes. Aberrant,
constitutive, activation of NF-κB signaling can lead to autoimmunity and malig-
nancy. In gastric MALT lymphoma both chronic inflammation, often related to H.
pylori, and numerous genetic aberrations are linkedwith dysregulation of NF-κB sig-
naling (Rosebeck et al. 2011b). The phenotypes associated with t(11;18)(q12;q21),
t(1;14) (p22;q32), and t(14;18)(q32;q21) all cause aberrant NF-κBactivation through
BIRC3–MALT1 expression, BCL10 overexpression and MALT1 overexpression,
respectively (Table 1). The translocations (1;14)(p22;q32) and t(14;18)(q32;q21)
fuse the IGH enhancer with BCL10 and MALT1, respectively. Both proteins are
key regulators of the canonical NF-κB activation and overexpression caused by the
respective translocations induces canonical NF-κB signaling (Uren et al. 2000; Lucas
et al. 2001).

BCL10 protein overexpression, the major consequence of the t(1;14)(p22;q32)
translocation, leads to auto-oligomerization throughN-terminalCARDdomain inter-
actions. The oligomerization subsequently causes constitutive BCL10 activation and
increased NF-κB activity without a need for upstream signaling activation (Lucas
et al. 2001; Du 2016). Next to canonical NF-κB activation, recent data also provided
evidence for a role of BCL10 in the regulation of the non-canonical pathway. In vitro
experiments with BCL10 deficient B-cells showed a reduced expression of NF-κB2
(p100) and a reduced nuclear accumulation of the p52/RelB complex after BAFF
stimulation (Yu et al. 2012).

Table 1 Frequent translocations in gastric MALT lymphomas

Translocation Fusion transcript BCL10 staining pattern Example mechanism of
NFκB (hyper)activation

t(11;18)(q21;q21) BIRC3–MALT1 Moderately nuclear NEMO
polyubiquitinylation

t(14;18)(q32;q21) IGH–MALT1 Perinuclear MALT1 oligomerization
(via BCL10) caspase
activity

t(1;14)(p22;q32) BCL10–IGH Strongly nuclear MALT1 oligomerization

t(3;14)(p13;q32) FOXP1–IGH Negative Inhibition of
pro-apoptotic genes

Abbreviations:Bcl10,B-cell lymphoma10;NEMO, nuclear factorκBessentialmodulator;MALT1,
MALT lymphoma translocation protein 1
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MALT1 protein overexpression, the major consequence of the t(14;18)(q32;q21)
translocation, and subsequent NF-κB activation through the canonical pathway is
partially dependent on the presence of BCL10 since MALT1 does not contain
any domains that allow it to oligomerize on its own (Toracchio et al. 2009). This
hypothesis is supported by the immunohistochemical staining pattern of BCL10 in
t(14;18)(q32;q21), where BCL10 is mainly co-localized with MALT1 in the cyto-
plasm. Nonetheless, MALT1, through its proteolytic activity, can also initiate NF-κB
signalling independent from BCL10. It can cleave and consequentially inactivate
several NF-κB regulators including TNFAIP3 (A20), CYLD, and RelB. These sub-
strates are negative regulators of the NF-κB pathway and their inactivation may lead
to NF-κB activation (Coornaert et al. 2008; Hailfinger et al. 2011; Staal et al. 2011;
Kirchhofer and Vucic 2012; Lim et al. 2017). Just as BCL10, MALT1 may also play
a role in non-canonical activation of NF-κB trough degradation of NF-κB2 (p100)
as shown in vitro (Tusche et al. 2009). Remarkably, the effect was observed only in
B-cells of the marginal zone and not follicular B-cells (Tusche et al. 2009).

The fusion protein BIRC3–MALT1, created by the t(11;18)(q21;q21) translo-
cation is thought to activate NF-κB via both canonical and non-canonical NF-
κB pathways. To start, BIRC3 can directly increase canonical NF-κB signaling
trough NEMO polyubiquitinylation as has been demonstrated in vitro and in vivo
in BIRC3–MALT1 transgenic mice (Zhou et al. 2005; Baens et al. 2006). This pro-
cess is dependent on the first BIR [baculovirus IAP (inhibitor of apoptosis) repeat]
domain of BIRC3 (Zhou et al. 2005; Baens et al. 2006) and the MALT1 C-terminus
(Baens et al. 2006). In addition, the BIRC3-MALT1 fusion protein is capable of
auto-oligomerization and hetero-oligomerization with proteins involved in down-
stream signaling (such TRAF2) through heterotypic interaction with again the first
BIR domain of BIRC3 (Lucas et al. 2007). This BIR domain has also been tied to
association of BIRC3–MALT1 with lipid rafts and subsequent binding of TRAF6
(Baens et al. 2006). All these mentioned oligomer bypass the normal process of
antigen-induced oligomerization of MALT1–TRAF2/6 and thus can induce consti-
tutive activation of the canonical NF-κB pathway (Baens et al. 2006; Dong et al.
2006; Lucas et al. 2007).

Just as MALT1, the BIRC3-MALT1 fusion protein has protease activity and can
cleave negative regulators of NF-κB signaling such as TNFAIP3 (A20) and CYLD
(Coornaert et al. 2008; Staal et al. 2011). Furthermore, non-canonical NF-κB sig-
naling can be activated through recruitment and cleavage of NIK (NF-κB induc-
ing kinase) (Rosebeck et al. 2011a). NIK cleavage requires concert activity from
both elements of the BIRC3-MALT1 fusion protein. Specifically, BIRC3 can recruit
NIK whereupon MALT1 cleaves it at Arg325. The created C-terminal NIK frag-
ment retains its kinase activity, but is resistant to protein degradation resulting in
constitutive NF-κB activation (Rosebeck et al. 2011a). Interestingly, another target
of BIRC3-MALT1 cleaving is the tumor suppressor protein LIMA1 (LIM domain
and actin-binding protein-1) which generates a novel oncogenic LIM domain-only
(LMO) fragment (Nie et al. 2015). LMO expression promotes survival and prolifer-
ation of B-cells in vitro and lymphoma generation in a xenograft mice model (Nie
et al. 2015). The exact molecular mechanism behind this is not yet fully clear, but
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this nevertheless suggests that there is also a NF-κB pathway-independent oncogenic
effect of t(11;18)(q21;q21).

Finally, it is importantly to note that all the above-mentioned effects are most
likely enhanced by a positive feedback loop. The BIRC3–MALT1, namely causes
NF-κB pathway activation, which in turn upregulates BIRC3 expression as shown
for t(11;18)(q21;q21)-positive MALT lymphomas (Hosokawa et al. 2005).

4 Treatment and Follow-up

First-line treatment for localized gastric MALT lymphoma (stage I–II) is H. pylori
eradication with antibiotics. This may even be attempted for patients with localized
H. pylori–negative gastricMALT lymphoma (Morgner et al. 2000; Asano et al. 2012;
Dreyling et al. 2013;Raderer et al. 2015). Successful eradication should be verified by
urea breath test (or a monoclonal stool antigen test) at least 6 weeks after eradication
therapy and 2weeks after PPI (proton pump inhibitor) discontinuation (Dreyling et al.
2013). For those patients who respond toH. pylori eradication therapy, it is important
to remember that the time to complete remission can range from about 2 weeks up to
more than 1 year. Serial endoscopic follow-up is recommended for a period of 2 years
to measure histological regression. A first endoscopic examination is recommended
2–3 months after the cessation of antibiotic treatment, followed by endoscopy every
6 months for 2 years (Dreyling et al. 2013). Correct interpretation of lymphoid
infiltrates after treatment is difficult and clinical decisions should result from careful
deliberation between clinician and pathologist and scoring of histological specimens
should be done according to GELA (Groupe d’Etude des Lymphomes de l’Adulte)
scoring system (Copie-Bergman et al. 2003).

For those patientswhere antibiotic therapy fails to eradicateH. pylori or in patients
with a localized, H. pylori-negative gastric MALT lymphoma, modest doses of
involved field radiotherapy (25–40 Gy over 4 weeks) can be applied to the stom-
ach and perigastric nodes with excellent results (Dreyling et al. 2013; Ruskoné-
Fourmestraux et al. 2015; Ohkubo et al. 2017). Given the indolent nature of the
disease, a conservative “watchful waiting” approach is suggested for patients who
demonstrate persistence of histological gastric MALT lymphoma infiltrates despite
successfulH. pylori eradication and normalization of endoscopic findings (Fischbach
et al. 2007; Stathis et al. 2009). These patients are considered to haveminimal residual
disease in the GELA scoring system (Copie-Bergman et al. 2003).

Disseminated disease (stage III–IV) and/or persisting disease 2 years after radio-
therapy should be treated with sequential systemic therapies if symptomatic. Possi-
bilities include anti-CD20 monoclonal antibody (rituximab) therapy only or in com-
bination with chemotherapy. Only a few chemotherapy regimens have been tested
specifically in MALT lymphomas. Oral alkylating agents (chlorambucil, cyclophos-
phamide, bendamustine) can result in a high rate of disease control. One non-
randomized, observational trial found rituximab-chlorambucil to be more efficient
than rituximab alone but only for patients t(11;18)(q21;q21)-positive gastric MALT
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lymphoma (Lévy et al. 2013). Purine analogues such as cladribin can be effective in
the treatment of extranodal MALT lymphomas (Jäger et al. 2002). Other agents sug-
gested in the literature include immunomodulatory agents and proteasome inhibitors.
Lenalidomide, an immunomodulator and a derivative of thalidomide, could be ben-
eficial, but further investigation is required (Kiesewetter et al. 2013). Bortezomib, a
proteasome inhibitor is effective in inducing lymphoma regression, but further trials
are needed to see if efficacy remains at lower doses, where the side effects such
as peripheral neuropathy, hematological toxicity, and diarrhea are less problematic
(Troch et al. 2009; Conconi et al. 2011). Surgery no longer has a role in the treatment
of gastric MALT lymphomas except for those instances where local complications
(such as gastric perforation) occur.

5 Concluding Remarks

Gastric MALT lymphoma pathogenesis is a multistep process initiated by infection
with H. pylori followed by accumulation of genetic aberration ultimately leading to
malignant transformation. In the event of a diagnosis with gastric MALT lymphoma,
made by histological examination of an endoscopic mucosal biopsy, the necessary
investigations to identify the presence of H. pylori need to be performed. For all H.
pylori-positive patientswhohave localized disease, triple antibiotic therapy is the sole
initial treatment, although the treating physician should bear inmind that the presence
of t(11;18)(q21;q21) is associated with a reduced likelihood of successful lymphoma
regression. Gene alterations associated with gastric MALT lymphoma, including
BIRC3–MALT, IGH–BCL10 and IGH–MALT, all result in constitutive activation of
the NF-κB pathway and together with the roles of H. pylori and associated chronic
inflammation point toward the importance of inflammation in lymphomagenesis and
to gastric MALT lymphoma as a model of chronic inflammation-induced gastric
tumor development. Pharmaceutical interventions that target members of the NF-
κB pathway still represent an attractive theoretical treatment strategy but given the
vast influence of the NF-κB pathway in many different cellular processes precision is
essential when blocking elements of theNF-κBpathway to prevent side effects.More
insight in the exact nature and role of inflammation in gastricMALT lymphoma could
help us predict which H. pylori-infected individuals have the highest risk for gastric
MALT lymphoma development, better predict which lymphomas will respond to H.
pylori eradication, or which might transform into DLBCL and find more specific
therapeutic targets.
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Abstract Over the last years, intensive investigations in molecular biology and cell
physiology extended tremendously the knowledge about the association of inflam-
mation and cancer. In frame of this paradigm, the human pathogen Helicobacter
pylori triggers gastritis and gastric ulcer disease, and contributes to the develop-
ment of gastric cancer. Mechanisms, by which the bacteria-induced inflammation in
gastric mucosa leads to intestinal metaplasia and carcinoma, are represented in this
review. An altered cell-signaling response and increased production of free radicals
by epithelial and immune cells account for the accumulation of DNA damage in gas-
tric mucosa, if infection stays untreated. Host genetics and environmental factors,
especially diet, can accelerate the process, which offers the opportunity of interven-
tion based on a balanced nutrition. It is supposed that inflammation might influ-
ence stem- or progenitor cells in gastric tissue predisposing for metaplasia or tumor
relapse. Herein, DNA is strongly mutated and labile, which restricts therapy options.
Thus, the understanding of the mechanisms that underlie gastric carcinogenesis will
be of preeminent importance for the development of strategies for screening and early
detection. As most gastric cancer patients face late-stage disease with a poor overall

O. Sokolova (B) · M. Naumann
Institute of Experimental Internal Medicine, Otto von Guericke University,
Leipziger Str. 44, 39120 Magdeburg, Germany
e-mail: olga.sokolova@med.ovgu.de

© Springer Nature Switzerland AG 2019
S. Backert (ed.), Molecular Mechanisms of Inflammation: Induction,
Resolution and Escape by Helicobacter pylori, Current Topics in Microbiology
and Immunology 421, https://doi.org/10.1007/978-3-030-15138-6_5

107

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-15138-6_5&domain=pdf
mailto:olga.sokolova@med.ovgu.de
https://doi.org/10.1007/978-3-030-15138-6_5


108 O. Sokolova and M. Naumann

survival, the development of multi-targeted therapeutic intervention strategies is a
major challenge for the future.

1 Introduction

An important risk factor in the multifactorial etiology of gastric cancer (GC) is a
Helicobacter pylori infection. Mechanisms by which H. pylori contributes to cancer
development are complex and incompletely revealed (Posselt et al. 2013). Persistent
inflammatory state and affected secretory function in the stomach combined with a
certain host susceptibility genotype and environmental factors trigger the transfor-
mation from chronic atrophic gastritis to metaplasia, epithelial dysplasia and, finally,
adenocarcinoma (Miftahussurur et al. 2017). During all these steps, changes in DNA
integrity and regulation play an extremely important role. Here, we discuss how H.
pylori supports carcinogenesis via triggering chromosomal DNA modifications in
the host.

2 H. pylori and Inflammation

SeveralH. pylori virulence factors can induce an inflammatory response in the gastric
mucosa, and the bacterial type IV secretion system (T4SS) is the major of them. The
T4SS is encoded by a ~40 kb genome fragment carrying about 31 genes known as the
cag pathogenicity island (cagPAI). The cagPAI-positiveH. pylori isolates are highly
virulent and associated with gastritis, gastric ulcer, and cancer development (Cover
and Blaser 2009; Backert et al. 2017). The bacteria-host cell contact and the T4SS
functionality are strongly required for the activation of c-Jun kinase (JNK) and p38
mitogen-activated protein kinase (MAPK) pathways, as well as induction of early
response transcription factors activator protein (AP)-1 and nuclear factor kappa B
(NF-κB) (Backert andNaumann 2010). This leads to expression of pro-inflammatory
chemokines interleukin (IL)-8, IL-6, and tumor necrosis factor (TNF) in epithelial
cells (Jüttner et al. 2003; Sokolova et al. 2013, 2014), which attract immune cells,
including neutrophils and macrophages, to infiltrate into the infected gastric mucosa.
In addition to various structural proteins of the T4SS, the cagPAI encodes the 125-
135-kDa effector protein cytotoxin-associated gene A (CagA) (Backert et al. 2008;
Zhang et al. 2015). Translocated by the T4SS into the host cell, CagA interferes with
several signaling pathways, especially with these involving tyrosine kinase receptors
epidermal growth factor receptor (EGFR) and c-met protein (c-Met), and kinases
cellular and sarcoma (c-Src) and focal adhesion kinase (FAK), thereby inducing
cytoskeletal rearrangements and inhibiting apoptosis of infected cells (Tegtmeyer
et al. 2017; Naumann et al. 2017). CagA might essentially contribute to the pro-
gression toward GC (Hatakeyama 2014). Patients infected with CagA-positive (and
cagPAI-positive) H. pylori revealed a 5.8-fold higher risk of developing diffuse and
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intestinal gastric adenocarcinoma compared to non-infected patients (Parsonnet et al.
1997). In addition, ectopic expression of CagA triggered the spontaneous develop-
ment of gastrointestinal and hematopoietic malignancies in some transgenic mice
(Ohnishi et al. 2008).

Other important bacterial virulence factors are the secreted vacuolating cytotoxin
A (VacA) and γ-glutamyl transpeptidase (GGT), which contribute to the H. pylori-
related pathology by inducing host cell damage. Processed VacA protein inserts
itself into host cell membranes, forms channels, damages mitochondria, triggers
vacuolization, autophagy and apoptosis (Terebiznik et al. 2009; Ricci 2016). The
cytotoxic VacA effects are eventually antagonized by translocated CagA (Argent
et al. 2008; Tegtmeyer et al. 2009). The cagA+vacA s1a+ (type I) strains of H. pylori
are highly pathogenic, and it has been speculated that the CagA–VacA interaction
can promote long-term colonization of the stomach by ameliorating the detrimental
effects of these virulence factors (Oldani et al. 2009).

Constitutively expressed andhighly conserved amongdifferent strains,GGT func-
tions to metabolize extracellular glutathione and glutamine to glutamate, which can
be used by the bacteria for the tricarboxylic acid cycle (Ling et al. 2013). GGT has
been also demonstrated to induce cell cycle arrest at the G1-S phase, triggers activa-
tion of caspases 3 and 9, expression of pro-apoptotic Bax and anti-apoptotic Bcl-2,
release of cytochrome c from mitochondria leading to the epithelial cell apoptosis
(Ling et al. 2013). Both VacA and GGT act on antigen-presenting cells and on T
cells, and thereby promote immune tolerance and long-lasting infection (Schmees
et al. 2007; Larussa et al. 2015).

H. pylori can persist, sometimes asymptomatically, for decades in the human
stomach. Epithelial cells as well as macrophages and neutrophils infiltrated into the
gastric mucosa release anti-microbial compounds such as reactive oxygen species
(ROS) and reactive nitrogen species (RNS) as well as chemokines/cytokines (IL-
1β, TNF, IL-6, IL-8), metalloproteinases (MMP-1, MMP-9) and prostaglandins,
e.g., prostaglandin E2 (PGE2), maintaining the inflammatory environment (Serizawa
et al. 2015; Sulzbach et al. 2016) (Fig. 1). Remarkably, overexpression of a single
pro-inflammatory cytokine, IL-1β, in transgenic mice is sufficient for stepwise pro-
gression of gastric dysplasia and cancer formation. IL-1β stimulatesmyeloid-derived
cell recruitment to the stomach at the early stage of gastric inflammation. The cells
further support an inflammatory environment at the site of infection by producing
IL-6 and TNF and chemokine SDF1 (via NF-κB), and by suppressing T- and B-
cell proliferation (Tu et al. 2008). In humans, enhanced IL-1β production in carrier
with IL-1B-511T and IL-1B-31C polymorphisms in the IL-1β gene contributes to
H. pylori-induced gastritis and GC development (Persson et al. 2011).

In the inflammatory environment, host cells are activated, e.g., via cytokine and
growth factor receptors; the process involves cellular signaling pathways, such as the
Janus kinase (JAK)/signal activator and transducer of transcription (STAT), andmod-
ulate widely cellular functions (Sokolova andNaumann 2017) (Fig. 1). The cytokine-
induced transcriptional factors, STATs andNF-κB, drive expression of anti-apoptotic
factors Bcl-2, Bcl-XL, BIRCs, and pro-proliferative c-Myc, cyclins, EGFR, vascular
endothelial growth factors and M-CSF as well as the master enzyme in PGE2 syn-
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Fig. 1 Model of pathogenicmechanisms ofmultistep gastric carcinogenesis.H. pylori infection
together with environmental factors triggers chronic inflammation accompaniedwith DNAdamage.
Increased cell turnover supports genetic instability, leading to key mutations and malignization
in gastric mucosa. At gastritis, anti-microbial, anti-oxidative, or anti-inflammatory therapies are
beneficial to prevent tissue damage. At the late metaplasia-cancer stages, when DNAmodifications
become pathology drivers, molecular targeted therapy might be beneficial via controlling mutated
signaling pathways. Please see the main text for details

thesis cyclooxygenase 2 (COX-2), and could promote thereby gastric carcinogenesis
(Aggarwal et al. 2006; Rocha et al. 2015; Echizen et al. 2016).

Importantly, H. pylori strains expressing a functional T4SS and CagA are able
to interact directly with gastric progenitor or stem cells to accelerate their prolif-
eration in the glands of the mice and human stomachs (Sigal et al. 2015). The
continuous inflammatory environment promotes genetic and epigenetic changes in
differentiated- and stem cells concomitantly with cell turnover. This leads to genomic
instability in cell divisions and enforces tumor formation. A six-month infection of
C57Bl/6 mice with the H. pylori strain SS1 leads not only to severe gastritis, but
also to a fourfold increase of the mutation frequency in the gastric mucosa (Touati
et al. 2003). According to a meta-analysis by Wang et al. (2011), eradication of H.
pylori at stages of gastritis and gastric corpus atrophy improves histological lesions
preventing thereby progression to GC. Prolonged damage of the gastric mucosa leads
to intestinal metaplasia, and this advanced precancerous stage cannot be reverted by
anti-microbial therapy (Wang et al. 2011). On the other hand, additional therapy with
non-steroidal anti-inflammatory drugs (NSAIDs) or selective inhibitors of COX-2,



Crosstalk Between DNA Damage and Inflammation in the Multiple … 111

such as aspirin or celecoxib and etodolac, might exert cancer-preventive effects in
patients with precancerous lesions (Zhang et al. 2009; Yanaoka et al. 2010; Langley
and Rothwell 2014).

3 Mechanisms of DNA Damage

Epigenetic and genetic changes introduced during long-term infection withH. pylori
form the molecular pathological background of carcinogenesis (Kalisperati et al.
2017). Epigenetic regulation includes the expression of non-coding RNAs (miR-
NAs), DNA methylation events via DNA methyltransferases (DNMTs), and his-
tone modifications (acetylation, de-acetylation, methylation, phosphorylation, etc.),
which impact on chromatin folding and gene expression. Aberrant expression of the
miRNAs regulating proteins involved in cell cycle, proliferation, cellular transport,
and invasion including p21 (CDKN1A), p27 (CDKN1B), FOXP1, HRAS, HER2
(ERBB2), HMGA2, FGFR2 takes place during H. pylori-associated inflammation,
and correlates with GC progression and survival in humans (Ueda et al. 2010; Mat-
sushima et al. 2011; Wang et al. 2014). Herein, miRNAs could exert anti-oncogenic
roles in H. pylori-related diseases (Valenzuela et al. 2015).

H. pylori-related gastritis and GC development are both characterized by redistri-
bution in the genomic methylation patterns. DNA methylation generally decreases
with progression of gastric lesions along with intestinal metaplasia, gastric adenoma
andGC,while promoters of certain genes, especially of tumor suppressors, are hyper-
methylated (Park et al. 2009; Ding et al. 2010a). H. pylori infection initiates methy-
lation within CpG islands in and around promoters of the genes implicated in cell
proliferation, apoptosis, autophagy, and DNA repair (Muhammad et al. 2017; Maeda
et al. 2018). In tissue samples of infected gastric mucosa, methylation of LOX, ARF
(p14), RUNX3,MLH1, BRCA1, and 6-O-methylguanine-DNA transferase (MGMT )
has been described (Ushijima et al. 2006; Ding et al. 2010a; Nakamura et al. 2014).
Eradication of bacteria decreases the methylation of cancer-related genes CDH1,
CDKN2A (p16), MLH1, PTGS2 (COX-2) in non-neoplastic gastric mucosa (Perri
et al. 2007). Despite H. pylori infection is closely associated with enhanced CpG
methylation in chronic gastritis, further methylation changes in intestinal metaplasia
and gastric carcinoma accumulate regardless ofH. pylori infection (Park et al. 2009).
Notably, promoter methylation can be triggered by cytokines. It has been demon-
strated that IL-1β is able to induce hypermethylation of the CDH1 promoter in GC
cell lines (Qian et al. 2008). In H. pylori-infected gerbils, a repression of inflamma-
tory responses with cyclosporine A, an immunosuppressive agent, suppressed the
induction of aberrant DNA methylation (Niwa et al. 2013). Thus, the inflammatory
response triggered by H. pylori is a major inducer of aberrant DNA methylation
(Maeda et al. 2017).

In addition toCpGmethylation, histonemodifications regulate gene expression. In
GC specimens, reduced acetylation of core histonesH3 andH4 inHLTF and SLC5A8
promoters was associated with CpG hypermethylation and decreased expression of
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the genes (Ding et al. 2010a). Hyperacetylation of the histones H3 and H4 in the gene
promoter of ataxia-telangiectasia mutated (ATM), a kinase involved in DNA damage
response (DDR), activates expression of the ATM gene in H. pylori-infected human
gastric mucosa (Santos et al. 2017). Similarly, H. pylori-induced hyperacetylation
of histone H4 and release of histone deacetylase 1 from CDKN1A (p21) promoter
might upregulate gene expression in gastric epithelial cells (GECs) (Xia et al. 2008).
Phosphorylation of histone H2A variant X (γH2AX), attributable to DNA damage
repair (Hauer and Gasser 2017), has been described in H. pylori-infected GECs,
as well as time- and dose-dependent dephosphorylation of histone H3 at serine 10
(Ding et al. 2010b; Toller et al. 2011). Interestingly, these phosphorylation events
were independent of H. pylori virulence factors VacA and CagA.

Pro-carcinogenic properties of H. pylori could be also related to its ability to
induce genetic alterations in infected tissue. Each day in every human cell, DNA
experiences about 105 damage events caused by both endogenous and exogenous
factors. DNA lesions then trigger the DDR, which involves recognition, signaling,
and repair of the damage. DNA damage can be represented by (1) oxidation, reduc-
tion, alkylation, deamination, or methylation of bases, abasic sites [are repaired by
the base excision repair pathway (BER)], (2) formation of DNA adducts caused by
chemical agents or environmental stress, particularly by ultraviolet [are repaired via
nucleotide excision repair (NER) pathway], (3) incorporation of mismatched bases
during DNA replication [is repaired via mismatch repair pathway (MMR)], and (4)
double-strand breaks (DSBs) [are repaired via the homologous recombination repair
(HEJ) and non-homologous end-joining (NHEJ) pathways] (Pollard et al. 2008; van
Loon et al. 2010; Hauer and Gasser 2017). H. pylori has been described to influence
host genetics by three ways: (a) by potentiating oxidative stress, (b) through its effect
on DNA-modifying enzymes, and (c) by interfering with DDR signaling pathways.

3.1 Oxidative Stress

Excessive generation and accumulation of oxidative stress is the major DNA-
damaging factor inH. pylori infection (Katsurahara et al. 2009; Shimizu et al. 2017).
ROS and RNS are by-products of oxidative phosphorylation in mitochondria. Due
to unpaired electron(s), the free radicals interact with other molecules, including
proteins, lipids and nucleic acids. ROS comprise the superoxide radical O•−

2 , the
hydrogen peroxide H2O2, and hydroxyl radical •OH (Davalli et al. 2018). O•−

2 is
generated via the NADPH-oxidase(NOX)-dependent reduction of molecular oxy-
gen (with electrons leaking during ATP synthesis). O•−

2 is further degraded to H2O2

mainly with help of the manganese-superoxide dismutase (Mn-SOD). H2O2 diffuses
easily through cellular membranes and, in the presence of reduced transition metals,
e.g., Fe2+, is turned tomore hazardous •OH (Jimenes-Del-Rio andVelez-Pardo 2012).
A strong oxidant peroxynitrite ONOO−, a precursor of RNS, is generated from O•−

2
and nitric oxide •NO. Nitric oxide production requires L-arginine and NADPH, and
is catalyzed by NO synthases (NOS). The constitutive forms of neuronal NOS and
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epithelial NOS produce relatively small amounts of •NO, which acts as neurotrans-
mitter and vasodilatator. The inducible NOS isoform (iNOS) produces much larger
amounts of •NO and can be stimulated by cytokines, including TNF, IFNγ, and IL-1β
(Reuter et al. 2010).

Infection with H. pylori has been shown to stimulate the expression of TNF,
IFNγ, and iNOS in the stomach epithelium of mice andWistar rats (Sheh et al. 2010;
Elseweidy et al. 2010). In Mongolian gerbils, H. pylori-induced iNOS expression
was promoted by a high-salt diet (Toyoda et al. 2008). In human gastric biopsy
specimens, an increase in iNOS mRNA accompanies development of H. pylori-
associated gastritis (Fu et al. 1999; Naito et al. 2008; Sasaki et al. 2013). Elevated
iNOS expression and NO release in response to lipopolysaccharide isolated from
Helicobacter increase the risk of permanent genotoxic effects in the colon carcinoma
cell lines SW480 and LoVo (Cavallo et al. 2011).

Under healthy conditions, ROS and RNS are constantly eliminated via protec-
tive antioxidant mechanisms. SODs, H2O2-reducing enzyme catalase, glutathione
peroxidases and thioredoxin reductases are major proteins maintaining the vital
oxidative (redox) balance. ROS and RNS contribute to functions related to mito-
chondrial biogenesis, angiogenesis, and immunity. Redox regulation of protein tyro-
sine kinases, phosphatases and the transcription factors AP-1, FOXO and NF-κB
has been described (Nathan and Cunningham-Bussel 2013). However, disturbances
in the oxidative balance are deleterious for biomolecules. Particularly in the DNA,
which is relatively unstable chemically, a variety of potentially mutagenic and car-
cinogenic adducts can be formed, and strand breaks and aberrant cross-linking may
occur (Butcher et al. 2017). Base guanine (G) can be oxidized to 7, 8-dihydro-8-
oxo-2′-deoxyguanine (8-oxo-G). During DNA synthesis, 8-oxo-G is recognized as
thymine (T), and this leads to formation of adenine (A):8-oxo-G mispair, instead
of C:G pair. This mispair often remains uncorrected, thus, one of the daughter cells
inherits C:G-to-A:T transversions. In addition, ROS can oxidize cellular pools of
desoxyribonucleotides, before they are incorporated in DNA during replication or
repair. The 8-oxo-7, 8-dihydro-2′-deoxyguanosine-5′-Triphosphate (8-oxo-dGTP)
insertion into DNA has the potential to lead to A:T-to-G:C transversions in mam-
malian cells (Markkanen 2017). RNS induce 8-nitro-Guanine (8-nitro-G) formation
(Kim et al. 2012).

It is not surprising that oxidative stress has been implicated in the pathogenesis of
diverse gastrointestinal diseases includingH. pylori-associated gastritis and GC, and
anti-oxidative therapy is beneficial in gastrointestinal disorders (Kim et al. 2012).

H. pylori activates SOD and catalase in the gastric mucosa and itself possess
ROS-detoxifying enzymes, which contribute to redox balance in the inflammatory
milieu (Bulbuloglu et al. 2005; Lee et al. 2016). Despite that H. pylori infection
is characterized by increased amount of ROS metabolites in human epithelial cells
in vivo and in vitro (Davies et al. 1994; Ding et al. 2007; Jang et al. 2012).

It has been demonstrated that CagA-positive H. pylori simulates expression of
spermine oxidase (SMOX), which catalyzes back conversion of the polyamine sper-
mine into spermidine and generatesH2O2. This additional (to theNADPH-dependent
reduction of molecular oxygen to O•−

2 ) mechanism of ROS generation has been
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described by Gobert and Wilson (2017) in gastric tissue samples from H. pylori-
positive patients as well as in infected gerbils and mice. Notably, the cells with
SMOX activation demonstrated high levels of DNA damage and apoptosis resis-
tance (Chaturvedi et al. 2011; Gobert and Wilson 2017). In addition, CagA-positive
bacteria induce the expression of Cation transport regulator 1 (CHAC1), which pos-
sesses γ-glutamylcyclotransferase activity and degrades glutathione, leading to ROS
production in AGS cells. Overexpression of CHAC1was accompanied by nucleotide
alterations in the TP53, a gene encoding tumor repressor p53 (Wada et al. 2018).

In gastric tissue, the presence of CagA-expressingH. pylori and a high level of 8-
oxo-7,8-dihydro-2′-deoxyguanosine (8-OHdG), a biomarker of oxidative DNAdam-
age, correlate with severe gastric inflammation, intestinal-metaplasia- and intestinal-
type of GC (Raza et al. 2014). Elevated levels of 8-OHdG have been detected also in
serum of dyspeptic patients carrying CagA- and BabA-positive H. pylori (Yeniova
et al. 2015; Shahi et al. 2016). Bacterial GGT has been also reported to trigger H2O2

generation and 8-OHdG increase in AGS and primary GECs (Gong et al. 2010). H.
pylori-induced DNA oxidation results in typical A:T-to-G:C and G:C-to-T:A muta-
tions in the gastric mucosa, as it has been detected in the gpt delta C57BL/6 mice, a
model for in vivo genotoxicity assays, six-month post-infection (Sheh et al. 2010).
Further, H. pylori-infected patients demonstrate increasing levels of lipid peroxi-
dation product malondialdehyde in gastric juice in chronic gastritis and further in
gastric intestinal metaplasia. Malondialdehyde is able to react with deoxyadenosine
and deoxyguanosine in DNA, forming mutagenic DNA adducts (Wang et al. 2018).

DNA damage and DDR hallmarks, such as expression of poly(ADP-ribose)
polymerase-1 (PARP-1), phosphorylation of H2AX and increase in the NHEJ, were
found in gastric biopsy specimens from H. pylori-infected patients with chronic
gastritis and peptic ulcer disease (PUD). It has been proposed that inflammation-
mediated overproduction of ROS and PARP-1 cause telomere shortening (Lee et al.
2016).

The high level of ROS induced by H. pylori is toxic for mitochondrial DNA
(mtDNA) (Fig. 1). Indeed, transitions are the most frequent mtDNA alterations
described in gastritis patients infected with cagA+vacA s1/m1 H. pylori (Machado
et al. 2010). Human mtDNA is a 16.6-kB double-stranded circular molecule that
encodes 13 respiratory enzyme complex polypeptides, 22 transfer RNAs, and 2 ribo-
somal RNAs required for mitochondrial protein synthesis (Wallace 2012). In vitro,
H. pylori or bacterial extracts cause mtDNAmutations and decrease mtDNA content
(Huang et al. 2011; Machado et al. 2013). In tissue specimens of 32% of H. pylori-
associated PUD patients, a number of heteroplasmic mtDNA mutations in the 303
polyC, 16184 polyC, and 514 (CA) were found (Lee et al. 2007). Cellular oxidative
stress induced by H. pylori leads to increased Bax, decreased Bcl-2 expression, and
activation of apoptotic pathways, in sum. Interestingly, pre-treatment with vitamin E
or lycopene mitigates these effects (Calvino-Fernandez et al. 2008; Jang et al. 2012).

In addition to epithelial cells, H. pylori can stimulate the production of ROS and
RNS in immune cells. For example, recombinant H. pylori’s neutrophil-activating
protein (NapA) dose dependently activates NOX in the plasma membrane of iso-
lated human peripheral blood neutrophils, which increases H2O2 production in the
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leukocytes. Signalingmolecules involved includeG proteins, phosphatidylinositol 3-
kinase (PI3K), the Src family of tyrosine kinases andERKs (Satin et al. 2000; Fu et al.
2014). NapA also induces the transendothelial migration and secretion of myeloper-
oxidase by neutrophils into the extracellular space, where it catalyzes the conversion
of H2O2 to hypochlorous acid (HOCl), another potent oxidant (Brisslert et al. 2005;
Fu 2014). Myeloperoxidase has been described to contribute to DNA damage, H.
pylori-related gastric ulceration and cancer development (Mika and Guruvayoorap-
pan 2011). HOCl, in particular hypochlorite ions OCl−, can react with ammonia
(NH3), whose production from urea is catalyzed by bacterial urease. As a result, cyto-
toxic NH2Cl is formed, which could affect cell cycle and induce apoptosis in gastric
mucosa (Handa et al. 2011). H. pylori infection causes oxidative DNA damage in
immune cells in vivo, e.g., in human peripheral lymphocytes, and anti-microbial ther-
apy significantly decreases oxidative stress and its deleterious consequences (Dulger
et al. 2011; Tsai et al. 2013).

Further,H. pylori infection might potentiate genotoxic effects of some exogenous
mutagens and dietary risk factors, including heterocyclic amines (in cell culture,
Poplawski et al. 2013), indole-3-acetonitrile (in Mongolian gerbils, Matsubara et al.
2012) and iron (in human stomach tissue, Ward et al. 2012). For example, DNA-
damaging agent 1-Nitrosoindole-3-acetonitrile andH. pylori infection induced glan-
dular stomach adenocarcinomas in Mongolian gerbils, only when applied in com-
bination, but not alone (Matsubara et al. 2012). Antioxidants, such as vitamin C,
carotenoids or melatonin, mitigate the effects of some mutagens (Poplawski et al.
2013; Kim and Kim 2015).

3.2 DNA-Modifying Enzymes

Genome wide analyses demonstrated that not G:C to T:A transversions induced by
8-OHdG, but rather C:G to T:A transitions are prevalent within the total mutations
identified in human cancer cells, including inflammation-associated cancers (Green-
man et al. 2007). Such kind of transitions can be introduced by the single-strand
DNA activation-induced cytidine deaminase (AID). AID deaminates cytosine (C) to
produce uracil (U), and therefore generates a DNA C:G pair into a U:G mismatch.
This is either further replicated as T:A or is recognized by uracil-DNA-glycosylase or
mutS homolog (MSH)2/MSH6 heterodimer and cut, resulting inDSBs andmutations
at this DNA site (Chiba et al. 2012).

Under physiological conditions, AID induces DNA somatic hypermutation of
immunoglobulin gene in B cells, thereby providing antibody diversification (Smith
et al. 2012). In epithelial cells, aberrant expression of AID can be induced by inflam-
mation and microbial infection, and results to genetic instability and mutations in
proto-oncogenes KRAS, MYC, or TP53. This leads to neoplasia development in
epithelial tissues, particularly in the stomach of humans or in theAID transgenicmice
model (Morisawa et al. 2008; Takeda et al. 2012; Shimizu et al. 2014; Nishizawa
et al. 2015).
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AID has been described by several groups as an important molecular link between
inflammation, DNA damage, and cancer formation (Touati 2010). H. pylori- or
cytokine-activated NF-κB can induce aberrant expression of AID in human gastric
mucosa (Shimizu et al. 2012). The expression is highest in the antrum and correlates
with severity of chronic inflammation, glandular atrophy, and intestinal metaplasia
(Goto et al. 2011; Nagata et al. 2014). Eradication of H. pylori significantly reduces
AID expression (Nagata et al. 2014).

N-alkylnitroso compounds from food, alkylating chemotherapeutic agents, such
as nitrosourea or temozolomide, and endogenous S-adenosyl methionine favor the
formation of a cytotoxic DNA lesion 6-O-Methylguanine. Increased RNS might
contribute to formation of the N-alkylnitroso compounds. H. pylori itself has been
suspected to secrete an alkylativemutagenic component,which inducesDNAdamage
studied by a Comet assay (Yan et al. 2008) and enhances mutagenicity of the N-
methyl-N-nitrosourea andN-methyl-N′-nitro-N-nitrosoguanidine studied by aAmes
test (Arimoto-Kobayashi et al. 2015). The alkylated guanine is repaired by MGMT
without causingDSBs.TheMGMTtransfers themethyl/alkyl group fromO6 position
of guanine to its own cysteine residue,which irreversibly inhibits the enzyme (Liu and
Gerson 2006). Infection with CagA-positive H. pylori results in hypermethylation
of the MGTM promoter and down-regulation of the protein amount in the stomach
of adult gastritis patients (Perri et al. 2007; Alvarez et al. 2013).MGMT methylation
frequency increases further in GC patients (Alvarez et al. 2013). According to the
meta-analysis by Ding et al. (2016),MGMT promoter methylation was significantly
associated with GC risk and substantial heterogeneity, but did not correlate with
tumor types, clinical stage, age, and H. pylori status.

3.3 DNA Repair System

H. pylori acts also at the level of the host DNA repair machinery and DDR path-
ways. The BER pathway diminishes the oxidative DNA damage described above.
Within this pathway,modifiedDNAbases are recognized and removed from theDNA
sugar-phosphate backbone by a specific damage-recognizing glycosylase. Resulting
abasic sites are further processed by certain glycosylases and endonucleases, e.g., by
apurinic/apyrimidinic (AP) endonuclease-1 (APE-1), which cleaves the DNA phos-
phodiester backbone in the AP site and generates thereby ssDNA breaks. Missing
sequence is reconstituted by DNA polymerase β using the template DNA strand, and
DNA ligase III-Xrrc1 seals the nick (Machado et al. 2010; van Loon et al. 2010).

Some of the DNA’s damage-recognizing glycosylases are bi-functional since they
not only cleave the base, but also have an associated AP lyase activity. One group
includes endonuclease III homolog 1 (NTH1) and 8-oxo-guanine-DNA glycosylase
1 (OGG1), which repair damaged pyrimidines and purine-derived lesions, respec-
tively. Another group comprises of Nei-like (NEIL)1, NEIL2, and NEIL3, which
preferentially target ssDNA and also lesions from a DNA bubble, and, thus, fix repli-
cation and transcription errors (Sahan et al. 2018). The potentially toxic-nicked DNA
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intermediates resulting from AP lyase activity of bi-functional glycosylases can be
processed by APE-1. For example, APE1 removes 3′-α,β-unsaturated aldehyde and
leaves a 1 nucleotide gap with a 3′-OH terminus (Vidal et al. 2001).

Infection with H. pylori promotes accumulation of abasic sites in GECs (Kidane
et al. 2014) (Fig. 1). Elevated expression of APE1 has been detected in H. pylori-
infected epithelial cell lines or in gastric biopsies from patients with gastritis (Ding
et al. 2004; Futagami et al. 2008). In addition to bacteria, CagA-containing water
extracts ofH. pylori were able to induce APE1 expression in cultured epithelial cells
and human peripheral macrophages (Futagami et al. 2008). It has been suggested
that APE1 can untraditionally act in cell-signaling pathways: the enzyme interacts
through its N-terminal lysine residues with Rac1. In this way, the H. pylori-induced
APE1 overexpression in human GECs led to Rac1 activation and NOX1 expression,
and mitigated thereby ROS generation (den Hartog et al. 2016).

Inconsistently, another group has described the down-regulation of APE1 expres-
sion inH. pylori-infectedGECs (Machado et al. 2010). TheAPE1 underload together
with insufficiency of other DNA repair systems has been suggested to be responsible
for accumulation of mtDNAmutations induced byH. pylori in GECs (Machado et al.
2013).

Expression of the BER-related enzymes and, therefore susceptibility to oxidative
DNA damage and GC, might depend on single nucleotide polymorphisms (SNPs) in
the endonuclease genes, such asNEIL2 (rs804270) andAPE1 (rs2275008), described
in the Chinese population (Elingarami et al. 2015). Indeed, OGG1 1245C/G poly-
morphismwas usual in intestinal metaplasia, atrophy andGC, but very rare in control
patients, and correlated even more closely with 8-OHdG levels than did H. pylori
infection or bacterial CagA status (Farinati et al. 2008).

In theMMRpathway,which dealswithDNA replication errors,mismatched bases
are recognized by the MSH2/MSH3 or MSH2/MSH6 dimers. The dimer undergoes
an ATP-dependent transition to a sliding clamp and recruits a second heterodimer
MLH1/PMS1, MLH1/PMS2, or MLH1/MLH3. The complex recruits the exonucle-
ase EXO1 and degrades the newly synthesized DNA back to mismatch (Pollard et al.
2008; Velho et al. 2014). Genetic or epigenetic alterations of genes encoding for the
MMR proteins MLH1, MSH2, MSH6, PMS2 were described to result in mutations
within short DNA sequence repeats in tumor-suppressor genes. This is a hallmark of
several cancers, including GC (Santos and Ribeiro 2015).

Immunohistochemical analysis revealed thatMLH1amount is decreased in biopsy
samples of H. pylori-positive patients with gastritis; eradication therapy, however,
restores levels of the protein (Park et al. 2005; Mirzaee et al. 2008). The down-
regulated expression of MLH1 in the patients with chronic gastritis is frequently
caused by hypermethylation of the gene (Alvarez et al. 2013) (Fig. 1).

H. pylori infection is able to impair the MMR pathway via miRNAs. It has been
demonstrated that different strains of H. pylori modulate expression of miRNAs
miR-150-5p, miR-155-5p, and miR-3163, which target POLD3, MSH2, and MSH3,
respectively, after 4, 8, and 12 h of infection in GECs (Santos et al. 2017).

DSBs can be repaired via two major pathways: the HEJ that acts mostly during
late S and G2 cell cycle phases and uses undamaged sister chromatid as template,
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and the NHEJ that operates throughout the cell cycle with higher activity in G1 and
early S phases (Pollard et al. 2008). Both pathways implicate the MRN complex,
composed of meiotic recombination 11 homolog (Mre11), Rad50 and Nijmegen
breakage syndrome 1 (Nbs1) proteins, which functions to detect and repair DSBs.
The NHEJ implicates an initial recruitment of the Ku70/Ku80 heterodimers and
DNA-dependent protein kinase to DSB sites. After aligning, DNA broken ends are
ligated through DNA ligase IV/XRCC4 complex (Pollard et al. 2008; Stracker et al.
2013). TheNHEJ pathway has been shown to account for repair of DSBs inH. pylori-
infected epithelial cells. In particular, siRNA-mediated knockdown of the XRCC4
resulted in accumulation of fragmented DNA in AGS cells infected with H. pylori
strain G27 (Hartung et al. 2015).

Two kinases, ATM and ataxia-telangiectasia and Rad9 related (ATR), are key
transducers of the DDR. DNA damage induces phosphorylation, dissociation of
ATM dimers to active monomers, and their recruitment to DSBs together with Nbs1
subunit of the MRN complex. ATR together with ATR-interacting protein (ATRIP)
binds ssDNA and operates during DNA replication. Activated ATM and ATR phos-
phorylate several substrates, including checkpoint kinase (Chk)1 and Chk2, p53 and
H2AX. Adapter proteins, the p53 binding protein 1 (53BP1) and BRCA1 attract
Chk2, γ-H2AX, and other proteins to ATM. Phosphorylated Chk1 triggers destruc-
tion of Cdc25A phosphatase and stabilizes p53, which induces G2 checkpoint genes,
such asCDKN1A (p21) orCFN (14-3-3σ). Finally, these events result in Cdk1-cyclin
A and Cdk1-cyclin B inhibition and arrest the G2 to M transition (Pollard et al. 2008;
Stracker et al. 2013). Experiments using Mongolian gerbils demonstrated that inoc-
ulation with H. pylori resulted, in about seven weeks, in increased levels of DNA
repair proteins (Ku70/80, ATM, ATR), cell cycle regulators (Chk1, Chk2) and phos-
phorylated p53 in gastric mucosa, pointing to the DDR activation by DSBs. These
effects were ameliorated by an antioxidant N-acetylcysteine in diet (Bae et al. 2013).

The exposure of cultured epithelial cells to live H. pylori has been shown to
induce DSBs and DNA repair, represented by accumulation of the mediator of DNA
damage checkpoint protein 1 (MDC1), p53BP1 (Toller et al. 2011), ATM (Hanada
et al. 2014) and γ-H2AX foci (Jang et al. 2012). It has been suggested that H. pylori
activates ATM expression through histone H3 andH4 hyperacetylation and promoter
hypomethylation (Santos et al. 2017). In AGS cells, H. pylori-induced activation of
ATM/Chk2 and ATR/Chk1, phosphorylations of p53 and H2AX are concomitant to
delay in the cell cycle S phase progression (Jang et al. 2012).

Some experimental data, however, suggest that H. pylori mitigates DDR. For
example, reduced levels of ATM substrate Nbs1 and impaired phosphorylation of
ATRIP were detected in AGS and primary GECs infected with wild-type, but not
with cagPAI-deficient H. pylori (Koeppel et al. 2015). DNA damage should trigger
the induction of p53, which mediates cell cycle arrest and down-regulates prolifer-
ation to allow DNA repair. Interaction of H. pylori with GECs, however, inhibits
p53 activity via inducing AP-1-dependent expression of truncated �133p53 and
�160p53 isoforms of the protein, which leads to survival of the infected cells (Wei
et al. 2012).
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No bacterial factor directly involved in the host DNAmodification has been iden-
tified yet. However, the endonucleases XPF and XPG, which operate within the host
NER pathway, are recruited to chromatin and might be responsible for DNA frag-
mentation induced byH. pylori (Hartung et al. 2015). Interestingly, XPG expression
is increased in gastric tumor tissue and correlates with disease progression from
superficial gastritis to atrophic gastritis and to gastric carcinoma (Deng et al. 2014).
DSBs and DNA repair occur in a CagA-, VacA- and GGT-independent fashion, but
require direct contact of live bacteria with their host cells as well as activity of the
bacterial T4SS. DNA fragmentation in infected primary and transformed human and
murine epithelial cells might implicate a mechanism independent of ROS (Toller
et al. 2011).

In summary, H. pylori infection results in increased DNA damage, via oxidation
or by influencing DNA-modifying enzymes in host target cells. In such conditions,
any deficit in DNA repair and cell cycle control can be harmful. Investigating the
link between inflammation and cancer in pancreas in vivo, Kiraly et al. (2015) have
demonstrated that inflammation, although associatedwith ROS, RNS andDNAdam-
age, does not drive sequence rearrangements alone but in combination with active
DNA replication and hyperproliferation. DNA damage together with replication can
lead to the formation of DSBs. Their repair by homologous recombination can
result in loss of heterozygosity (LOH), sequence rearrangements and point muta-
tions, contributing thereby to cancer development (Kiraly et al. 2015). Indeed, the
inflammation-linked precancerous stage is mainly caused by mutations in the cell
proliferation pathways, so that cells do not experience DNA damage-induced death,
but instead survive and accumulate mutations (Guo et al. 2017).

4 Genetic Alterations During Gastric Carcinogenesis

4.1 Mutational Landscape of Gastric Cancer

Proposed in the beginning of the nineteenth century, the mutation hypothesis of
cancer might consider experimentally approved nowadays. Persistent inflammation
caused by H. pylori infection is accompanied by chronic oxidative stress, DNA
damage, accumulation of genetic and epigenetic changes in gastric tissue, which
leads to genomic instability at the next cell divisions and forces neoplastic transfor-
mation (Fig. 1). Besides these genetic and epigenetic events, progress toward GC
involves the interplay between epithelial cells, cancer cells and stroma through the
growth factor/cytokine receptor system, which modulates cell growth and apoptosis,
angiogenesis, tumor progression and metastasis. Recent investigations demonstrated
that intestinal metaplasia and GC are associated with high numbers of infiltrated
neutrophils independently of tumor type and stage. Neutrophils density in gastric
mucosa correlated positively with cell proliferation, CDH1 status, IL-8 level, but
not with patient, age, or H. pylori persistence in cancer adjacent tissues (Fu et al.
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2016). Eradication of H. pylori in non-atrophic gastritis stage reduces or reverses
infection-associated molecular changes, including AID expression, DSBs, aberrant
DNA methylation and deficiency in the MMR, and prevents thereby development of
GC. At the atrophic gastritis stage, however, cancer risk remains high despite anti-
bacterial therapy, thus additional cancer prevention strategies should be implemented
(Shiotani et al. 2013).

The Lauren histological classification recognizes two GC types: intestinal (well
differentiated) anddiffuse (poorly differentiated) (Lauren 1965). Intestinal tumors are
more common and develop through the sequential steps: gastritis-atrophic gastritis-
intestinal metaplasia-dysplasia-cancer. The diffuse type has no such preceding steps,
originates usually from superficial pangastritis, and is represented by cells with
impaired ability to adhere and to form glandular structures, diffusely infiltrated into
the gastric stroma (Santos and Ribeiro 2015). Diffuse GC affects younger people, is
hereditary (HDGC) in about 1–3% of patients, up to 40% of which carry germline
mutation in CDH1.

Generally, a range of germline mutations has been described to predispose to GC.
18 from 43 adults with GC of any histology had amutation in one of the genesCDH1,
ATR, BRCA2, BRIP1, FANCC, CTNNA1, FLCN, SBDS or GNAS, as revealed by
sequencing of germline DNA samples (Slavin et al. 2017). Many somatic mutations
in humanGC samples have been described; theymodulate cell-cell adhesion, activity
of the WNT, Hedgehog and receptor tyrosine kinase (RTK) signaling pathways, and
affect protein guardians of the genome integrity and cell cycle (Holbrook et al. 2011).

Both histological cancer types are characterized by a high rate of genomic alter-
ations represented by chromosomal instability (CIN) and microsatellite instability
(MSI), depending on the alterations level (Hudler 2012; Maleki and Röcken 2017).
CIN, the most common instability in sporadic gastric tumors, comprise copy number
gains or loss of whole chromosomes (aneuploidy) or parts of chromosomes (LOH,
translocations and amplifications) (Hudler 2012). Gains at 12q and 13q are more
common in diffuse-type cancer, and gains at 8q, 17q, and 20q are more often found
in intestinal-type cancer (Liu andMeltzer 2017).Most frequent LOHswere at 3p14.2
in early GC, and at 11q24.3-25, 11q23.2-24.1, 11q14.1, 12p11.21-13.33 in advanced
GC (Tahara 2004). CIN in gastric precancerous lesions or in GC affects expression of
a number of tumor suppressor genes, including TP53,PTEN andRB1 (Rb) (Karaman
et al. 2010; Nagini 2012). CIN results in amplification of genes EGFR,MET, ERBB2
(HER2), KRAS, and, thus, in activation of RTK pathways within progression of GC.
CIN-related amplification of cell cycle regulators CCNE1 (cyclin E1) and CCND1
(cyclin D1), and pro-oncogenic transcription factors MYC, GATA4 and GATA6 has
been described (Liu and Meltzer 2017).

MSI, a high frequency of DNA replication errors resulting in insertions or dele-
tions of nucleotides within microsatellite repeats, is detected in about 15–30% of
GC cases. MSI is caused mainly by deficiency in the MMR pathway, especially
by genetic or epigenetic inactivation of MLH1 (Velho et al. 2014). MSI is often
represented by mutations in genes encoding tumor suppressors, cell cycle and apop-
tosis regulators, such as transforming growth factor β (TGF-β) receptor, insulin-like
growth factor II receptor (IGFIIR), TCF4, BAX, FAS, APAF1, Bcl10. MSI can trig-
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ger mutations in DDR proteins, including members of the MMR (MSH3, MSH6),
ATR and poly(adenosine diphosphate-ribose) polymerases (Kim et al. 2011; Hudler
2012). In GC with MSI, ATM intron mutations and ATM protein loss have also been
detected (Kim et al. 2013). More examples of MSI in GC are described (Kim et al.
2010; Woerner et al. 2010).

Epi/genetic patterns typical for H. pylori-associated chronic superficial gastri-
tis and further the gastric precancerous cascade have been discovered. H. pylori-
related gastritis is characterized by the hypermethylation of CpG islands in tumor-
suppressing genes (CDH1, CDKN2A) as well as in genes encoding members of the
MMR pathway, e.g., in MLH1 (Perri et al. 2007; Valenzuela et al. 2015). It favors
DNA damage accumulation despite induction of the DDR (described above). At
stage of gastric intestinal metaplasia, hypermethylation of the gene encoding for the
adenomatous polyposis coli (APC), demethylation ofMAGE, recurrent mutations in
certain tumor suppressors (but not yet in TP53, ARID1A), chromosome 8q amplifi-
cation, and shortened telomeres are frequent (Fig. 1). Mutated KRAS oncogene was
found in intestinal metaplasia and intestinal-type cancer, but not in the diffuse-type
cancer (Nagini 2012; Huang et al. 2018). Further, mutations in APC are prevalent in
developed intestinal-type cancer (30–40% of cases) (Nishizawa and Suzuki 2015).
Intestinal-type gastric tumors are additionally characterized by EGFR (HER1) and
ERBB2 (HER2) amplification, and overexpression of cyclin E (Tahara 2004). These
alterations are rare in gastric adenomas and can be used as indicators of their malig-
nant transformation. In 20% of gastric adenomas, APC mutations, which can lead to
β-catenin stabilization, were described as DNA structural alterations (Tamura 2006;
Park et al. 2009), predisposing to the adenoma-to-carcinoma transition (Tahara 2004).
On the other hand, the development of poorly differentiated GCs involves, besides
CDH1 silence, LOH at chromosome 17p and mutations in TP53, and aberrant ampli-
fication within the FGFR2/ErbB3/PI3K pathway. In both intestinal and diffuse GC
types, reduced or lost CDKN1B (p27) expression has been reported. MET is ampli-
fied in 39% and 19% of diffuse type and intestinal type of gastric tumors, respectively
(Tahara 2004; Yamashita et al. 2011; Nagini 2012). Analysis of the current literature
reveals that about four mutations are required for gastrointestinal cancer to develop,
and according to a PubMed database search, the most frequently reported genome
alteration for GC is the +20q13 mutation of TP53 (Nishimura 2008).

Promoter methylation or demethylation is relatively early events in the intestinal-
type GC progression cascade. In diffuse gastric carcinoma, DNAmethylation profile
has been also investigated and revealed several groups with different clinical fea-
tures: (i) hypermethylation of BRCA1 in association with young age (<45 years old),
(ii) hypermethylation of CDK2AP2 (p14) and CDKN2A (p16) together with male
predominance and Epstein-Barr virus infection, and (iii) hypermethylation of FHIT
and antral tumors (Bernal et al. 2008).

Studies of genetic alterations in GC allow the development of therapeutic strate-
gies. Paradoxically,mutations in genes related to theDDRpathways, e.g., inARID1A,
can be beneficial in anti-cancer therapy (Ronchetti et al. 2017). The defects inBRCA1
and BRCA2 found in 7–12% of GCs mitigate the HEJ DNA repair. It can be advan-
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tageous in chemo- and radiotherapy, where DSBs are major triggers of cancer cell
death (Alexandrov et al. 2015; De Luca and De Siervi 2016).

Somatic pointmutations and decrease in copy number ofmtDNAcan compromise
mitochondrial function toward reduced mitochondrial respiration and contribute to
GC progression (Lee et al. 2014). Among the mtDNA mutations identified in about
65% of GCs, 46% are represented by transition mutations (e.g., T-to-C or G-to-
A), and 46% result from mononucleotide or dinucleotide MSI (Hung et al. 2010).
Mutations in the mtDNA D-loop region affect replication and transcription, thereby
decreasing mtDNA copy number (Lee et al. 2014). In addition to ROS, decreased
expression in several factors involved in mtDNA replication and maintenance con-
tribute to mtDNAmutagenesis in GC. Suppressed expression of SIRT3, a mitochon-
drial NAD(+)-dependent histone deacetylase, in human GC specimens correlates
with clinicopathological variables, including tumor infiltration, poor cell differenti-
ation, advanced stage and less overall survival of the patients (Yang et al. 2014).

Progress in molecular profiling of GC and intension toward personalized therapy
requested development of a GC classification based on epi/genetics. Several classifi-
cations were proposed (Liu and Meltzer 2017). According to one of them, The Can-
cer Genome Atlas classification, four GC molecular subtypes exist: (1) Epstein-Barr
virus-positive tumors, which display recurrent PI3KCA mutations, hypermethyla-
tion, CDKN2A promoter hypermethylation, amplification of JAK2 and Programmed
cell death 1 ligand 2 (PDCD1LG2), (2) tumors withMSI, (3) genomic stable tumors,
which correlate well with the diffuse histological variant and mutations of RHOA
or fusions involving RHO-family GTPase-activating protein, and (4) tumors with
CIN, which show focal amplification of RTKs, aneuploidy, TP53 mutations in 71%
of cases, and correlate mostly with the intestinal histological type (Cancer Genome
Atlas Research Network 2014). In frame of this classification, MLH1 silencing is
associated to MSI; mutated CDH1 is a feature of genomic stable gastric tumors of
diffuse histology; high frequency of mutations, LOH or aneuploidy in TP53 as well
as RTK-RAS activation and intestinal histology are associated with CIN tumors. The
four subtypes are distributed as 8.8%:21.7%:19.7%:49.8% (Liu and Meltzer 2017).

4.2 Stem Cells

InH. pylori-related carcinogenesis, the hypotheses of (1) de-differentiation of epithe-
lial cells, (2) mutations, (3) stem-or progenitor cells transformation, and (4) bone-
marrow-derived sources of cancer are all in work (Sell 2011; Waldum et al. 2018).
In frames of the de-differentiation, H. pylori stimulates pro-oncogenic cellular path-
ways (c-Src, NF-κB, EGFR, β-catenin), induces cells renewal and expression of
genes characteristic for stem cells (Fig. 1). For example, H. pylori infection in both
humans andmice results in aberrant activation of the intestine-specific caudal-related
homeobox transcription factors CDX1 and CDX2. It is followed by expression of
stemness-associated reprogramming factors SALL4 and Krüppel-like factor (KLF)5
and intestinal-differentiation markers in cultured GECs and in intestinal metaplastic
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regions of the stomach (Stairs et al. 2010; Fujii et al. 2012). The mRNA levels of
TGF-β1, Twist, Snail, Slug and vimentin have been found up-regulated in H. pylori-
positive patients with dysplasia or early GC, and eradication ofH. pylori reduced the
expression of the biomarkers (Choi et al. 2015). Parietal cell atrophy has been sug-
gested to promote de-differentiation of the digestive-enzyme secreting chief cells
into the so-called Spasmolytic Polypeptide Expressing Metaplasia (SPEM) cells,
which can form intestinal metaplasia (Goldenring et al. 2011).

Further, epi/genetic alterations in oncogenes, tumor suppressors, cell cycle regu-
lators and DNA repair genes, genetic instability and telomerase activation have been
implicated in H. pylori/inflammation-mediated carcinogenesis (described above).

Cell-of-origin analysis indicates that many of the mutations detectable in tissue
were acquired in the long-lived tissue containing stem or progenitor cells (Yadav
et al. 2016). In human gastric areas, various populations of gastric stem- or progen-
itor cells were found, including highly proliferative Lgr5-expressing (Lgr5+) cells
which reside in the base of antral, but not fundic glands, Sox2+ stem cells located
slightly above the base of pyloric and fundic glands, and Mist1+ and Villin/β-gal-
expressing stem cells in the isthmus. They differ in topology, markers, proliferation
rate; their hierarchy remains not clear (Hoffmann 2015). In conditions of damage-
stimulated cell turnover, epi/genetic changes in stem cells are extremely fatal. Firstly,
mutations in growth regulation genes might affect differentiation of dividing stem
cells (Waldum et al. 2018). For example, disruption of KLF4, a transcriptional factor
involved in the differentiation control, inVillin+ stem cells of antralmucosa promotes
development of GC in mice (Li et al. 2012). Secondly, the molecular alterations are
maintained in stem cells despiteH. pylori eradication, can pass to the epithelial clonal
progenies and give rice to the intestinal metaplasia and GC (McDonald et al. 2008;
Ushijima and Hattori 2012). Thus, the field cancerization, a tissue apparently benign
on pathological level, might contain affected stem cells, which cause cancer relapse
(Yadav et al. 2016).

In a mouse model, Mist1+ isthmus stem cells (but not Mist1+ chief cells) with
KRAS mutation are an origin of intestinal metaplasia and dysplasia. CDH1 loss in
Mist1+ cells is not sufficient alone to initiate cancer. Importantly, chronic inflam-
mation induced by infection with H. felis or crossing with H+/K+-ATPase-IL-1β
transgenic mice promotes diffuse GC in CDH1-deficient mice (at 18 months post-
infection). Addition of TP53mutation in the infectionmodel leads to invasive diffuse
GC within nine months. Therefore, development of diffuse-type GC derived from
Mist1+ stem cells is promoted by chronic inflammation and could be compromised
by anti-inflammatory therapy (Hayakawa et al. 2015).

What kindof effects doesH.pylori exert on the gastric stem-or progenitor cells?H.
pylori can and need to directly interact with stem cells in the human andmouse stom-
achs to induce gene expression and proliferation (Sigal et al. 2015). In mouse stem
cells in vitro and in vivo, the cancer-associated (but not atrophic gastritis-associated)
H. pylori isolate specifically activates expression of ornithine decarboxylase 1, a
rate limiting enzyme in polyamine biosynthesis and a biomarker of gastric intestinal
metaplasia. The isolate up-regulates also expression of antizyme inhibitor 1, which
is induced in human GC (Giannakis et al. 2008). Noto and co-workers have found
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that the rodent-adapted H. pylori strain PMSS1 induced the expansion of KLF5+

cells enriched in the stemness marker Lrig1 in C57BL/6 mice (Noto et al. 2013). In
non-neoplastic gastric mucosa of patients with GC (but not in non-cancer patients),
H. pylori infection was associated with elevated level 8-oxi-dG in Lgr5+ stem cells
and their induced expansion (Uehara et al. 2013). In the macroscopically normal
mucosa resected from the stomach with cancer and H. pylori infection, most of the
nuclei were positive for ssDNA, suggesting DNA damage. Immunohistochemical
analysis demonstrated that the neck portions of gastric units were enriched in cells
positive for proliferation marker Ki67 and stemness marker CD117 (Kit), in parallel
to a number of apoptotic cells, suggesting stem cells proliferation in inflamed field
cancerization (Kato et al. 2008).

In addition to tissue-resident stem cells, bone-marrow-derived cells (BMDCs)
might be able tomigrate to the sites of gastric inflammation and injury (Donnelly et al.
2014). Studies of mice infected with human-derived and mouse-adapted H. pylori
have demonstrated that BMDCs expressing the green fluorescent protein accumulate
among the GECs in parallel to development of dysplastic lesions (Varon et al. 2012).
The BMDCs are long-lived, chemoresistant and have the capacity to self-renew
and to differentiate along diverse lineages (Houghton and Wang 2005). It has been
suggested that resident stem- or progenitor cells or BMDCs can give rise to GC
(Singh 2013).

Takaishi et al. (2009) have described another minor subpopulation of gastric cells,
which self-regenerate and resist to the cell death induced by chemotherapy or radi-
ation, the CD44-positive cancer stem cells (CSCs). The CSCs express such markers
as aldehyde dehydrogenase 1 (ALDH)1, SOX2, OCT-4, CD133, NANOG and can
expand toward genetically and phenotypically heterogeneous GC. High levels of
some CD44 splicing variants (CD44v) and ALDH1 correlate with metastasis and
relapse of the GC (Wakamatsu et al. 2012; Gao et al. 2018). It has been suggested
that H. pylori’s CagA can promote cancerogenesis because it is not destroyed by
autophagy in CD44v9 CSCs, accumulates there and can, theoretically, be even trans-
ferred to daughter cells (Tsugawa et al. 2012).

It is not known, whether H. pylori induces DNA damage in BMDCs or CSCs. At
least CD44v9-expressing GC cells are resistant to ROS, provided through increased
intracellular glutathione synthesis (Ishimoto et al. 2011). However, stem cells and
CSCs are controlled by a range of niche-specific environmental factors. Thus, the
inflammation initiated by H. pylori and supported by infiltrated immune cells might
lead to a dysbalance in proliferation and differentiation of the stem cells, which
predisposes to malignant transformation.

5 Concluding Remarks

The hypothesis about association between sustained inflammation and carcinogen-
esis was proposed more than 150 years ago (Virchow 1863). Basic research has
provided much information regarding the molecular mechanisms underlying the
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inflammation-related neoplastic transformation, in particular, in H. pylori infection.
The inflammatory environment created by epithelial and immune cells, as well as
bacterial compounds, promote oxidative stress and DNA damage, apoptosis and cell
proliferation in tissue. Importantly, gastric stem cells can also be influenced. DNA
damage together with deficits in DNA repair systems, stimulated DNA replication
and cell turnover elevate the mutagenesis rate. Acquired mutations determine pro-
gression from gastritis toward GC (see also Chapter “Genetic Polymorphisms in
Inflammatory and Other Regulators in Gastric Cancer: Risks and Clinical Conse-
quences” of this book). Overall, the tremendous number of descriptions about the
impact of environmental factors including H. pylori on DNA damage and inflam-
mation in the multiple steps of gastric carcinogenesis disclosed a complex disease
picture. Herein, future work should dissolve in detail the intervening net of certain
molecular- and cellular processes to generate promising opportunities to prevent and
heal gastric diseases.
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Abstract Infectious diseases have been paramount among the threats to human
health and survival throughout evolutionary history. Bacterial cell-surface molecules
are key factors in the microorganism–host crosstalk, as they can interact with host
pattern-recognition receptors (PRRs) of the gastrointestinalmucosa. Thebest-studied
PRRs are toll-like receptors (TLRs). Because TLRs play an important key role in
host defense, they have received increasing interest in the evolutionary and popula-
tion genetics literature, and their variation represents a potential target of adaptive
evolution. Helicobacter pylori is one of the commensal bacteria in our body and
can have pathogenic properties in a subset of infected people. The history of H.
pylori research indicated that humans and bacteria co-evolved during evolution. A
genome-wide association study (GWAS) has opened the way for investigating the
genomic evolution of bacterial pathogens during the colonization and infection of
humans. Recent GWAS research emphasized the importance of TLRs, especially
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TLR10 during pathogenesis in H. pylori infection. We demonstrated that TLR10,
whose ligand was unknown for a long time, can recognizeH. pylori LPS. Our results
of H. pylori research suggest that TLR10 might play an important role to also rec-
ognize other commensal bacteria. In this review, we discuss the importance of TLRs
in pro-inflammatory and anti-inflammatory responses by H. pylori infection. Espe-
cially, we highlight the TLR10 interaction with H. pylori infection, providing new
insights about TLR10 signaling.

1 Introduction

The gastric epithelium forms the first innate immune defense barrier against Heli-
cobacter pylori (Naumann et al. 2017). The direct interaction ofH. pyloriwith epithe-
lial cells occurs via different adhesins and a type IV secretion system (T4SS) with
subsequent exposure to several virulence factors encoded in the cag pathogenicity
island (PAI) (Backert et al. 2015). The cagPAI-positive strains are clearly associated
with the development of more severe gastric diseases and higher gastric cancer (GC)
risk compared to cagPAI-negative strains (Censini et al. 1996; Posselt et al. 2013).

Whereas cagPAI-induced responses are best characterized and well understood
in H. pylori infection, recently it has been revealed that the most important host
factor in H. pylori infection is the innate immune system (Mayerle et al. 2013;
et al. 2015; Zhang et al. 2015). The system of innate immunity recognizing H.
pylori is very unique as it predominantly results in anti-inflammatory responses,
rather than pro-inflammatory responses (Arnold et al. 2011). Several microorganism-
associatedmolecular patterns (MAMPs) ofH. pylori have evolved to evade excessive
inflammation.

Genetic variation among pathogenic isolates and in the human hosts can explain
variation in disease outcomes, and that interactions between the bacterial genome
and host genome should be incorporated into genetic models of disease caused by
infectious agents (see also Chapter “Genetic Polymorphisms in Inflammatory and
Other Regulators in Gastric Cancer: Risks and Clinical Consequences” of this book).
Genetic epidemiological studies, that fail to take both the pathogen and host into
account, can lead to false and misleading conclusions about disease etiology.

Innate immunity is characterized by an immediate response against pathogens and
is paramount in the initial control of infection. Toll-like receptors (TLRs) are thought
to be among the most ancient pathogen recognition systems in mammals (Kawai and
Akira 2010; Pachathundikandi et al. 2013). TLRs, which can be expressed on the cell
surface or in intracellular compartments, detect various microorganisms by sensing
viral nucleic acids and several bacterial MAMPs, and then signal through two major
pathways, which are named according to their adaptor proteins: myeloid differen-
tiation primary response protein 88 (MyD88) and TIR domain-containing adaptor,
respectively (Schnare et al. 2001). Bacteria are selected by environmental pressures,
resulting in quantitative or qualitative changes in their envelope structures that often
promote evasion of host immune responses. Microbes continuously developed to
escape from the host immune system. This evolutionary race has also led to the
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development and improvement of the innate immune system by the host. In general,
the innate immune system clearly distinguishes beneficial and harmful microbes.
During the evolutionary history of our species, infections shaped the genetics and
function of the immune apparatus, leading to variation of host defense responses
in human populations as a result of local infectious pressures and migration events
(Kodaman et al. 2014a, b). Recent studies have shown that slight, adaptive changes
in MAMPs in the bacterial cell wall may result in their ability to induce the secre-
tion not only of pro-inflammatory cytokines, but also of anti-inflammatory cytokines
(Bach 2018; see also Chapter “Mechanisms of Inflammasome Signaling, microRNA
Induction and Resolution of Inflammation by Helicobacter pylori” of this book).

The evolution of TLRs has been studied by many research laboratories (Roach
et al. 2005; Jann et al. 2008; Ferrer-Admetlla et al. 2008; Barreiro et al. 2009; Barreiro
andQuintana-Murci 2010; Huang et al. 2011). Phylogenetic analyses showed that the
vertebrate TLRs evolved independently by gene duplication prior to the divergence
of protostomes and deuterostomes (Hughes and Piontkivska 2008). The phylogeny of
each major vertebrate TLR family recapitulates the phylogeny of vertebrate species,
and sequence analyses show that all vertebrate TLRs evolved at about the same slow
rate, suggesting strong selection for maintenance of specific functions (Roach et al.
2005). This high conservation relates to the fact that microorganisms cannot easily
mutate their MAMPs, which are recognized by TLRs.

H. pylori lipopolysaccharide (LPS) is an example of evading the recognition by the
host’s immune system through modifying its lipid A component. Despite a robust
host immune response, H. pylori persists within the gastric niche and promotes a
chronic infection for the duration of the host’s life. LPS modification of H. pylori is
considered as a commensal bacterial strategy to escape from host immune system.
In this review, we discuss recent work on TLR research and H. pylori infection,
especially focused on H. pylori LPS and TLR10.

2 Overview of TLRs

Individual persons display variable abilities to fight infections, as well as variable
susceptibilities to inflammatory and auto-immune diseases. Accumulating evidence
suggests that such heterogeneity reflects differences in the genetic development of a
given host (Barreiro and Quintana-Murci 2010). For some decades, genetic studies
have provided numerous examples of genes accounting for differences in the suscep-
tibility to rare or common infectious diseases (Alcais et al. 2009; Chapman and Hill
2012). The advent of new exhaustive technologies, such as DNA microarrays and
next-generation sequencing, has greatly accelerated thefield of humangenetics,made
it possible to evaluate the contribution of genetic diversity to differences in immu-
nity to infection at the level of the entire genome. For example, current reports have
demonstrated the power of whole-genome sequencing for dissecting the immuno-
logical mechanisms that underlie the pathogenesis of severe, rare infectious diseases
(Quintana-Murci and Clark 2013). Although these studies have provided the proof-
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of-concept, increasing susceptibility to infectious diseases may result from various
types of inborn errors of immunity.

Innate immunity is at the front line of host defense against pathogens and is also
important for controlling the microbiome. Thus, innate immunity-associated genes
provide an excellent model for studies on the selective pressure that is exerted by
microorganisms on the host genome. Infectious diseases have been paramount among
the threats to human health and survival throughout evolutionary history. Natural
selection is therefore expected to act strongly on host defense genes, particularly on
innate immunity genes, whose products mediate the direct interaction between the
host and the microbial environment. In insects and mammals, the TLRs appear to
play a major role in initiating innate immune responses against microbes. In humans,
however, it has been speculated that different TLRs are being under specific positive
selection (Quintana-Murci and Clark 2013).

Population genetics studies have provided important insights in terms of the evo-
lution and function of TLRs (Barreiro et al. 2009; Casanova et al. 2011; Mukherjee
et al. 2009). In humans, TLRs are broadly subdivided into two groups: those primar-
ily expressed at the cell surface (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10),
which detect predominantly MAMPs from bacteria, fungi, and protozoa, and those
expressed within endosomes (TLR3, TLR7, TLR8, and TLR9), which primarily
recognize nucleic acids from viruses and bacteria (Beutler et al. 2006; Kawai and
Akira 2011). Cell-surface TLRs display higher evolutionary flexibility compared to
endosomes TLRs (i.e., lesser selective constraint on non-synonymous mutations)
(Barreiro et al. 2009). The higher evolutionary flexibility of the cell-surface TLRs
can result in an increased number of potential targets for positive selection. Barreiro
et al. (2009) showed how variation in human TLRs may cause a different outcome
of infectious diseases.

3 Lipopolysaccharide and TLR Interaction

Gram-negative bacteria exhibit outer membranes, which include lipopolysaccharide
(LPS, also called endotoxin) anchored in the outer leaflet. LPS is generally com-
posed of three domains: the lipid A, the core oligosaccharide, and the O antigen
(Alexander and Rietschel 2001). LPS is one of the most conserved structures within
all Gram-negative bacterial species. Therefore, this structuremakes LPS as an impor-
tant MAMP to be recognized by the mammalian innate immune system, which can
subsequently initiate the clearance of a given bacterial infection (Triantafilou et al.
2007). For example, recognition and sensing of LPS ofmany invasive Gram-negative
bacteria accounts for strong host immune system activation.

Lipid A is commonly recognized by the so-called TLR4–MD2 complex. Myeloid
differentiation factor 2 (MD2) binds to the concave surface of the N-terminal and
central domains (Kim et al. 2007). Binding of TLR4–MD2 to lipid Awith the help of
cluster of differentiation 14 (CD14) and lipopolysaccharide-binding protein (LBP)
triggers a signal cascade that leads to cytokine production, inflammation, and even-
tually clearance of the bacteria through recruitment of effector cells, phagocytosis,
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cytotoxicity, and activation of the complement system (Needham and Trent 2013;
Raetz et al. 2007; Sassi et al. 2010). Excessive activation of these pathways, however,
can lead to sepsis, and endotoxin is generally considered as major driver of septic
shock.

Usually, lipid A is hexa-acetylated, meaning that six acyl chains with the core
oligosaccharide backbone (Needham and Trent 2013). Primary acyl chains are
directly esterified with the sugar moiety while so-called secondary acyl chains form
ester bonds with hydroxyl groups of primary acyl chains. Acetylated lipid A means
that each glucosamine moiety carries the same number of acyl chains. Escherichia
coli LPS is an example for containing an asymmetrically acetylated lipid A, since
four of its six acyl chains are carried by the first glucosamine. Lipid A is embedded
in the outer leaflet of the bacterial outer membrane through electrostatic and mainly
hydrophobic interactions. The glucosamine part of the lipid A is oriented toward the
exterior environment, while the lipid A acyl chains point to the hydrophilic interior
of the membrane (Raetz and Whitfield 2002).

Modification of lipid A equips Gram-negative bacteria to evade immune recog-
nition and survive within a host (Montminy et al. 2006). First, by changing the
overall charge of the bacterial surface through the addition of chemical groups to
lipid A, such as the addition of phosphate group, resistance to innate immune effec-
tors increases. Second, changes in the structure of lipid A are the most important
with regard to bacterial pathogenesis, because they directly affect recognition by the
TLR4–MD2 receptor (Steimle et al. 2016). Bioinformatics-based studies revealed
that many Gram-negative bacteria share a cascade of enzymes that are used by E. coli
for LPS biosynthesis. However, since lipid A structures differ between distinct bacte-
ria, alterations in the structure are supposed to be due to genetic and/or environmental
differences or influences.

Lipid A structures widely differ among the various bacterial species (Needham
and Trent 2013; Raetz et al. 2007). Lipid A modification enzymes were subjected to
both transcriptional and post-translational regulation. Modification systems are vari-
able and often regulated by environmental conditions. For example, E. coli lipid A
contains six acyl chains and two phosphate groups, and is the strongest known TLR4
ligand. In contrast, structurally different lipid A can also cause weak inflamma-
tory host responses. Hexa-acylated lipid A seems to promote the strongest pro-
inflammatory immune reactions after binding to TLR4 (Hankins et al. 2012; Kim
et al. 2007). Therefore, TLR4-mediated signaling usually is drastically reduced if
these six acyl chains are missing (Steimle et al. 2016; Tan et al. 2015). However, due
to the already mentioned differences in the structures of the lipid A-binding cavity
of the TLR4 receptor between different mammal species, distinct lipid A struc-
tures can provide a different immunogenic potential between these species. Immune
evasion strategies based on lipid A modification help to promote the survival of
Gram-negative bacteria by evading host immune responses that are directed against
bacterial invasion, chronic persistence, or susceptibility to cationic antimicrobial pep-
tides (AMPs) (Cullen et al. 2011; Needham and Trent 2013). Bacteria can remove
acyl chains and phosphate groups to escape from detection by pattern-recognition
receptors (PRRs) or to change the type of immune response (Needham and Trent
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2013). Finally, certain modifications (such as those regulated by PhoPQ) alter the
properties of the outer-membrane permeability barrier, which provides resistance to
the environment such as pH and antibiotics and other stresses. There are bacterial
benefits associated with each modification (Cullen et al. 2011; Hankins et al. 2012;
Needham and Trent 2013; Raetz et al. 2007).

TLR2 is also reported as direct mediator of signaling by LPS in some bacteria
(Yang et al. 1998). The glycolipid anchor often contains two acyl chains that may
be responsible for binding to TLR2 (Morath et al. 2002). Atypical LPS with tetra-
or penta-acyl lipid A is recognized by TLR2, e.g., that of Leptospira interrogans
(Werts et al. 2001), Bacteroides fragilis (Erridge et al. 2004), Chlamydia trachoma-
tis (Erridge et al. 2004), andPseudomonas aeruginosa (Erridge et al. 2004).H. pylori
LPS is also recognized by TLR2 as reported by various researchers (Mandell et al.
2004; Smith et al. 2003; Torok et al. 2005; Yokota et al. 2007). Furthermore, numer-
ous non-pylori Helicobacter species such as Helicobacter felis and Helicobacter
hepaticus are also recognized via TLR2 (Mandell et al. 2004). These ligands are
considered as weak agonists.

Signaling through TLR2 and TLR4 is initiated by their ligand-induced dimeriza-
tion. TLR4 is known to utilize two distinct signaling pathways (MyD88-dependent
and MyD88-independent pathways), mediated by different TIR domain-containing
adaptor molecules, and leading to the induction of pro-inflammatory cytokines
through mitogen-activated protein (MAP) kinase and transcription factor NF-κB
activation. In contrast to TLR4, TLR2 mostly depends on the adaptors MyD88
and TIRAP/MAL for signaling (Horng et al. 2002; Yamamoto et al. 2002). TLR2
has been considered a factor potentially determining the ensuing both pro- or anti-
inflammatory responses (Chau et al. 2009).

4 TLRs and H. pylori Research

Gastric epithelial cells (GECs) play an important role in innate immune signaling to
H. pylori (Backert and Naumann 2010). The interaction between the human host and
pathogen ancestries completely accounted for the difference in the severity of gastric
lesions in two regions of ColombiawithmostlyAfrican ancestry in the coastal region,
andmostlyAmerindian ancestry in themountain region, respectively (Kodaman et al.
2014a, b). They considered that co-evolution likely modulated gastric disease risk,
and the difference between co-evolved human andH. pylori genomes can explain the
high incidence of gastric disease in the mountain population. These reports showed
thatH. pylori infection severity is consisted of bacteria and host factors combination.

TLRs are one of the most important host factors in H. pylori infection (Mayerle
et al. 2013; Pachathundikandi et al. 2013). Many of the early studies on innate
immune responses to H. pylori in GECs have focused on TLR4, because it is a
specific PRR of Gram-negative LPS. TLR4 expression was detected in human GECs
such as AGS, MKN45, and NCI-N87 (Smith et al. 2003). In contrast, GECs were
non-responsive toH. pyloriLPS, evenwhen relatively high concentrations (1μg/mL)
of this endotoxin were added to the cells (Backhed et al. 2003). Consistent with this
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result, a TLR4-neutralizing antibody did not block H. pylori-induced secretion of
the pro-inflammatory cytokine interleukin-8 (IL-8) in AGS cells (Smith et al. 2003).
The TLR involved in the residual detection of H. pylori LPS remained a matter of
debate, even now, whereas several studies using purified LPS have implicated the
classical LPS sensor TLR4 (Ishihara et al. 2004; Kawahara et al. 2001).

Furthermore, Tlr2−/− mice that were infected with H. felis, a close relative of
H. pylori, were better able to control experimental infections than wild-type mice
and developed stronger T cell responses and T cell-driven immunopathology (Sayi
et al. 2011). The effects of tlr2 gene deletion are phenocopied by Myd88−/− mice,
indicating that the absence of anti-inflammatory signals induced by Helicobacter
spp. is phenotypically dominant over the simultaneous lack of MyD88-dependent
pro-inflammatory signals that are induced by other TLRs (Sayi et al. 2011). Kim
et al. (2013) identified the bacterial cagPAI and the cooperative interaction among
host innate receptors TLR2, NOD2, and NLRP3 as important regulators of IL-1β
production in H. pylori-infected dendritic cells. TLR2 activation by H. pylori has
been confirmed in various subsequent studies, and its role in inflammasome signaling
was established (Koch et al. 2015; Pachathundikandi and Backert 2016).

Another putativeH. pyloriMAMP, flagellin, escapes recognition by TLR5 owing
tomodifications in the N-terminal TLR5 recognition domain (Andersen-Nissen et al.
2005). However, TLR5 can be activated by H. pylori through a yet unknown bac-
terial factor using HEK293 reporter cells (Kumar Pachathundikandi et al. 2011).
Expression of numerous TLRs (i.e., TLR2, TLR4, and TLR5) has been confirmed
in many GECs, including AGS, MKN28, MKN45, NUGC3, and KATOIII (Chochi
et al. 2008; Gewirtz et al. 2004; Ishihara et al. 2004; Maeda et al. 2001; Takenaka
et al. 2004).

Considering the proposed H. pylori escape from TLR4 and TLR5 recognition,
H. pylori applies a very smart strategy in order to colonize the human stomach.
In addition, it has been reported that TLR2 recognized H. pylori LPS by various
researchers as mentioned above (Mandell et al. 2004; Smith et al. 2003; Torok et al.
2005; Yokota et al. 2007).

5 Microbes Drive TLR Evolution

The known repertoire of TLRs mainly occurred by gene duplication events (Rast
et al. 2006). Gene duplication is an important mechanism for acquiring new genes
and creating genetic novelty in organisms, and is believed to play an important role
in evolution by providing a mechanism to generate new gene functions (Innan and
Kondrashov 2010). A duplicated gene provides a greater, less-constrained chance
for natural selection to shape a novel function (Long et al. 2003) (Fig. 1a). During
evolution, continuous diversification of a given TLR has resulted in a family of
structurally distinct TLRs (Matsushima et al. 2007). In order to survive, microbes
must escape from host defenses, whereas hosts have to prepare various TLRs to
detect them. For example, humans exhibit 10 TLRs, mice 11 TLRs, while sea urchin
has altogether 253 TLRs in order to recognize a multitude of microbes. Interestingly,
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Fig. 1 Duplication mechanism for genes and evolution of the TLR10 gene cluster. a A duplicated
gene provides a greater, less-constrained chance for natural selection to shape a novel function. Gene
duplications and their divergence play an important role in the evolution of novel gene functions.
b Phylogeny studies support the theory that TLR10 existed before the gene duplication event, which
generatedTLR1 andTLR6 (Roach et al. 2005; Zhou et al. 2007). Several reports underline the notion
that positive selection has targeted the TLR10–TLR1–TLR6 gene cluster in humans (Barreiro et al.
2009). Positive selection increases the frequency of an advantageous mutation in the population.
Advantageous mutations can be either fixed or polymorphic in the population

vertebrates contain almost similar numbers ofTLRgenes (from10TLRs in humans to
21 TLRs in amphibians). The large TLR repertoire in the sea urchin is caused by gene
duplication (Rast et al. 2006). It is considered that these animals have compensated
for their lack of adaptive immune system functions by increasing the number of their
TLRs.

TLR10 was identified as a receptor with characteristic leucin-rich repeats (LRRs)
and Toll/IL-1 receptor TIR domains shared by all TLRs; however, a microbial ligand
was unknown for long time (Chuang and Ulevitch 2001). Importantly, this study
found that TLR10 was highly homologous to TLR1 and TLR6 with an overall amino
acid identity of 50 and 49%, respectively, whereas it was only 30% identical to
TLR2 and less than 25% for the other TLRs. These genes were previously thought
to have arisen by a series of independent gene duplications (Huang et al. 2011).
Phylogenetic studies onTLRevolution, however, indicate that TLR10 predates TLR1
and TLR6, suggesting that TLR1 and TLR6 arose from gene duplication, consistent
with the observation that TLR10, TLR1, and TLR6 are located in tandem on human
chromosome 4p14 (Roach et al. 2005; Xu et al. 2016). These phylogenetic and
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structural analyses of TLR10, TLR1, and TLR6 have clarified their evolutionary
origins and predict amino acid residues likely to be important in the host’s defense
against invading pathogens (Huang et al. 2011) (Fig. 1b).

6 TLR2/TLR10 and H. pylori LPS

H. pylori has been proposed as a model for investigating and understanding the
dynamics of bacterial persistence and parasitism in chronic infections (Blaser and
Kirschner 1999). In general, induction of the antibacterial defense by inflammatory
host responses is a crucial function of the innate immune system in response to invad-
ing pathogens. This reaction prevents the spreading of the microbe and suppresses
its growth. In many infections with pathogens, the innate immune responses slow
the progress of infection and allow for the adaptive immune responses to develop
(Montminy et al. 2006). Evading the host immune responses is a successful strategy
of pathogenic bacteria, known as immune evasion. Immune evasion strategies based
on lipidAmodificationmay help to promote the survival of someGram-negative bac-
teria by evading host immune responses that are directed against bacterial invasion,
chronic persistence, or susceptibility to cationic AMPs (Cullen et al. 2011).

H. pylori LPS is mainly tetra-acylated lipid A and is 1000-fold less biologi-
cally active than the hexa-acylated LPS of E. coli. This striking structural difference
between the originally synthesized lipid A is due to the actions of several enzymes,
including dephosphorylation by LpxE and LpxF, addition of phosphate by EptA
and deacylation by LpxR (Cullen et al. 2011). Therefore, H. pylori is able to evade
from host recognition via TLR4. When these modification systems are inactivated
through mutation, E. coli displays hexa-acylated lipid A, which is a strong stimula-
tor of TLR4 (Cullen et al. 2011). The constitutive lipid A modifications to the acyl
chains and phosphate groups are adaptations that allow this bacterium to persist in the
harsh gastric environment amidst the several antibacterial components of the innate
immune response. It was shown that H. pylori modifies LPS, which is a primary
surface component, making the bacterium undetectable by components of the innate
immune system and highly resistant to antimicrobial compounds secreted by host
cells (Cullen et al. 2011).

As outlined above, it has been reported by several researchers that H. pylori LPS
can be recognized by TLR2, but not TLR4 (Smith et al. 2003, 2011; Pimentel-Nunes
et al. 2011). A first report demonstrated that purifiedH. pylori LPS is a TLR2 agonist,
but not for TLR4 (Smith et al. 2003). Furthermore, Yokota et al. (2007) reported that
H. pylori LPS preparations significantly induced an inflammatory reaction via the
receptor complex containing TLR2–TLR1 or TLR2–TLR6, but not that containing
TLR4.

Unlike TLR4, which signals as a homodimer, TLR2-dependent MAMP recog-
nition and signaling require the formation of TLR2 heterodimers (Jin et al. 2007;
Jin and Lee 2008). TLR2 is thought to exist in preformed low-affinity complexes
associated with TLR1 and TLR6 under basal conditions and dimerizes upon lig-
and binding, heterodimerizing with TLR1 or TLR6 upon recognition of tri-acylated
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and di-acylated lipopeptides, respectively. Almost all studies on TLR2 ligands were
demonstrated by using the HEK293 cell model (Smith et al. 2003, 2011; Yokota et al.
2007). However, HEK293 cells express low endogenous levels of TLR1, TLR6, and
TLR10 (Regan et al. 2013). Therefore, potential TLR1, TLR6, or TLR10 signaling
should be considered when TLR2 ligand research is performed.

Various studies have shown that H. pylori regulates and signals through TLR10
(Nagashima et al. 2015; Ram et al. 2015; Pachathundikandi and Backert 2016). We
have recently performed microarray studies to compare H. pylori-positive subjects
andnegative subjects to determine host factors,whichmight influenceH.pylori infec-
tion (Nagashima et al. 2015). TLR10 mRNA levels were upregulated approximately
15-fold in infected subjects; these findings were confirmed by real-time quantitative
PCR analysis. Immunohistochemical investigation showed increased TLR10 expres-
sion in the GEC biopsies of infected individuals. When H. pylori was co-cultured
with NCI-N87 GECs, both TLR10 and TLR2 mRNA levels were also upregulated
(Nagashima et al. 2015). We used NCI-N87 cells because these GECs represent a
naturally polarized cell line that forms a tight monolayer and exhibits typical char-
acteristics like ZO-1 and E-cadherin expression. They also express TLR2, while
AGS cells, which are widely used for H. pylori infection, do not (Smith et al. 2011).
Immunohistochemical investigation showed increased TLR10 expression in GECs
of infected individuals. We compared the ability of TLR combinations to mediate
NF-κB activation. We identified that H. pylori LPS was recognized by expression of
the TLR2/TLR10 heterodimer in HEK293 reporter cells. We concluded that TLR10
is a functional receptor involved in the innate immune response to H. pylori infec-
tion and that the TLR2/TLR10 heterodimer functions in H. pylori LPS recognition
(Nagashima et al. 2015).

This is the first report that indicates a TLR10 ligand structure (Fig. 2). As men-
tioned above, H. pylori LPS has a tetra-acylated lipid A. TLR2 forms a heterodimer
with TLR1 or TLR6 and can recognize tri-acyl or di-acyl lipopeptides. The TLR10-
TLR1-TLR6 locus was reported that it is usually present in tandem in mammalian
genomes, and these tandems are likely to be the product of successive rounds of gene
duplication events from an ancestral gene (Huang et al. 2011). Our results might sug-
gest that tetra-acylated lipid A is a ligand of the TLR2 and TLR10 heterodimer. Not
only our findings suggest that H. pylori LPS is recognized by TLR10, but also sev-
eral other researchers reported the H. pylori–TLR10 interaction by genetic analysis
such as single-nucleotide polymorphisms (SNPs). A highly remarkable report by
Mayerle et al. (2013) was performed using GWAS. Of 10,938 participants, 6160
(56.3%) were seropositive for H. pylori. GWAS identified the TLR locus to play a
role. This report showed that rs10004195 (“rs” means reference SNP ID number,
which is an identification tag assigned by NCBI) is the most interactive SNP and
belongs to TLR10 in the database. Therefore, TLR10 should be responsible at least
for some of the individual risks during H. pylori infection. The authors discussed
that TLR10 was one of the most important host factors in H. pylori infection, rather
than other TLRs such as TLR2 and TLR4 (Mayerle et al. 2013).

Tang et al. (2015) reported that genetic polymorphisms of TLR1 andTLR10might
influence the host susceptibility for H. pylori. They showed that TLR1 and TLR10
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Fig. 2 H. pylori LPS is recognized via TLR2/TLR10, and it was suggested that the tetra-acyl
lipid A portion is a ligand of TLR2/TLR10. Our data suggest TLR2/TLR10 may recognize tetra-
acylated lipid A. TLR10, TLR1, and TLR6 may distinguish the acylation number to recognize
various bacterial envelope structure patterns

were associated withH. pylori infection and precancerous gastric lesions. Sung et al.
(2015) reported variants at the chromosomal locus 4p14, carrying the TLR10, TLR1,
and TLR6 genes, which were annotated as expression quantitative trait loci (eQTL)
associatedwith TLR6/10. Their findings suggest that 4p14 polymorphisms are linked
to the host immune response during H. pylori infection. In addition, it was reported
that the TLR1 (rs4833095) C allele and the TLR10 (rs10004195)A allele frequencies
significantly increased the risk in the H. pylori infection group (Tongtawee et al.
2017, 2018). The TLR1 (rs4833095) C allele and TLR10 (rs10004195) A allele were
susceptible TLRs polymorphisms. GC is also associatedwith rs10004195 (Ram et al.
2015). It was shown that this TLR10 SNP makes a difference in H. pylori infection,
although these studies were performed in geographically different populations.

7 TLR10 and Anti-inflammatory Responses

H. pylori can be recognized by several TLRs. Rad et al. (2009) demonstrated
that activation of TLR2 triggers the MyD88-dependent expression of several anti-
inflammatory genes, most notably IL-10, via transcription factor NF-κB (Fig. 3).
The DNA of the bacterium as well as a currently uncharacterized MAMP (possibly
H. pylori LPS) is detected by TLR9 and TLR2, respectively. These TLRs predom-
inantly activate anti-inflammatory signaling pathways and anti-inflammatory IL-10
expression (Rad et al. 2009). Intracellular delivery ofH. pyloriDNA is recognized by
endosomal TLR9; however, the effect of this activation is mainly anti-inflammatory
response rather than pro-inflammatory response (Varga et al. 2016). TLR9 signal-
ing has anti-inflammatory consequences in the early stages of infection in a mouse
model. The effects of TLR2 gene deletion are phenocopied byMyd88−/− mice, indi-
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Fig. 3 H. pylori and pro-inflammatory and anti-inflammatory responses.H. pylori lipid A consists
of a tetra-acylated form that lacks the 4′-phosphate group. Lipid A modification mutants present
a hexa-acylated, bis-phosphorylated form that is a TLR4 ligand, but H. pylori LPS with tetra-
acylated is not a ligand of TLR4, but recognized by the TLR2/TLR10 heterodimer (Cullen et al.
2011; Needham and Trent 2013)

cating that the absence of anti-inflammatory signals induced by Helicobacter spp.
is phenotypically dominant over the simultaneous lack of MyD88-dependent pro-
inflammatory signals that are induced by other TLRs (Sayi et al. 2011).

There are two reasons why TLR10 is of major interest in H. pylori research.
First reason is, TLR10 is reported as an anti-inflammatory receptor. Second reason
is that the TLR10-TLR1-TLR6 locus affects the susceptibility for various infectious
and allergic diseases (Table 1). It was revealed by Pachathundikandi and Back-
ert (2016) that there is a significant link between TLR10 expression and signaling
during H. pylori infection. It was demonstrated that blocking of TLR10 by antago-
nistic antibodies enhanced pro-inflammatory cytokine production, including IL-1β
an important mediator of inflammation and gastric acid secretion, specifically after
exposure with TLR2 ligands (Oosting et al. 2014). The results showed that TLR10
is a modulatory PRR with mainly inhibitory properties. Furthermore, Jiang et al.
(2016) also reported that TLR10 suppressed the production of an array of cytokines
in stably transfected human myelomonocytic U937 cells in response to other TLR
agonists. Compared with non-transgenic controls, monocytes of TLR10 transgenic
mice exhibited blunted IL-6 production following ex vivo blood stimulation with
other TLR agonists (Jiang et al. 2016). TLR10 is a suppressor of TLR2/1-induced
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responses, and TLR10 inhibits TLR-induced inflammatory responses. They also
showed that TLR10 suppresses Myd88 and TRIF signaling. These are in vitro data,
but two other studies (Lee et al. 2014; Regan et al. 2013) have proposed opposing
results, as a pro-inflammatory function for TLR10. One is that siRNA knockdown
of endogenous TLR10 in HT-29 colonic epithelial cells blunted the inflammatory
response to Listeria monocytogenes (Regan et al. 2013). The other study showed
that knockdown of TLR10 in the THP-1 myelomonocytic cell line inhibited cellular
responses to the H1N1 and H5N1 flu virus strains (Lee et al. 2014). Limitation of
these reports is that the ligand of TLR10 was unknown at the time. Our data suggest
thatH. pylori LPS is a ligand of TLR10 as discussed above (Nagashima et al. 2015).

Most data about the possible function of TLR10 are reported by using SNP anal-
ysis (Ram et al. 2015; Tang et al. 2015). During the evolutionary history of Homo
sapiens, infections shaped the genetics and function of the immune system, lead-
ing to variation of host defense responses in different geographic populations as a
result of local infectious pressures and migration events. Investigation of the mech-
anisms mediating these changes is crucial for a comprehensive understanding of
immune responses in health and disease and for adapting our immune-based treat-
ments to the characteristics of each population. From this perspective, an impor-
tant new insight of the evolution of the human immune system has been recently
provided by two studies (Dannemann et al. 2016; Deschamps et al. 2016). They
described introgression of archaic immune alleles in themodern innate immunegenes
and discussed a special impact on the TLR10–TLR1–TLR6 locus. The biological
importance of these findings is obvious: (1) Positive selection in European popu-
lations, but not African, has been previously reported at the TLR10–TLR1–TLR6
locus (Ferrer-Admetlla et al. 2008); (2) this locus has been reported to represent a
common target of convergent evolution in European, and Sinti and Romany people
populations living in Europe. Genes in the immune system were highly represented
among those under strong evolutionary pressure in Europeans, and infections are
likely to have played an important role. Europeans and Gypsies have lived in the
same geographic area and have been exposed to similar environmental hazards,
including infections. Laayouni and co-workers (2014) identified convergent evolu-
tion signals in genes from different two human populations with different origins;
(3) and it has been identified to be under selection in ancient European popula-
tions (Mathieson et al. 2015). Furthermore, these findings might also indicate func-
tional consequences of genetic variation in this locus. Indeed, genetic variants in the
TLR10–TLR1–TLR6 locus influence the expression of all three TLRs encoded at the
locus, and they affect the susceptibility to immune-mediated diseases and allergies
(Dannemann et al. 2016). The authors suggest that selection is mediated by the
increased expression of the receptors by the archaic haplotypes and association with
H. pylori infection and allergies (Dannemann et al. 2016). In addition, it is difficult
to indicate with certainty, which one of the three TLR receptors is the target of selec-
tion, although some studies suggest that TLR10 is the main target (Ferrer-Admetlla
et al. 2008).

Strikingly, the TLR10–TLR1–TLR6 gene cluster has been proposed to be a hot
spot of positive selection, as it appears to have also been targeted by positive selection
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Table 1 TLR10 gene variants and their potential role in various disease outcomes

Disease Race Number Reference SNP ID
number

References

H. pylori infection Chinese 2553 rs10004195,
rs4129009

Tang et al. (2015)

Chronic gastritis Thai 400 rs10004195 Tongtawee et al.
(2017)

Gastric carcinoma Malaysian 95 rs10004195 Ram et al. 2015

H. pylori infection European 10,938 rs10004195,
rs12233670,
rs7653908

Mayerle et al.
(2013)

Crohn’s disease New Zealanders 1044 rs6841698,
rs10024216,
rs4274855,
rs7658893

Morgan et al.
(2012)

Asthma Finnish 953 rs4129009,
rs1109657

Renkonen et al.
(2010)

Asthma Canadian and
Australian

5565 rs11096957 Daley et al. (2009)

Allergic rhinitis Swedish 288 Not mentioned in
the paper

Henmyr et al.
(2017)

Childhood asthma Germany 1872 rs11096956,
rs4129009

Kormann et al.
(2008)

Infant
bronchiolitis

Finnish 103 rs4129009 Lauhkonen et al.
(2016)

Tuberculosis Tibetan, Chinese
Han

2401 rs11466617 and
rs4129009

Wang et al. (2018)

Allergic disease American 53,862 rs2101521 Hinds et al. (2013)

Severe
RSV-associated
diseases

Germany 356 rs4129009,
rs11466657,
rs11096955

Mailaparambil
et al. (2008)

Complicated skin
and skin structure
infections

Belgian 646 rs4129009,
rs11096955,
rs11096957

Stappers et al.
(2015)

in ape genomes such as chimpanzee and orangutan (Enard et al. 2010). These results
provide a considerable example of a selective advantage provided by variation in the
TLRs to both humans and primates. Functional analysis of this genomic region in
non-human primates is now needed to elucidate whether such a shared hot spot of
positive selection reflects a case of parallel or convergent evolution, or adaptations
toward different phenotypic directions involving the same locus.

TLR10 is reported that it interacts with various illnesses such as asthma and skin
disease (Table 1). Koch et al. (2015) demonstrated that TLR2/NLRP3/CASP1/IL-18
axis was critical toH. pylori-specific immune regulation. These diseases are increas-
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ing recently, and they are reported to be caused by disruption of themicrobiome (Bach
2018). Pachathundikandi and Backert (2018) reported that inflammasome-forming
NLRP3, an important innate immunity component, is crucial for the manipulation
of pro- and anti-inflammatory cytokines in H. pylori infection. Thus, further studies
are required to investigate this interesting phenomenon.

8 Concluding Remarks

While the pro-inflammatory responses activated upon detection of Gram-negative
bacteria by TLRs have been well characterized, the anti-inflammatory responses of
TLRs are just beginning to be elucidated. The wide variety of lipid A modifications
equips Gram-negative bacteria for survival in the host and other environments. Other
functions of lipid A are highlighted by the interplay of lipid A modifications with a
diverse set of cellular processes, and both of these facets of lipidA biology emphasize
the importance of a continued effort to understand the regulation, benefits, and host
response to lipidA in its numerousmodified forms.Atypical LPSwith tetra- or penta-
acyl lipid A was reported that they are recognized by TLR2. It was reported that the
TLR2 signal pathway establishes colonization by commensal bacteria (Round et al.
2011). Our data might suggest TLR2 and TLR10 recognize atypical LPS.
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Abstract The human pathogenHelicobacter pylori interacts intimately with gastric
epithelial cells to induce inflammatory responses that are a hallmark of the infection.
This inflammation is a critical precursor to the development of peptic ulcer disease
and gastric cancer. A major driver of this inflammation is a type IV secretion system
(T4SS) encoded by the cag pathogenicity island (cagPAI), present in a subpopulation
of more virulent H. pylori strains. The cagPAI T4SS specifically activates signalling
pathways in gastric epithelial cells that converge on the transcription factor, nuclear
factor-κB (NF-κB), which in turn upregulates key immune and inflammatory genes,
resulting in various host responses. It is now clear that H. pylori possesses several
mechanisms to activate NF-κB in gastric epithelial cells and, moreover, that multiple
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signalling pathways are involved in these responses. Two of the dominant signalling
pathways implicated inNF-κB-dependent responses in epithelial cells are nucleotide-
binding oligomerisation domain 1 (NOD1) and a newly described pathway involving
alpha-kinase 1 (ALPK1) and tumour necrosis factor (TNF) receptor-associated fac-
tor (TRAF)-interacting protein with forkhead-associated domain (TIFA). Although
the relative roles of these two pathways in regulating NF-κB-dependent responses
still need to be clearly defined, it is likely that they work cooperatively and non-
redundantly. This chapter will give an overview of the various mechanisms and
pathways involved in H. pylori induction of NF-κB-dependent responses in gastric
epithelial cells, including a ′state-of-the-art′ review on the respective roles of NOD1
and ALPK1/TIFA pathways in these responses.

1 Introduction

Helicobacter pylori is a Gram-negative bacterial pathogen widely found in the stom-
ach of half of the global population (Salama et al. 2013). Infection with H. pylori
is a risk factor in the development of gastric cancer (GC), which is responsible for
5% of all malignancies worldwide (Parkin et al. 2005). GC is a multifactorial dis-
ease that depends on a variety of bacterial, environmental and host genetic factors
(El–Omar et al. 2001, see also Chapter “Genetic Polymorphisms in Inflammatory
and Other Regulators in Gastric Cancer: Risks and Clinical Consequences” of this
book). H. pylori promotes gastric carcinogenesis by the induction of inflammation,
which results from increased expression ofmucosal cytokines, including interleukin-
1β (IL-1β) (Gööz et al. 2003), IL-6 (Lu et al. 2005), IL-8 (Rieder et al. 2001), IL-10
(Bodger et al. 2001) and tumour necrosis factor-α (TNF-α) (Tanahashi et al. 2000).
Nuclear factor-κB (NF-κB) is amaster regulator of these pro-inflammatory responses
induced by H. pylori infection (Aihara et al. 1997; Glocker et al. 1998; Keates et al.
1997; Sharma et al. 1998). Indeed, activated NF-κB complexes were detected within
epithelial and mononuclear cells of the gastric mucosa in response to the infection
(Ferrero et al. 2008; Isomoto et al. 2000; Kudo et al. 2007; van Den Brink et al.
2000).

An important but often overlooked fact is that H. pylori induces NF-κB acti-
vation in different cell types via distinct mechanisms. In human gastric epithelial
cells (GECs), H. pylori activates a classic NF-κB pathway involving the transloca-
tion of classical NF-κB p50/p65 complex to the nucleus, leading to the transcrip-
tion and secretion of pro-inflammatory factors, including cytokines and chemokines
(Hirata et al. 2006a; Maeda et al. 2001) (Fig. 1a).This was reported to occur via
the signalling molecules TNF receptor-associated factor 2 (TRAF2)/TRAF6, trans-
forming growth factor, beta-activated kinase 1 (TAK1) and IκB kinase (IKK) com-
plex (Hirata et al. 2006a; Maeda et al. 2001). The induction of NF-κB signalling
in human GECs is strictly dependent upon the presence in H. pylori bacteria of a
functional type IV secretion system (T4SS) encoded by the cag pathogenicity island
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Fig. 1 H. pylori induction of NF-κB signalling in different host cell types. a NF-κB signalling
cascades are activated sequentially following contact between theH. pylori T4SS and human gastric
epithelial cells (Gall et al. 2017). The initial activation is mediated by the ALPK1/TIFA pathway (in
blue), followed by a later response which is mediated by the NOD1/RIPK2 pathway (in red) and,
finally, by the translocation of CagA into cells via the cell surface receptors, α5β1 and CEACAMs
(in green). The combined activation of NF-κB signalling by these three pathways promotesmaximal
production of cytokine responses in gastric epithelial cells. b NF-κB signalling in macrophages is
activated in response to several bacterial factors, independently of the H. pylori T4SS, and occurs
via multiple pathways all converging on this transcription factor. (See text for details.) c NF-κB
signalling in B lymphocytes is mediated by both classical and alternative pathways in response toH.
pylori LPS. Aspects of the pathways that are unknown or require further investigation are indicated
by the ‘?’ symbol

(cagPAI) (Boonyanugomol et al. 2013; Fischer et al. 2001; Shibata et al. 2005;
Viala et al. 2004). Interestingly, H. pylori T4SS is not essential for the induction of
NF-κB-dependent chemokine responses in mouse GECs (Ferrero et al. 2008). The
cagPAI T4SS shares features of the prototypical T4SS structure described in the
plant pathogen, Agrobacterium tumefaciens (Backert et al. 2015; Merino et al. 2017;
Olbermann et al. 2010). H. pylori encodes several other T4SSs, but only the cagPAI
T4SS is known to be important for host–pathogen interactions (Fernandez-Gonzalez
and Backert 2014).

In contrast to H. pylori interactions with human GECs, it was shown that H.
pylori activates NF-κB signalling in macrophages independently of both the cagPAI
and direct contact between the bacterium and host cells (Maeda et al. 2001).
Macrophage responses were reported to be mediated by the Toll-like receptor 4
(TLR4) signalling pathway, involving CD14/TLR4 → IL-1 receptor-associated
kinase (IRAK) → TRAF6 (Fig. 1b). Subsequent work suggested that TLR2 and
not TLR4 is required (Mandell et al. 2004); however, this question is still largely
unresolved. Several H. pylori products, including the heat-shock protein B (HspB)
(Gobert et al. 2004) and HP986 (Alvi et al. 2011), have been reported to upregulate
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the production of pro-inflammatory responses in macrophages via myeloid differ-
entiation primary response 88 (MyD88)-independent and TNF receptor 1 (TNFR1)-
dependent pathways, respectively (Fig. 1b).More recently, itwas shown thatH.pylori
can also induceTNF-α secretion inmacrophages via integrin-like kinase (ILK)which
regulates the phosphorylation of theNF-κBp65 subunit at Ser-536 in a phosphatidyli-
nositol 3-kinase (PI3 K)/AKT-dependent manner (Ahmed et al. 2014) (Fig. 1b). In
B lymphocytes, H. pylori induces both classical and alternative NF-κB pathways. In
the alternative pathway, the NF-κB p100 subunit is processed to p52 and translocates
to the nucleus in complex with RelB (Ohmae et al. 2005) (Fig. 1c). In common with
macrophages, these responses are cagPAI independent (Ohmae et al. 2005).

The actions of the H. pylori T4SS are central to the activation of pathways con-
verging on NF-κB in human GECs (Glocker et al. 1998; Lu et al. 2005; Maeda et al.
2001; Sharma et al. 1998), resulting in a variety of downstream responses, including
the production of pro-inflammatory cytokines, such as IL-8, IL-6, TNF-α and IL-1β
(Huang et al. 2012; Keates et al. 1997; Lin et al. 2015). Amongst the best char-
acterised of these pathways is that regulated by nucleotide-binding oligomerisation
domain 1 (NOD1), a member of the NOD-like receptors (NLRs) family of innate
immune signalling molecules (Viala et al. 2004). More recently, it has emerged that
TRAF-interacting protein with forkhead-associated domain (TIFA) is a critical host
factor mediating NF-κB-dependent responses to H. pylori (Gall et al. 2017; Stein
et al. 2017; Zimmermann et al. 2017). This review will broadly discuss the vari-
ous mechanisms by whichH. pylorimediates pro-inflammatory responses in human
GECs, as well as the signalling pathways involved. It will particularly focus on the
respective roles of NOD1 and TIFA in GEC responses to H. pylori infection.

2 H. pylori Induction of NF-κB Signalling in Human
Epithelial Cells

2.1 The H. pylori cagPAI Is Required for Induction
of NF-κB Activation in Epithelial Cells

The screening of an H. pylori expression library with serum from an infected indi-
vidual identified a major high molecular weight protein associated with cytotoxic
effects of the toxin VacA on cells (Tummuru et al. 1993). The corresponding gene
was thus assigned the name cytotoxin-associated gene A (cagA) (Tummuru et al.
1993). Later studies, however, demonstrated that CagA was not directly responsible
for this activity (Tummuru et al. 1993). Instead, cagAwas reported to be a marker for
more virulentH. pylori strains and to be part of a 40-kilobase DNA region exhibiting
features consistent with those of bacterial PAIs (Censini et al. 1996). The H. pylori
cagPAI was subsequently shown to encode a T4SS that forms a pilus-like structure
(Kwok et al. 2007). This structure mediates the translocation of CagA into epithelial
cells (Backert et al. 2000; Odenbreit et al. 2000; Segal et al. 1999; Stein et al. 2000),
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leading to the rearrangement of the host cell actin cytoskeleton, also known as the
‘hummingbird’ phenotype (Segal et al. 1996). Importantly, several proteins encoded
by theH. pylori cagPAI were reported to be required for NF-κB activation in KATO-
III cells, a GEC line (Glocker et al. 1998). Furthermore, it was shown that H. pylori
induction of IL-8 production in KATO-III cells was strictly dependent upon NF-κB
activation (Münzenmaier et al. 1997), with a lesser role identified for the transcription
factor, activator protein 1 (AP-1) (Aihara et al. 1997; Allison et al. 2009).

In addition to IL-8, H. pylori induction of active NF-κB complexes leads to the
production of IL-6, TNF-α and metalloproteinases in GECs (Caruso et al. 2007; Lin
et al. 2015; Lu et al. 2005). In the case of IL-6, maximal responses were induced
by H. pylori strains carrying both the cagPAI and an outer membrane protein, outer
inflammatory protein A (OipA) (Lu et al. 2005). In contrast toH. pylori-induced IL-8
responses, however, IL-6 responses in different human GECs required activation of
the transcription factors NF-κB and AP-1, as well as cAMP response element (CRE)
and CCAAT/enhancer-binding protein (C/EBP) (Lu et al. 2005). This suggests that
there may be some differences in the mechanisms by which H. pylori upregulates
the production of different pro-inflammatory factors.

2.2 cagPAI-Encoded Proteins Associated with NF-κB
Activation

The first detailed study on the mechanism(s) by which H. pylori induces NF-κB
activation identified the following cagPAI-encoded proteins: CagE, CagG, CagH,
CagI, CagL and CagM, as being indispensable for NF-κB activation in KATO-III
cells (Glocker et al. 1998). Furthermore, it was reported that a secreted product,which
was not released by an H. pylori cagE mutant, was responsible for the induction of
NF-κB activation and IL-8 production in KATO-III cells (Münzenmaier et al. 1997).
Interestingly, purified H. pylori lipopolysaccharide (LPS) did not appear to mediate
NF-κB activation in MKN45 and TMK-1 cells, both of which were derived from
gastric adenocarcinomas (Maeda et al. 2001; Münzenmaier et al. 1997). Although
another study reported that highly purified H. pylori LPS was able to induce IL-8
secretion via TLR2-TLR1 or TLR2-TLR6 complexes, it was approximately 500-
fold less active than smooth-form Escherichia coli LPS (Yokota et al. 2007). Taken
together, the findings suggested that a non-LPS-secreted factor, associated with the
H. pylori cagPAI, was required for the induction of NF-κB-dependent responses in
GECs.

As reported above, theCagAprotein is translocated into host cells via theH. pylori
T4SS (Backert et al. 2008; Tegtmeyer et al. 2017). Studies using isogenic H. pylori
cagA bacteria, however, showed that CagA was dispensable for H. pylori induction
of IL-8 production in GECs (Crabtree et al. 1995; Fischer et al. 2001; Zhang et al.
2015). Conversely, one study found that H. pylori cagA mutant bacteria induced
reduced levels of IL-8 promoter activity, when compared with the parental strain,
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although this finding could not be explained (Sharma et al. 1998). It was suggested
that CagA may physically associate with TAK1 to mediate NF-κB activation (Lamb
et al. 2009), however, subsequent work showed that the anti-TAK1 antibody used in
that study was able to partially immunoprecipitate CagA protein in H. pylori lysates
(Sokolova et al. 2014). Thus, the roles of TAK1 or other host proteins as interacting
partner(s) involved in CagA-mediated induction of the NF-κB pathway remain to be
elucidated.

It was reported that CagA induces IL-8 expression in AGS cells in a time-
dependent manner, with maximal IL-8 responses observed at the late stages of infec-
tion in vitro, i.e. at 24 and 36 h (Brandt et al. 2005). This IL-8inducing activity of
CagA was dependent on signalling through the classical mitogen-activated protein
kinase (MAPK)/extracellular signal regulated kinase (ERK) pathway, culminating
in NF-κB activation and IL-8 production (Brandt et al. 2005). Importantly, the effect
of CagA on IL-8 responses also varied between different H. pylori strains (Brandt
et al. 2005).

CagA translocation into host cells requires interactions between the CagL protein,
present on the H. pylori T4SS pilus, and integrins expressed on the surfaces of
GECs, most notably α5β1 integrin (Jiménez-Soto et al. 2009; Kwok et al. 2007;
Fig. 1a). H. pylori CagL–integrin interactions were shown to trigger the induction
of IL-8 responses in AGS cells independently of CagA translocation (Gorrell et al.
2013). These responseswere dependent on a signalling pathway involving Src kinase,
ERK, JNK and NF-κB (Gorrell et al. 2013). It was proposed that CagL–integrin
interactions represent an additional pathway whereby the H. pylori T4SS mediates
NF-κB-dependent pro-inflammatory responses in AGS cells (Gorrell et al. 2013). A
recent study, however, reported that carcinoembryonic antigen-related cell adhesion
molecules (CEACAMs), and not integrins, are essential for CagA translocation by
theH. pylori T4SS in KATO-III cells (Fig. 1a). (Zhao et al. 2018).H. pylori interacts
with CEACAMs via the adhesin, HopQ (Zhao et al. 2018).

2.3 H. pylori Activates the NF-κB Pathway in Epithelial
Cells via NOD1

Although translocated CagA appeared to be one mediator of H. pylori T4SS-
dependent effects on NF-κB signalling in epithelial cells (Brandt et al. 2005; Lamb
et al. 2009; Sharma et al. 1998), it seemed likely that (an)other T4SS-secreted fac-
tor(s) may be involved. One such factor was revealed by studies on the invasive
Gram-negative pathogen Shigella flexneri (Girardin et al. 2001). This pathogen was
found to activateNF-κB signalling in epithelial cells via the innate immunemolecule,
NOD1 (Girardin et al. 2001).

NOD1 is an intracellular pattern recognition receptor from the NLR family and
is characterised by an N-terminal caspase recruitment domain (CARD), a centrally
located NOD and a C-terminal sensing domain, consisting of a leucine-rich repeat
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(LRR) domain that is involved in recognition of conserved microbial patterns (Sor-
bara and Philpott 2011; Strober et al. 2006). NOD1 shares similarities with plant
pathogen resistance proteins and is an intracellular sensor of bacteria via its recogni-
tion of a molecular structure, Tri-DAP, present in the breakdown products (muropep-
tides) of Gram-negative-type peptidoglycan (PG) (Murray 2005). NOD1 has been
reported to mediate NF-κB-dependent responses to a range of pathogens, including
H. pylori (Viala et al. 2004),Escherichia coli (Tan et al. 2015),Haemophilus parasuis
(Ma et al. 2018), S. flexneri (Girardin et al. 2001; Fukazawa et al. 2008), Chlamy-
dophila pneumoniae (Opitz et al. 2005) and Legionella pneumophila (Shin et al.
2008). Importantly,H. pylori strains with an intact cagPAI were shown to selectively
mediate NOD1 signalling via the T4SS-dependent delivery of PG muropeptides,
resulting in NF-κB signalling in AGS cells (Viala et al. 2004). Moreover, NOD1
recognition of H. pylori PG and downstream NF-κB activation were dependent on
T4SS interactionswith α5β1 integrin, associatedwith cholesterol-richmicrodomains
in host cell membranes (Hutton et al. 2010). Additionally,H. pylori and other Gram-
negative bacteria can deliver PG to NOD1 via outer membrane vesicles (OMVs),
which enter AGS cells, leading to the activation of NOD1 → NF-κB signalling and
downstream IL-8 and human beta-defensin (hBD) responses (Kaparakis et al. 2010).
It was shown that PG-containing OMVs traffic to early endosomes and associate
with NOD1 and its adapter protein, receptor-interacting serine/threonine kinase 2
(RIPK2), resulting in autophagy in epithelial but not myeloid cells (Irving et al.
2014).

In contrast to S. flexneri, which mediates NOD1-dependent c-Jun N-terminal
kinase (JNK) signalling in epithelial cells (Girardin et al. 2001), H. pylori activation
of the NOD1 signalling pathway was reported to induce activation of the MAPKs
p38 and ERK, as well as AP-1, but not JNK (Allison et al. 2009). This difference is
likely to reflect the diverse lifestyles (invasive versus extracellular) of these bacteria
(Allison et al. 2009). Indeed,H. pylori activation of the NOD1 pathwaywas shown to
promote Tyr701/Ser727 phosphorylation of the transcription factor, signal transducer
and activator of transcription 1 (STAT1), and expression of interferon regulatory
factor 1 (IRF1), resulting in enhanced production of the NOD1 and IFN-γ-regulated
chemokines, IL-8 and C-X-C motif chemokine ligand 10 (CXCL10), respectively
(Allison et al. 2013). H. pylori induction of the NOD1 pathway was also reported to
mediate type I interferon (Watanabe et al. 2010a) and antimicrobial peptide responses
(Boughan et al. 2006; Grubman et al. 2010), whichmay be involved in controlling the
infection. Furthermore, it was reported that NOD1 may regulate NF-κB-dependent
repression of the H,K-ATPase α subunit (HKα), leading to inhibition of gastric acid
secretion (Hammond et al. 2015). Nevertheless, NOD1 seems to play a minor role in
mediating NF-κB p50 homodimer binding to the HKα promoter (Saha et al. 2010).
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3 Role of NOD1 in Host Immune Responses to H. pylori In
Vivo

NOD1 has been reported to mediate host defence responses against infection by
a broad range of bacterial pathogens (Sorbara and Philpott 2011). This concept
was first established in the mouse model of H. pylori infection, in which Nod1−/−
mice exhibited higher bacterial loads than wild-type animals (Viala et al. 2004).
The bacterial loads between animal groups differed by 1 log colony-forming units
(CFUs) at day 7 after oral gavage, and as much as 2–3 log CFUs, at 30 days post-
gavage (Viala et al. 2004). Similar findingswere reported by another group (Watanabe
et al. 2010a). Moreover, NOD1 had a protective effect against infection by cagPAI-
positive H. pylori with a functional T4SS, but had no effect on colonisation levels
by cagPAI-negative bacteria (Viala et al. 2004). Conversely, it was reported that the
glycoprotein olfactomedin 4, which is upregulated in the gastric mucosa ofH. pylori-
infected subjects, negatively regulated NOD1-mediated NF-κB signalling, thereby
inhibiting host immune responses and thus contributing to bacterial persistence (Liu
et al. 2010).

Several studies have sought to identify the mechanism(s) by which NOD1 medi-
ates host defence responses againstH. pylori infection. NOD1was shown to regulate
hBD-2 gene expression in response toH. pylori via a cagPAI-dependent mechanism
(Boughan et al. 2006; Grubman et al. 2010). Furthermore, H. pylori activation of
the NOD1 signalling pathway upregulated the production of hBD-2 by epithelial
cells in vitro, resulting in direct killing of the bacterium (Grubman et al. 2010).
These findings were consistent with those from a primate infection model in which
cagPAI-positiveH. pylori bacteria induced gene expression levels for several antimi-
crobial peptides, including monkey homologues of hBD-2 (Hornsby et al. 2008). It
was suggested that these antimicrobial responses may provide an advantage to H.
pylori, by allowing the bacterium to establish its niche within the stomach, and may
even be beneficial to the host, by ensuring a form of colonisation resistance against
overgrowth bymore harmful bacteria (Hornsby et al. 2008). NOD1was also reported
to activate the IFN-stimulated gene factor 3 (ISGF3) pathway againstH. pylori infec-
tion leading the authors to propose that a type I IFN response is associatedwithNOD1
host defence functions (Watanabe et al. 2010a).

Consistent with its host defence role, NOD1 has been reported to regulate lympho-
cyte responses againstH. pylori infection. Specifically, it was shown that NOD1 sig-
nalling was required for priming of antigen-specific responses againstH. pylori, with
Nod1−/− mice exhibiting reduced levels of antigen-specific IgG2c serum antibodies
when compared with wild-type animals (Fritz et al. 2007). Furthermore, Nod1−/−
mice exhibited significantly reduced levels of serum antibody titres in response to
oral gavage withH. pylori OMVs harbouring the NOD1 ligand, PG (Kaparakis et al.
2010).

In contrast to the host protective roles of NOD1 described above, it was also
reported that NOD1 recognition of bacterial PG by GECs upregulates expression of
CD274, encoding programmed cell death ligand 1 (PD-L1), also known as B7-H1
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(Lina et al. 2015). This protein downregulates T-cell activation through its interaction
with its cognate receptor, PD-1 (Lina et al. 2015). It was suggested that T-regulatory
cell expansion may, in turn, decrease inflammation and promote H. pylori persis-
tence (Lina et al. 2015). Although the authors did not directly demonstrate that H.
pylori activation of NOD1 signalling in GECs was able to mediate PD-1-dependent
expansion of T-regulatory responses, they did show that cagPAI-positive H. pylori
specifically inducedCd274 expression in themouse gastricmucosa (Lina et al. 2015).
Furthermore, infection studies in Cd274−/− mice suggested that H. pylori uses its
T4SS to mediate T-regulatory cell-dependent anti-inflammatory responses, thereby
promoting bacterial persistence (Lina et al. 2015).

It is plausible that cagPAI-positiveH. pylori bacteria exploit the NOD1 signalling
pathway to modulate host immune responses and thus promote their persistence in
the host. Indeed, recent data from our laboratory showed that, similar to previous
reports (Viala et al. 2004; Watanabe et al. 2010b), a cagPAI-positive H. pylori strain
colonised Nod1−/− mice to significantly increase bacterial loads than their wild-type
counterparts in the early phase of infection (≤1month post-gavage), yet colonisation
levels were similar, if not reduced, in the Nod1−/− animals later in infection, i.e. at
2 months post-gavage (D’Costa and Ferrero; unpublished data). Consistent with
these data, NOD1 and its adaptor protein RIPK2 were reported to play a protective
role against excessive inflammation by promoting IL-33 production, leading to the
development of T helper 2-type responses in vivo (Tran et al. 2018).H. pylori bacteria
regulated IL-33 responses in AGS cells in a T4SS- and CagA-dependent manner
(Tran et al. 2018). Taken together, the data reveal a complex role for NOD1 in host
immune responses against infection by cagPAI-positive H. pylori bacteria.

NOD1 has been reported to protect against tumorigenesis in different models
(Chen et al. 2008; da Silva Correia et al. 2006; Suarez et al. 2015; Zhan et al. 2016).
NOD1 induced apoptosis in MCF-7 and SK-BR3 breast cancer cell lines (da Silva
Correia et al. 2007). Furthermore, in a breast cancer xenograft model, mice injected
with NOD1-deficient MCF-7 cells displayed more tumour formation and heightened
sensitivity to oestrogen-induced cell proliferation (da Silva Correia et al. 2006).
Conversely, NOD1 overexpression had an inhibitory effect on oestrogen-dependent
tumour growth in vivo (da Silva Correia et al. 2006). NOD1 also seemed to play a
protective role in tumorigenesis in different mouse colitis models (Chen et al. 2008;
Zhan et al. 2016). Consistent with these findings, pre-treatment ofMongolian gerbils
with C12-iE-DAP, a commercial NOD1 agonist, significantly reduced the levels of
bacterial colonisation, inflammation and GC development in response to H. pylori
challenge (Suarez et al. 2015).

A critical step in the development of gastric adenocarcinoma is the change of the
epithelial cells in the stomach to the intestinal type, a process known as intestinal
metaplasia (Salama et al. 2013). Interestingly, expression of the intestinal epithelial-
specific transcription factor, caudal-type homeobox 2 (CDX2), was reported to be
downregulated by NOD1 in AGS and KATO-III cells stimulated with H. pylori
bacteria (Asano et al. 2016). This was dependent upon NOD1-mediated activation of
TRAF3, a negative regulator ofNF-κBsignalling (Asano et al. 2016). Consistentwith
these findings, Nod1−/− mice with chronic H. pylori infection exhibited increased
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Cdx2 expression and intestinal metaplasia (Asano et al. 2016). Furthermore, CDX2
expression levels in human gastric biopsy samples were significantly increased and
TRAF3 levels decreased in tumour when compared with non-tumour tissues (Suarez
et al. 2015).

Analysis of human gastric biopsies from subjects withH. pylori infection revealed
significantly increased gene expression levels of NOD1, CXCL8, CXCL10 and IRF1
in tumour-affected tissues, as well as those from subjects with severe gastritis, when
compared with non-tumour and normal tissues, respectively (Allison et al. 2013).
NOD1 activation was reported to enhance IFN-γ signalling via STAT1 and IRF1 in
response to H. pylori infection. It was proposed that cross-talk between NOD1 and
IFN-γ signalling pathways promote the development of more severe pathology in
H. pylori infection (Allison et al. 2013). In agreement with this proposal, one group
reported the upregulation ofNOD1gene expression in gastric biopsies fromH.pylori-
infected subjects with gastritis (Rosenstiel et al. 2006). Conversely, other workers
reported NOD1 to be significantly upregulated in non-tumour as opposed to tumour
samples, as determined by qPCR and immunohistochemistry (Suarez et al. 2015). It
was suggested that during the late stages of gastric carcinogenesis,NOD1 expression
is reduced in intestinal-type gastric adenocarcinomas compared with uninvolved
gastric tissue (Suarez et al. 2015). The differences in the findings of these studies are
unclear but warrant further investigation.

Several studies have been undertaken to determine the potential impact of NOD1
gene polymorphisms on the severity ofH. pylori-related disease, but these have been
largely inconclusive. In one study, NOD1 gene polymorphisms were not linked with
susceptibility to H. pylori infection nor with gastric carcinogenesis in a Caucasian
population (Kupcinskas et al. 2011). Therefore, it was suggested that it was unlikely
to be a potential biomarker for advanced GC in this population (Kupcinskas et al.
2011). Similarly, no associations could be found between NOD1 polymorphisms
and either gastric ulcer or mucosa-associated lymphoid tissue lymphoma, associated
with chronic H. pylori infection, in a German population (Rosenstiel et al. 2006).
Contrary to those two studies, NOD1 gene polymorphisms were associated with an
elevated GC risk and gastric mucosal inflammation in Chinese (Wang et al. 2012)
and South Korean populations (Kim et al. 2013), respectively. Taken together, it is
plausible that host genetic factors influence the impact of NOD1 signalling on the
severity of disease outcomes associated with H. pylori infection.

4 TIFA, A New Host Factor Mediating NF-κB-Dependent
Responses to H. pylori Infection

The original report onNOD1-dependent signalling toH. pylori infection inAGS cells
(Viala et al. 2004) has been confirmed in multiple studies, as well as independently
by different research groups (Allison et al. 2009, 2013; Boughan et al. 2006; Cook
et al. 2014; Gall et al. 2017; Grubman et al. 2010; Hutton et al. 2010; Kim et al.
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2015; Patel et al. 2013; Rosenstiel et al. 2006; Suarez et al. 2015; Watanabe et al.
2010a. Nevertheless, this finding has been questioned by some authors (Backert and
Naumann 2010; Hirata et al. 2006b; Zimmermann et al. 2017). Notably, Hirata et al.
(2006b) reported that NOD1 knockdown by siRNA had no effect on IL-8 responses
to H. pylori; however, these authors did not provide any evidence for the efficacy of
theNOD1 knockdown in their study. Another group performed anRNAi screen using
a GFP-expressing AGS reporter cell line to identify factors required for H. pylori
regulation of NF-κB responses (Zimmermann et al. 2017). They did not observe any
significant ‘hits’ for NOD1 or downstream factors, but did observe that Tri-DAP
added to permeabilised AGS cells induced upregulation of CXCL8 transcription
albeit at lower levels than for H. pylori lysates (Zimmermann et al. 2017). These
authors concluded that NOD1 was clearly stimulated, but noted that no evidence
could be found to show that peptidoglycan muropeptides were responsible for H.
pylori-induced NF-κB responses, although this question was not directly addressed
in the study.

The effects of NOD1 knockdown in cell lines have tended to be variable and not
complete, resulting in reductions of approximately 50–90% for NF-κB-dependent
responses to H. pylori, depending on the study (Boughan et al. 2006; Grubman et al.
2010; Kim et al. 2015; Suarez et al. 2015; Viala et al. 2004). This can be due to a
variety of technical reasons, such as the type of H. pylori strain used, the procedures
and times used to seed and co-culture cells with the bacteria (R. L. F., unpublished
data). More significantly, all of these studies used either dominant-negative con-
structs, siRNA or shRNA to knock down NOD1 expression either transiently or
stably. These techniques suffer from both the variable levels of knockdown efficacy
and the potential for off-target effects. The CRISPR/Cas9 gene-editing technology
limits these issues and, moreover, has made it possible, for the first time, to readily
and specifically delete genes of interest in human cell lines. Thus, NOD1-deficient
AGS cells generated by the CRISPR technique exhibited reduced, but not completely
abrogated IL-8 production in response to H. pylori bacteria (Gall et al. 2017; Tran
et al. 2018). This finding unambiguously confirmed that at least one other signalling
pathway is important inmediatingNF-κB-dependent responses toH. pylori infection.

Support for this observation emerged from three independent and complementary
studies which reported that H. pylori promotes NF-κB and IL-8 responses in GECs
via the activation of a new innate immune signalling pathway, dependent on the
adapter protein, TIFA (Gall et al. 2017; Stein et al. 2017; Zimmermann et al. 2017).
TIFA had previously been identified by a genomewide RNA interference screen,
in which TIFA was shown to be part of a signalling axis involving the ubiquitin
ligase, TRAF6 (Gaudet et al. 2015). This pathway mediated NF-κB responses to
monosaccharide heptose-1,7-bisphosphate (HBP), a metabolic intermediate in the
LPS biosynthesis pathway of Gram-negative bacteria (Gaudet et al. 2015). Subse-
quently, itwas reported that the induction ofTIFAoligomerisation and IL-8 responses
by Gram-negative bacteria (S. flexneri, S. Typhimurium and Neisseria meningitidis)
is dependent on the functions of alpha-kinase 1 (ALPK1) (Milivojevic et al. 2017).
It was recently established that ALPK1 is a cytosolic innate immune receptor for
the LPS metabolite, ADP-β-D-manno-heptose (ADP-Hep) (Zhou et al. 2018). Fur-
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thermore, ALPK1 mediates TIFA phosphorylation and ‘TIFAsome’ formation in
response to H. pylori (Zimmermann et al. 2017). Gene mutagenesis studies showed
that H. pylori activation of the ALPK1-TIFA signalling axis occurs via a T4SS-
dependent mechanism (Stein et al. 2017; Zimmermann et al. 2017).

H. pylori mutant bacteria with a deletion in the gene encoding the HldE enzyme,
which is responsible for HBP synthesis (Pachathundikandi and Backert 2018),
induced very low levels of IL-8 responses when compared with the parental strain
(Stein et al. 2017; Zimmermann et al. 2017). Furthermore, lysates of H. pylori wild-
type and cagPAI mutant bacteria had no effect on NF-κB responses in HEK293
cells, unless these preparations were transfected into cells (Stein et al. 2017). Cells
also did not respond to lysates prepared from H. pylori hldE mutant bacteria (Stein
et al. 2017). Importantly, H. pylori HldE mediates the synthesis of the respective
TIFA and ALPK1 agonists, HBP and ADP-Hep. In contrast, two distinct enzymes
mediate the biosynthesis of these metabolites in other bacteria (Stein et al. 2017).
The absence of the ADP-Hep metabolite in H. pylori hldE lysates may explain their
lack of activity when added externally to cells. Interestingly, it was reported that
ADP-Hep is involved in type III secretion system (T3SS)-dependent NF-κB activa-
tion and cytokine secretion, but unlike HBP, is also able to act from the extracellular
compartment (Zhou et al. 2018). ADP-Hep has therefore been proposed to act as a
trigger for innate immune responses to both extracellular bacteria (e.g. N. meningi-
tidis, diffuse-adhering E. coli, enterotoxigenic E. coli) those with secretion systems
(Zhou et al. 2018). Nevertheless, if ADP-Hep can enter cells freely, why then do
some bacteria also require secretion systems to activate ALPK1 in cells? Another
outstanding question is the in vivo role for ALPK1-TIFA signalling in H. pylori and
other bacterial infections. Unfortunately,H. pylori hldE mutants grow poorly and are
more sensitive to external stresses, thus making it problematic to undertake infection
studies in animal models (Stein et al. 2017).

5 Concluding Remarks

It is now well established that H. pylori exploits multiple T4SS-dependent mech-
anisms to upregulate pro-inflammatory signalling in human GECs via the critical
regulator, NF-κB. Moreover, it appears that H. pylori T4SS-dependent activation of
NF-κB signalling in these cells in vitro follows a sequential process in which NF-κB
is initially activated by the ALPK1/TIFA pathway, followed by the NOD1/RIPK2
pathway, and finally, by translocated CagA (Gall et al. 2017; Fig. 1a). Interestingly,
this is the inverse to the situation in the Shigella infection model, in which NOD1
activation of NF-κB precedes that mediated by the ALPK1/TIFA pathway (Gall et al.
2017; Gaudet et al. 2015). This is likely to be due to the different infection processes
of these two pathogens. Nevertheless, the relevance of sequential NF-κB activation
in an in vivo context remains unclear. Future studies will be required to clarify the
relative roles of NOD1 and ALPK1-TIFA pathways in epithelial cell responses to
the H. pylori T4SS, including those previously attributed to NOD1 signalling. It
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also needs to be determined whether there is any cross-talk and/or co-regulation
between NOD1, ALPK1-TIFA, and CagA-dependent pathways in NF-κB responses
to H. pylori infection in GECs. Indeed, it has been suggested that the convergence
of ALPK1/TIFA and NOD1 pathways on TRAF6 may potentiate CagA interactions
with TAK1 (Lamb et al. 2009), thereby potentiating NF-κB responses in cells (Gall
et al. 2017). Finally, it remains to be determined whether these signalling pathways
play other roles in H. pylori infection beyond their known functions as mediators of
host immune and inflammatory responses.
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Abstract The human stomach is a harsh and fluctuating environment for bacteria
with hazards such as gastric acid and flow through of gastric contents into the intes-
tine. H. pylori gains admission to a stable niche with nutrient access from exudates
when attached to the epithelial cells under the mucus layer, whereof adherence to
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glycolipids and other factors provides stable and intimate attachment. To reach this
niche, H. pylori must overcome mucosal defence mechanisms including the contin-
uously secreted mucus layer, which provides several layers of defence: (1) mucins
in the mucus layer can bind H. pylori and transport it away from the gastric niche
with the gastric emptying, (2) mucins can inhibit H. pylori growth, both via glycans
that can have antibiotic like function and via an aggregation-dependent mechanism,
(3) antimicrobial peptides (AMPs) have antimicrobial activity and are retained in
a strategic position in the mucus layer and (4) underneath the mucus layer, the
membrane-bound mucins provide a second barrier, and can function as releasable
decoys. Many of these functions are dependent on H. pylori interactions with host
glycan structures, and both the host glycosylation and concentration of antimicro-
bial peptides change with infection and inflammation, making these interactions
dynamic. Here, we review our current understanding of mucin glycan and antimi-
crobial peptide-dependent host defence mechanisms against H. pylori infection.

1 Introduction

A highly hydrated mucus layer covers the gastric mucosal surface, which is the first
barrier H. pylori encounters when colonizing the stomach (Allen et al. 1986). The
mucus layer protects the epithelial cells against chemical or mechanical damage and
microbes entering the stomach (Allen et al. 1986; Walker 1985; Andrews et al. 2009;
Lindén et al. 2008a). In addition, mucus contributes to surface neutralization of lumi-
nal acid by mucosal bicarbonate secretion, resulting in a pH range from acidic in the
lumen to neutral at the cell surface (Flemstrom et al. 1986). The main components
of the mucus layer are the highly glycosylated mucin glycoproteins, produced by
mucous cells. The high level of glycosylation allows mucins to lubricate the epithe-
lium (Crouzier et al. 2015) and prevent the degradation of the protein backbone by
proteases (Garner et al. 2001). Mucin secretion can occur via a constitutive pathway
continuously maintaining the mucus layer or via regulated pathways as a response
to environmental stimuli (Rogers 1994). In the healthy human stomach, MUC5AC
and MUC6 are the major secreted mucins, produced by the specialized cells of sur-
face epithelium and gland, respectively (DeBolos et al. 1995). Underneath themucus
layer, the membrane-bound mucinMUC1 is a prominent feature of the gastric glyco-
calyx (Lindén et al. 2009). Mucus provides a matrix for a rich array of antimicrobial
molecules, including antimicrobial peptides (AMPs). If mucin production is aberrant
or the mucus layer eroded, the antimicrobial molecules may have impaired efficacy
as they lose their strategic position.

The gastric environment that H. pylori is exposed to contains an extensive reper-
toire of glycans, both in the secreted mucus layer and on molecules attached to the
epithelial cell surface (Jin et al. 2017; Natomi et al. 1993; Benktander et al. 2018),
which dynamically change during infection (Lindén et al. 2008a). In turn, H. pylori
produces a range of molecules that recognize these glycans with different carbo-
hydrate specificities (Lindén et al. 2008b; Borén et al. 1993). Adhesion to mucins
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in the mucus layer and glycolipids on the epithelial surface can stimulate or inhibit
bacterial growth (Skoog et al. 2012, 2017), provide access to nutrient sources and
protection against physical and chemical stresses (Dunne 2002; Heukelekian and
Heller 1940), and limit access to the epithelial cells by acting as releasable decoys
for binding or by steric hindrance (Lindén et al. 2008a, 2009, 2010).

AMPs are essential components of the innate immune response to infection by
pathogens and act as an important early barrier in host defence. These are largely
cationic peptides, which exhibit a wide range of antimicrobial activity against Gram-
positive and Gram-negative bacteria, fungi, protozoa and viruses. A large number of
types of AMPs exist, with differing tissue distributions and antimicrobial potential
(Brogden et al. 2013; Doss et al. 2010). Numerous AMPs are documented to have
bactericidal activity againstH. pylori, including members of the defensin family and
the cathelicidin LL-37 (George et al. 2003; Patel et al. 2013; Isomoto et al. 2004,
2005;Nuding et al. 2013;Otte et al. 2009). SomeAMPs have been reported to also act
as chemo-attractants for immune cells or modulators of the host response (Brogden
et al. 2013), and may play other roles in defence against H. pylori infection.

This review summarizes what is known about the roles of mucus, mucins and
AMPs in H. pylori infection, their ability to protect the host and kill or affect growth
of the bacteria and how these defences change during infection and inflammation.

2 Mucus, Mucins and Glycolipids

The mucus layer is the first barrier H. pylori encounters in the stomach. Over 258
O-glycan structures with chain lengths ranging from 1 to 14 residues have been
identified on human gastric mucins, with each patient carrying 34–103 structures
(Jin et al. 2017). The extensive glycosylation gives the mucins an extended con-
formation and a ‘bottle-brush-like’ appearance (Ed 1982). The structure of mucin
glycans depends on glycosyltransferases expressed in the cells (Rini et al. 2009)
and it varies between species (Leonard et al. 2016), individuals (Jin et al. 2017),
tissue locations and health conditions (Medzihradszky et al. 2015; West et al. 2010).
Mucin-type O-glycosylation is initiated by the addition of α-N-acetylgalactosamine
(GalNAc) to the hydroxyl group of serine or threonine side chains of the folded pro-
tein (Hanisch 2001; Bennett et al. 2012) which is elongated by three regions: core
region (core 1–core 8), backbone region (type-1 and type-2) and peripheral region.
This latter region can be terminated by fucose, galactose, GalNAc or sialic acid
residues, forming histo-blood group antigens such as A, B, H, Lewis a (Lea), Lewis
b (Leb), Lewis x (Lex), Lewis y (Ley), as well as sialyl-Lea and sialyl-Lex structures
(Green 1989). The terminal structures of mucin glycans are highly heterogeneous.
The Lea and Leb blood group antigens mainly appear on the surface epithelium
co-localized with MUC5AC, whereas the Lex and Ley antigens are expressed by
glandular cells co-localized with MUC6 (De Bolos et al. 1995; Murata et al. 1992).
Underneath the mucus layer, the membrane-bound mucin MUC1 is a prominent
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feature of the epithelial cell surface, extending further out from the epithelium than
many other components of the glycocalyx (Lindén et al. 2009).

Glycosphingolipids are abundant amphipathic molecules in the epithelial
apical cell membrane, with one carbohydrate chain linked to a ceramide.
The ceramide part is composed of two non-polar lipid chains: a sphingosine
and a fatty acid. The ceramide parts of the glycosphingolipids are anchored
in the cell membrane with the carbohydrate chain extending out from the
cell (Schnaar et al. 2009). The major non-acid glycosphingolipids in the
human stomach are galactosylceramide, lactosylceramide, globotriaosylceramide
and globotertraosylceramide. Furthermore, some larger fucosylated glycosphin-
golipids of the lacto-series are indicated. The major acid glycosphingolipids
are sulphatide, GM3, GM1, GD3 and GD1a (Natomi et al. 1993). In addi-
tion, the relatively minor gangliosides GD1b, NeuAcα3neolactoteraosylceramide,
NeuAcα3neolactohexaosylceramide and NeuAcα3neolactooctaosylceramide have
been found in the human stomach (Benktander et al. 2018). H. pylori adhesion
to glycosphingolipids has been studied extensively for two reasons (Tables 1 and 2).
Firstly, they are a component of the cell membrane, which suggests that pathogen
adhesion to glycosphingolipids provides an intimate connection to the host under
the mucus layer. Secondly, glycosphingolipids carry only one glycan, which enables
studies of structural adhesion specificities using these biological glycoconjugates.

3 Helicobacter pylori Components Involved in Adhesion

H. pylori adhesion to epithelial cells allow the bacteria to gain easy access to nutrients
from host tissues (Kirschner and Blaser 1995; van Amsterdam and van der Ende
2004; Tan et al. 2011), protects the bacteria from the extreme acidity of the gastric
lumen and plays a role in bacterial replication (Tan et al. 2009). H. pylori adhesion
to host cells also triggers host inflammatory responses following infection (Alkout
et al. 2000) and activates the type IV secretion system (Posselt et al. 2013; Zhang
et al. 2015a, b; Backert et al. 2017; see also Chapters. “Impact ofHelicobacter pylori
Virulence Factors on the Host Immune Response and Gastric Pathology” and “Role
of NOD1 and ALPK1/TIFA Signalling in Innate Immunity Against Helicobacter
pylori Infection” of this book). The glycan environment that H. pylori is exposed
to varies between host individuals, differs between the oral and gastric niches and
changes in response to H. pylori infection and disease (Ho et al. 1995; Byrd et al.
1997; Sakamoto et al. 1989; Lindén et al. 2002, 2008a, b).

H. pylori produces an array of adhesive molecules with regulated expression to
adapt to the dynamic microenvironment in the stomach, which are involved in col-
onization and initiate host-cell responses (Ishijima et al. 2011; Lindén et al. 2009;
Yamaoka 2008; Rieder et al. 1997; Aberg et al. 2014; Acio-Pizzarello et al. 2017).
The receptors for H. pylori include glycolipids and mucins that carry glycan struc-
tures mediating the binding (Lindén et al. 2002; Benktander et al. 2012), but also a
range of other proteins where the moiety conferring adhesion is less certain, such
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Table 1 Glycosphingolipid structures binding to BabA

Common name Structure References

H5 type 1 Fucα1-2Galβ1-3GlcNAcβ1-
3Galβ1-4Glcβ1Cer

Benktander et al. (2012), Borén
et al. (1993), Aspholm-Hurtig
et al. (2004)

H6 type 4 or Globo H Fucα1-2Galβ1-3GalNAcβ1-
3Galα1-4Galβ1-4Glcβ1Cer

Benktander et al. (2012)

Leb-6 Fucα1-2Galβ1-3(Fucα1-
4)GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012), Borén
et al. (1993), Aspholm-Hurtig
et al. (2004)

Leb-6 (Ganglio) Fucα1-2Galβ1-3(Fucα1-
4)GalNAcβ1-4Galβ1-4Glcβ1Cer

Fagerberg et al. (2009)

B6 type 1 Galα1-3(Fucα1-2)Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012),
Aspholm-Hurtig et al. (2004)

A6 type 1 GalNAcα1-3(Fucα1-2)Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012),
Aspholm-Hurtig et al. (2004)

B7 type 1 Galα1-3(Fucα1-2)Galβ1-
3(Fucα1-4)GlcNAcβ1-3Galβ1-
4Glcβ1Cer

Benktander et al. (2012),
Aspholm-Hurtig et al. (2004)

A7 type 1 GalNAcα1-3(Fucα1-2)Galβ1-
3(Fucα1-4)GlcNAcβ1-3Galβ1-
4Glcβ1Cer

Benktander et al. (2012),
Aspholm-Hurtig et al. (2004)

A7 type 4 or Globo A GalNAcα1-3(Fucα1-2)Galβ1-
3GalNAcβ1-3Galα1-4Galβ1-
4Glcβ1Cer

Benktander et al. (2012)

A8 type 1 GalNAcα1-3(Fucα1-2)Galβ1-
3GlcNAcβ1-3Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012)

A9 type 1 GalNAcα1-3(Fucα1-2)Galβ1-
3GlcNAcβ1-3(Fucα1-2)Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012)

Branched H10 type 1 Fucα1-2Galβ1-3GlcNAcβ1-
6(Fucα1-2Galβ1-3GlcNAcβ1-
3)Galβ1-3GlcNAcβ1-3Galβ1-
4Glcβ1Cer

Benktander et al. (2012)

Branched H10 type 1/2 Fucα1-2Galβ1-4GlcNAcβ1-
6(Fucα1-2Galβ1-3GlcNAcβ1-
3)Galβ1-3GlcNAcβ1-3Galβ1-
4Glcβ1Cer

Benktander et al. (2012)

Branched Leb/H11
type 1

Fucα1-2Galβ1-4(Fucα1-
3)GlcNAcβ1-6(Fucα1-2Galβ1-
3GlcNAcβ1-3)Galβ1-
3GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2012)
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Table 2 Glycosphingolipid structures binding to SabA

Common name Structure References

Sialyl-neolactotetra NeuAcα2-3Galβ1-4GlcNAcβ1-
3Galβ1-4Glcβ1Cer

Benktander et al. (2018), Aspholm
et al. (2006), Roche et al. (2004)

Sialyl-Lea NeuAcα2-3Galβ1-3(Fucα1-
4)GlcNAcβ1-3Galβ1-4Glcβ1Cer

Roche et al. (2004)

Sialyl-Lex NeuAcα2-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4Glcβ1Cer

Roche et al. (2004)

Sialyl-neolactohexa NeuAcα2-3Galβ1-4GlcNAcβ1-
3Galβ1-4GlcNAcβ1-3Galβ1-
4Glcβ1Cer

Benktander et al. (2018), Aspholm
et al. (2006), Roche et al. (2004)

VIM-2 NeuAcα2-3Galβ1-4GlcNAcβ1-
3Galβ1-4(Fucα1-3)GlcNAcβ1-
3Galβ1-4Glcβ1Cer

Roche et al. (2004)

NeuAcα2-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4(Fucα1-
3)GlcNAcβ1-3Galβ1-4Glcβ1Cer

Roche et al. (2004)

Sialyl-neolactoocta NeuAcα2-3Galβ1-4GlcNAcβ1-
3Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ1-3Galβ1-4Glcβ1Cer

Benktander et al. (2018), Roche
et al. (2004)

Galα1-3(Fucα1-2)Galβ1-
4GlcNAcβ1-6(NeuAcα2-3Galβ1-
4GlcNAcβ1-3)Galβ1-4GlcNAcβ1-
3Galβ1-4Glcβ1Cer

Aspholm et al. (2006), Roche
et al. (2004)

NeuAcα2-3Galβ1-4GlcNAcβ1-
6(NeuAcα2-3Galβ1-4GlcNAcβ1-
3)Galβ1-4GlcNAcβ1-3Galβ1-
4GlcNAcβ1-3Galβ1-4Glcβ1Cer

Aspholm et al. (2006), Roche
et al. (2004)

as integrins (Kwok et al. 2007; Conradi et al. 2012) and carcinoembryonic antigen-
related cell adhesion molecules (CEACAMs) (Moonens et al. 2018; Tegtmeyer et al.
2019). H. pylori has been reported to produce a range of molecules that recognize
different glycan structures (Fig. 1), including fucosylated and sialylated structures
(Borén et al. 1993; Evans et al. 1988; Hirmo et al. 1996; Miller-Podraza et al. 1996),
sulphated structures (Ascencio et al. 1993; Lopez-Bolanos et al. 2009), lactosylce-
ramide (Angstrom et al. 1998) and lactotetraosylceramide (Teneberg et al. 2002).
Several of the H. pylori molecules responsible for the adhesion belong to the outer
membrane protein family, althoughother types ofmolecules also bind to host glycans.

3.1 The Blood Group-Binding Adhesin BabA

The BabA adhesin binds to Lewis B (Leb) and other fucosylated antigens (see
Table 1). The binding properties of BabA differ between strains and geographi-
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Fig. 1 H. pylori molecules interacting with host glycans and/or participating in adhesion to
the host. Some of these are outer membrane proteins that confer H. pylori binding directly with
host glycans (i.e. BabA and SabA), whereas LPS may participate in binding glycans via other
proteins [such as TFF1 (Dunne et al. 2018)] linking the LPS with structures on host cells or mucins.
The cytotoxin VacA and the neutrophil-activating protein NapA are presumably secreted before
interacting with host glycans. Many other interactions also occur between the bacterial adhesins
and host cells, for example HopQ interacts with CEACAM1 (Javaheri et al. 2016)

cal regions: in most of the world where blood groups A, B and O are prevalent, such
as in Europe and North America, the H. pylori strains, designated as ‘generalists’,
bind to A, B, H and Leb type 1 structures. However, in the native South American
population, where only blood group O is prevalent, the BabA protein has lost the
ability to bind A and B structures and only binds H and Leb type 1 structures. These
types of strains are denoted as ‘specialists’ (Aspholm-Hurtig et al. 2004). Besides the
type 1 structures, it has also been found that fucosylated structures of A and H type 4
mediate BabA binding (Benktander et al. 2012). Colonization with H. pylori strains
expressing BabA has been associated with development of severe gastric diseases
(Gerhard et al. 1999; Prinz et al. 2001; Ilver et al. 1998; Yamaoka et al. 2006).

3.2 The Sialic Acid-Binding Adhesin SabA

The sialic acid-binding adhesin (SabA) mediates adhesion to α2,3-sialylated struc-
tures, such as sialyl-Lewis a (sialyl-Lea) and sialyl-Lewis x (sialyl-Lex, see Table 2)
(Mahdavi et al. 2002). Most of the strains carrying SabA also carrying BabA and
the prevalence of SabA is higher in CagA-positive than in CagA-negative strains
(Mahdavi et al. 2002). The expression of SabA has been shown to be highly vari-
able due to regulation in the promoter and coding regions via phase regulation as
well as repression by acid-responsiveArsRS two-component signal transduction sys-
tem (Goodwin et al. 2008; Harvey et al. 2014; Aberg et al. 2014). This promotes
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a very adaptive response to changing environment in the gastric mucosa, enabling
both attachment and de-attachment from SabA-binding carbohydrates. In addition,
the sabA gene can recombine with sabB and hopQ to further regulate adhesion and
expression level of SabA (Talarico et al. 2012). SabA expression has been associated
with gastric cancer (GC), intestinal metaplasia and corpus atrophy (Yamaoka et al.
2006).

3.3 Other H. pylori Molecules Involved in Adhesion to Host
Structures

The LabA protein from the HOP family has been suggested to specifically recog-
nize the lacdiNAc motif (GalNAcβ1-4GlcNAc) (Rossez et al. 2014). Binding to
lactotetraosylceramide (Galβ3GlcNAcβ3Galβ4Glcβ1Cer) from human and pig gas-
tric mucosa has been identified both in H. pylori and H. suis, a close relative of
zoonotic importance (Teneberg et al. 2002; Padra et al. 2018). Studies using iso-
genic mutants of H. pylori discovered roles in adhesion of other proteins, such as
adherence-associated lipoprotein A and B (AlpA and AlpB) that facilitatesH. pylori
binding to the host extracellular molecule laminin and can influence the development
of gastric inflammation in mongolian gerbils (Odenbreit et al. 1999; Senkovich et al.
2011). HpaA lipoprotein has been characterized as an N-acetylneuraminyllactose-
binding hemagglutinin, which has an essential role in H. pylori colonization of the
mouse stomach (Carlsohn et al. 2006). The outer inflammatory protein A (OipA)
encoded by the hopH gene has been suggested to mediate H. pylori binding to gas-
tric epithelial cells (GECs) based on the observation that hopH knockout mutant
strains bound less to GECs than wild-type strains (Dossumbekova et al. 2006). The
HopZmembrane protein ofH. pylori has also been associatedwith adhesion toGECs
(Peck et al. 1999), although, in another study, the lack of this protein did not affect
the ability of the bacterium to colonize the stomach of guinea pigs (de Jonge et al.
2004). The host receptors for the OipA and HopZ adhesion proteins have not yet
been identified.

3.4 Lipopolysaccharide (LPS)

The LPS on the surface of mostH. pylori strains express Lewis blood group antigens
with structures similar to the ones on host cells (Moran 2008, 2009). The LPS O-
antigen side chain with Lex structure can mediate H. pylori adhesion to host cells
(Gerhardt et al. 2001; Edwards et al. 2000) and studies using isogenic mutant strains
with modified LPS O-antigen backbone revealed the importance of Lex-mediated
adhesion in bacterial colonization (Moran et al. 2000; Logan et al. 2000). Several host
structures have been suggested as binding targets forLPS: the leucocyte–endothelium
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adhesion molecules E- and L-Selectin (Galustian et al. 2003), the dendritic cell-
specificC-type lectin (DC-SIGN) (vanDie et al. 2003), galectin-3 (Fowler et al. 2006)
and the trefoil factor family (TFF) protein TFF1 (Dunne et al. 2018). H. pylori LPS
also binds to surfactant-binding protein D (SP-D) which is a C-type lectin involved
in antibody-independent pathogen recognition and clearance (Murray et al. 2002).
Increased level of SP-D expression has been associated with H. pylori infection and
the binding of H. pylori LPS to this protein results in bacterial immobilization and
aggregation (Murray et al. 2002; Khamri et al. 2005).

3.5 Secreted H. pylori Proteins that Bind to Glycans

The vacoulating cytotoxin VacA applies its cytotoxic activity after internaliza-
tion into epithelial cells and binds to the short glycosphingolipids glucosylce-
ramide, galactosylceramide, lactosylceramide, galabiosylceramide and globotriao-
sylceramide (Roche et al. 2007). The glycosphingolipid-related molecule sphin-
gomyelin, which contains a ceramide, but no glycan chain, has also been shown
to bind VacA and is important in cellular entry of the toxin (Gupta et al. 2010).

The H. pylori neutrophil-activating protein (NapA) binds to sulphated carbohy-
drate structures on glycolipids and salivary mucins (Namavar et al. 1998; Teneberg
et al. 1997). This protein also binds to the Lex blood-group antigen (Namavar
et al. 1998) and to sialylated glycans (Teneberg et al. 1997), and is involved in
transendothelial migration of neutrophils (Brisslert et al. 2005).

4 Regulation and Consequences of H. pylori Binding
to Mucins

In the oro-gastric tract, H. pylori binding to mucins occurs via at least four distinct
modes: blood group-binding adhesin (BabA)-mediated binding to fucosylated struc-
tures, sialic acid-binding adhesin (SabA)-dependent binding to sialylated structures,
a charge/low pH-dependent-binding mechanism and via an adhesion mode that rec-
ognizes structures on salivary mucins, but not on gastric ones (Lindén et al. 2002,
2004, 2008b). Since the pH in the oral cavity niche is predominantly neutral, charge-
dependent H. pylori binding in this environment is unlikely to occur, whereas the
other three binding modes are functional (Lindén et al. 2008b). In the gastric lumen,
pH varies depending on acid secretion, food or drug intake, as well as with the devel-
opment of certain diseases. Hence in the stomach, binding that has a neutral pH
optimum (via SabA, BabA or saliva-specific adhesion) as well as charge-dependent
adhesion at acidic pH to glycans present onmucins secreted from the stomach as well
as salivarymucins swallowed into the gastric juice can occur (Lindén et al. 2008b). In
addition, binding via the otherH. pylori components mentioned abovemay very well
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occur, since many epitopes recognized by these components are present among the
gastric mucin glycans. The GalNAcx1-4GlcNAc binding protein LabA has potential
for binding mucins (Rossez et al. 2014). However, in our laboratory, we have not
detected differences in binding to mucins with or without this structure with strains
with or without LabA in their genome, suggesting that the other four binding modes
dominate, while glycosphingolipids with the GalNAcβ1-4GlcNAc motif has to the
best of our knowledge not been found in the human stomach.

4.1 Infection Induced Changes in Mucin Production,
Localization and Glycosylation

In human adult tissues from infected patients, decreased numbers of MUC5AC-
positive cells and aberrantly localized MUC6 have been identified in the surface
epithelium (Byrd et al. 1997; Kocer et al. 2004). However, changes in MUC5AC or
MUC6 localization have not been identified in paediatric biopsies or in experimental
infection in rhesus monkeys up to one year post infection (Lindén et al. 2008a,
2010), suggesting that such changes take time to develop. In contrast, changes in
mucin production rate and glycosylation are rapid events with consequences for
host–pathogen interactions: H. pylori impairs mucin production and secretion in
the murine gastric mucosa both during early and chronic stages of the infection
(Navabi et al. 2013). Furthermore, experimental infection in rhesus monkeys induces
decreased levels of Leb and increased levels of SLex in the gastric mucosa, which are
particularly pronounced during the first months of infection and that in turn affectsH.
pylori adhesion to its host (Lindén et al. 2008a). These infection-related changes lead
to a decrease in binding via BabA and an increase in binding via SabA (Lindén et al.
2008a; Mahdavi et al. 2002). In line with these results, human infection is associated
with decreased fucosylation and increased sialylation in the gastric mucosa (Ota
et al. 1998). In addition, increased expression of sialylated Lewis antigens upon H.
pylori infection has been observed in mice, mongolian gerbils and humans (Ohno
et al. 2011; Magalhaes et al. 2015; Gomes et al. 2012). Thus, in the mucus layer of a
healthy human stomach, predominantly ligands for BabA are present while infection
and inflammation increase the ligands for SabA and the charge-dependent binding
modes (Lindén et al. 2008a, b).

4.2 Competition Between Binding to Mucins and Glycolipids

Many of the carbohydrate structures that H. pylori binds to are present both on
glycolipids and mucins (Padra et al. 2018; Jin et al. 2017; Benktander et al. 2018;
Natomi et al. 1993). Adhesion to glycolipids provides a stable and intimate attach-
ment, whereas adhesion to mucins, regardless of whether they are membrane-bound
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type or secreted into the mucus layer, is an unstable niche as these are continuously
shed into the acidic lumen and removed from the stomach with the gastric emptying
(Fig. 2). Bacteria that penetrate the mucus layer and reach the glycocalyx encounter
the large membrane-bound mucins: MUC1 can carry ligands for the BabA and SabA
adhesins (depending on host genotype and inflammatory status), and for bacteria
that carry these adhesins, MUC1 can act as a releasable decoy being shed from the
epithelial surface into the gastric juice (Lindén et al. 2009). MUC1 also inhibits
adhesion to gastric epithelial cells from MUC1 non-binding bacteria by steric hin-
drance (Lindén et al. 2009). The mucus layer and mucins have a mixed role during
infection with H. pylori: on one hand, the mucus layer serves as a protective niche,
protecting both H. pylori in the mucus layer and attached to the epithelial surface
from the acidic gastric juice and presence of babA in the infecting strain has been
associated with a more severe clinical outcome (Gerhard et al. 1999; Prinz et al.
2001; Ilver et al. 1998; Yamaoka et al. 2006). On the other hand, H. pylori-infected
rhesus monkeys and human children secreting mucins with high H. pylori binding
capacity develop infections with lowerH. pylori density and gastritis grade than indi-
viduals with low binding ability (Lindén et al. 2008a, 2010), supporting the notion
that the ability of secreted mucins to bind to H. pylori protects the gastric epithe-
lium. Furthermore, mice lacking the Muc1 mucin are more susceptible to infection
by H. pylori (McGuckin et al. 2007). These findings may be explained by a model
where mucin-bound bacteria are removed and disseminated with the shedding of the
mucus, whereas BabA can provide intimate adherence to glycolipids on the epithe-
lial cell surface. Indeed, low producers of BabA are associated with a more severe
clinical outcome compared to high producers or BabA-negative strains (Fujimoto
et al. 2007), suggesting that these aspects of virulence and host defence equipoise.

4.3 Regulation of H. pylori Adhesin Expression

H. pylori can inhibit mucus production, thereby creating a more stable growth niche
(Navabi et al. 2013); however, it also has other ways of regulating adhesion. This
potentially ensures adhesion to stable targets, such as glycolipids, but avoids removal
from the protected niche under the mucus when mucins are shed. An excessive
binding to mucins would allow the bacteria to be washed away along with shedding
mucus. Decreasing the amount of adhesin expressed would be one way to enable
long-term colonization. In vitro culture of H. pylori together with synthetic Leb-
glycoconjugates decrease the expression of the babA adhesin and the correlation
between binding to human gastric mucins with varying glycosylation and babA
expression tend to be negative (Skoog et al. 2012, 2017). In rhesus monkeys, mice
and gerbils, expression of babA and Leb binding is lost early during experimental
infection, either by babA phase variation or by gene conversion (Styer et al. 2010),
and decreased binding or loss of binding to Leb has also been shown to occur among
human patients during chronic infection (Nell et al. 2014). SabA expression can also
be affected by certain environmental factors, e.g. an acidic environment has been
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Fig. 2 Sources andmucosal location of glycoconjugates and AMPs interacting withH. pylori.
H. pylori and molecules secreted from H. pylori (i.e. VacA and NapA) can either bind to mucins or
to glycosphingolipids. In addition to acting as decoys to the intimate adherence provided by glycol-
ipids, mucin glycans can also inhibit H. pylori growth. Depending on the genotype of the infecting
strain as well as the glycans expressed by the host (depends on genotype and inflammatory status),
H. pylori can bind to glycans on mucins in the mucus layer or lumen at acidic pH and to membrane-
bound mucins, secreted mucins and glycosphingolipids at neutral pH close to the epithelial cells.
The mucins constantly flow away from the epithelial surface, are shed into the lumen and removed
from the stomach with the gastric emptying. The beta-defensins hBD1, hBD-2 and hBD3 and the
LL-37 cathelicidin are largely expressed by gastric epithelial cells (red arrows), whereas hBD4 and
the alpha-defensins HBD-1, HBD-2 and HBD-3 are largely expressed by neutrophils (Nϕ) (yellow
arrows). hBD1, hBD2 and hBD-3 attract the migration of neutrophils, immature dendritic cells
(DC) and T cells (T), which exacerbates inflammation and enhances immune-mediated control of
H. pylori colonisation. Please note that the figure is not drawn to scale: i.e. in reality, the mucus
layer is much thicker and H. pylori smaller compared to other components in the figure

shown to have a repressing effect on SabA expression (Yamaoka et al. 2006; Merrell
et al. 2003). These alterations suggest that SabA expression has a quick response
to the changing gastric environment. The acid responsiveness of SabA expression
has been shown to be controlled by the ArsRS two-component signal transduction
system (Goodwin et al. 2008; Pflock et al. 2004). In vitro studies demonstrated
that sabA transcription is repressed by the acid-responsive ArsS and the H. pylori
J99 isogenic mutant lacking ArsS histidine kinase locus (J99�arsS) had a ~10-fold
SabA-dependent binding to humanGECs compared to thewild-type strain (Goodwin
et al. 2008). The presence of ArsS also affected BabA-dependent H. pylori binding,
with an ~80%decrease in binding toLeb of the J99�arsS strain compared to thewild-
type strain, accompanied by a slight decrease in babA gene expression (Skoog et al.
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2017), suggesting that part of the effect relates to the presentation at the microbial
cell surface. An additional level of binding regulation is conferred by that BabA-
dependent binding to fucosylated antigens is acid sensitive but fully reversible upon
pH neutralization (Bugaytsova et al. 2017). Such a mechanism would allow the
release from fucosylated antigens when themucin is shed into the acidic gastric juice,
allowing the bacteria a second chance to swim back to the protected niche under the
mucus layer to colonize the mucosa. However, during inflammation, when sialylated
or other charged structures are present in the environment, such mobility might be
hampered by binding via the charge/acidic pH-dependent binding mechanism, thus
retaining the pathogen in the lumen (Lindén et al. 2004).

4.4 Effects of Glycans on H. pylori Growth

α1,4GlcNAc-cappedO-glycans inhibitH. pylori growth in a dose-dependent manner
(Kawakubo et al. 2004). This effect can be explained by suppressed biosynthesis
of cholesteryl-alpha-D-glucopyranoside (Kawakubo et al. 2004), which is a major
component of the cell wall and crucial for the survival of the bacterium (Hoshino
et al. 2011). The amount of α1,4GlcNAc-cappedO-glycans onmucins differ between
individuals and between tissue locations, with the relative abundance among mucins
isolated from the surface epithelium ranging from0 to 3%and amongmucins isolated
from the glands from 0 to 7% (Jin et al. 2017).

The growth of H. pylori has been demonstrated to be stimulated or inhibited
by mucins derived from different individuals and disease states (Skoog et al. 2012,
2017). Glycan analysis of these mucin samples revealed that not all the mucins, that
had a growth inhibitory effect, contained terminal α1,4GlcNAc, which suggests that
other factors contribute to the inhibition of bacterial growth. H. pylori strains with
different mucin-binding abilities vary in their growth response to mucins, suggesting
that bacterial adhesion to mucins is also of importance for growth (Skoog et al. 2011,
2012). In vitro growth studies showed that H. pylori binding to mucins carrying
Leb antigens and to Leb-glycoconjugates has a growth inhibitory effect, which is
accompanied by aggregate formation caused by binding (Skoog et al. 2017). The
growth-inhibiting effect of BabA-dependent binding was confirmed by using H.
pylori isogenic mutant lacking the babA adhesin, which reversed the decrease in
proliferation and the formation of aggregates in the presence of Leb antigen carrying
glycans (Skoog et al. 2017).

5 Antimicrobial Peptides in the Gastric Mucosa

The defensin family of AMPs are small, arginine-rich peptides containing conserved
cysteine residues that form 3-4 disulphide bonds. The family is subdivided into the
α-, β- and θ-defensins based on the distribution of these cysteine residues (Ganz
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2003). The x-defensins are structurally different from the α- and β-defensins, and
are not expressed in humans (Ganz 2003). The only cathelicidin to be described
in humans is the amphipathic α-helical LL-37 (Doss et al. 2010). Similar to these
molecules, there are a number of other small peptides with cationic charge and
antibacterial activity, such as elafin (Nuding et al. 2013).

The main source of the α-defensins human neutrophil peptide-1 (HNP-1), HNP-2
and HNP-3 is neutrophils, whereas human defensin-5 (HD-5) and HD-6 is strongly
expressed by intestinal Paneth cells (Cunliffe 2003). Release of HNP-1, -2 and -3
from neutrophils can be induced by bacterial factors and H. pylori (Chalifour et al.
2004; Kocsis et al. 2009b). The concentrations of HNP-1, -2 and -3 are significantly
higher in gastric juice from H. pylori-positive patients (see Table 3) and correlate
with neutrophil density in gastric mucosal biopsies (Isomoto et al. 2004). A negative
correlation has also been demonstrated with serum pepsinogen levels, indicating
a link with the severity of gastric inflammation and atrophy (Nishi et al. 2005).
Expression of the α-defensin HD-5 has been observed in inflamed human gastric
tissue, but only when intestinal metaplasia is present (Shen et al. 2005).

Human β-defensin 1 (hBD1), hBD2 and hBD3 are abundantly expressed by
numerous epithelial cell types including GECs, both in vitro and in vivo (Pero et al.
2017). There are discrepancies in the literature with regard to hBD1 expression;
however, since some publications reported increased levels during infection, some
showed constitutively high levels in the gastric mucosa regardless of H. pylori sta-
tus, whilst others found decreased expression in gastric mucosal biopsies from H.
pylori-infected patients (Bajaj-Elliott et al. 2002; Otte et al. 2009; Patel et al. 2013;
Taha et al. 2005; Vordenbaumen et al. 2010; Kocsis et al. 2009a). It is possible that
some of these discrepancies could be due to polymorphisms in the DEF1 gene, or
in the methodologies that are used to quantify expression at the mRNA and protein
level.

Elevated hBD2 expression has been widely and consistently reported in gastric
mucosal biopsies and gastric juice from H. pylori-infected patients, and this is cor-
related with inflammation and interleukin-8 (IL-8) expression (George et al. 2003;
Isomoto et al. 2005; Nishi et al. 2005; Nuding et al. 2013; Patel et al. 2013; Otte et al.
2009; Bajaj-Elliott et al. 2002; Bauer et al. 2013).

Similarly, hBD3 has also been found to be expressed at significantly higher levels
in gastric mucosal biopsies from H. pylori-infected patients (Kawauchi et al. 2006;
Otte et al. 2009). More recently, a study by Bauer and co-workers (2013) reported the
opposite. hBD3 protein levels were decreased in biopsies from infected patients com-
pared to uninfected patients; however, the mRNA expression levels stayed the same
(Bauer et al. 2013). This again highlights the importance of the chosen methodology
for quantifying defensin expression.

hBD4 is mainly expressed by neutrophils rather than epithelial cells, and is also
present at similar or slightly elevated levels in theH. pylori-infected inflamed gastric
mucosa (Otte et al. 2009; Nuding et al. 2013). hBD5 and hBD6 have not been found
in human gastric tissue (Yamaguchi et al. 2002).

LL-37was originally identified in the granules ofmyeloid cells, but is expressed in
epithelial cells, including those of the gastric mucosa. LL-37 expression was found to
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be significantly increased in themucosa andgastric juice ofH.pylori-positive patients
(Hase et al. 2003). Otte et al. (2009) also found that LL-37 mRNAwas approximately
20-fold higher in H. pylori-positive gastric tissue compared to uninfected controls,
whereas Nuding et al. (2013) reported that LL-37 mRNA expression was unchanged.

6 Bactericidal Activity of AMPs Against H. pylori

The key function of AMPs is their antimicrobial activity. The cationic characteristics
and amphipathic nature of AMPs allow them to target the membranes of microbes
without causing damage to the hosts of these organisms. They have a specificity for
anionic phospholipids in the outer-most membrane of bacterial cells (Ganz 2003).
hBD1, hBD2 and hBD3 vary in their net charge, and the more positively charged
hBD3 has the greatest antimicrobial activity (Kluver et al. 2005). LL-37 is expressed
as a pro-protein and, after activation by a serine protease, the cleaved h-CAP18
fragment may also exhibit antimicrobial activity (Zaiou et al. 2003).

AMPs are thought to kill target microbes by disrupting their membrane integrity
via a mechanism known as the ‘Shai-Matsuzaki-Huang model’. This model involves
association of the peptides with the outer membrane of the bacterium, followed by
displacement of the lipid bilayer resulting in membrane disruption and pore forma-
tion, leading to cell leakage and death (Bocchinfuso et al. 2009). Other bactericidal
effects have also been described for some AMPs, for example, inhibition of cell wall
synthesis (de Leeuw et al. 2010) and the formation of nanonets to entrap bacteria
(Chu et al. 2012).

Inverse associations between the expression of AMPs and H. pylori colonization
densities in the gastric mucosa of patients indicate that they may control levels
of bacteria in the stomach (Patel et al. 2013). A number of studies have directly
assessed the bactericidal effect of AMPs against H. pylori; however, this is mostly
with supraphysiological concentrations in theμMrange as compared to the nM range
in gastric juice (Uehara et al. 2003; Nuding et al. 2013; Nishi et al. 2005). George
et al. (2003) reported ~50% killing of the H. pylori strain 26695 after a 20 min
exposure to 10 μM concentrations of hBD1 and hBD2, but 80% killing with the
same concentration of hBD3. There was almost 100% killing with a 1 μM hBD3.
Others have also demonstrated that hBD2 has bactericidal activity against H. pylori
(Hamanaka et al. 2001; Wehkamp et al. 2003). In further work by Nuding et al.
(2013), who tested the sensitivity of H. pylori to 90 min incubation with 20 μg/ml
(approx. 5 μM) hBD1, 2, 3, 4 and LL-37, 35–75% killing was observed with hBD3
and over 80% killing with LL-37. No significant effects were noted from exposure
to hBD1, hBD2 or hBD4. Exposure to 1 μM LL-37 for 3 h was reported to induce
50% killing of H. pylori and this was potentiated to 100% killing when added in
combination with hBD1 (Hase et al. 2003). Bactericidal activity of the α-defensins
HD-5 and HD-6 has been observed with 50 μg/ml in vitro (Tanabe et al. 2008).
The fact that some AMPs, which are generally not present in the infected gastric
mucosa (such as hBD3 and HD-6), have strong bactericidal activities (Kawauchi
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et al. 2006), probably indicates that H. pylori has evolved resistance mechanisms to
aid its long-term survival in the gastric mucosa.

There are high degrees of structural similarity between human β-defensins and
their murine counterparts. Whilst similar signalling mechanisms and functions have
been noted (Boughan et al. 2006;Rohrl et al. 2010), no published studies have directly
assessed the bactericidal activity of murine defensins against H. pylori.

7 H. pylori-Mediated Regulation of Defensin Expression

The pathways involved in regulation of defensin expression seem to be best under-
stood for hBD2, which is not present in the uninfected gastric mucosa, but induced
in response to cagPAI-positive H. pylori in a NOD1 and NF-κB-dependent manner
(Boughan et al. 2006). The role of NF-κB signalling has also been demonstrated
with gastric epithelial tissue (Taha et al. 2005) and several human gastric epithelial
cell lines (Bajaj-Elliott et al. 2002; O’Neil et al. 2000; Wada et al. 2001; Patel et al.
2013). Other potential promoter-binding domains have been recognized including
transcription factor AP-1 and nuclear factor for IL-6 expression (NF-IL6), indi-
cating that other pathways may be involved in the regulation of hBD2 expression
(Wehkamp et al. 2004). hBD4 is also known to be induced during H. pylori infec-
tion via a cagPAI-dependent, but NF-κB-independent mechanism involving the p38
MAPK pathway (Otte et al. 2009). This is consistent with the presence of several
AP-1 binding sites and lack of NF-κB binding sites in the promoter sequence of the
gene (Garcia et al. 2001; Kawahara et al. 2001). The regulation of hBD3 expres-
sion is also independent of NF-κB. hBD3 is induced in the early stages of infection,
via epidermal growth factor receptor (EGFR)-activated MAP kinase and JAK/STAT
signalling (Bauer et al. 2012). Involvement of toll-like receptor 4 (TLR4) has also
been suggested, based on the downregulation of hBD3 when this receptor is blocked
(Kawauchi et al. 2006). During chronic infection, however, hBD3 is downregulated
in a CagA-dependent manner. Upon translocation of CagA in host cells and its inter-
action with SHP-2, EGFR activation is blocked by receptor dephosphorylation, thus
preventing the expression of hBD3 (Bauer et al. 2012).

hBD1 expression is known to be constitutive in many cell types including GECs.
Decreased expression of hBD1 has been reported in gastric tissue from H. Pylori-
infected patients (Patel et al. 2013; Taha et al. 2005; Vordenbaumen et al. 2010).
Experiments with human GECs in vitro showed that this downregulation was medi-
ated by cagPAI+ H. pylori strains, and involves NF-κB signalling (Patel et al. 2013).

The promoter sequence of LL37 includes binding sites for NF-κB as well as
NF-IL6 and IFNγ response elements (Mookherjee et al. 2006). In agreement with
this, a number of external stimuli have been reported to influence LL37 expression,
including bacterial components (Kusaka et al. 2018). In vitro studies found that
increased expression of LL-37 in GECs was dependent on infection with a cagPAI+

strain of H. pylori (Hase et al. 2003).
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8 AMP Regulation of Immune Cell Functions

In addition to their bactericidal functions, AMPs have a broad range of biological
activities on the host response. Some AMPs have been shown to exert immune
cell chemotaxis, directing immune effector cells to sites of infection to enhance the
clearance of infections. α-defensins, hBD3 and hBD4 are important in recruiting
neutrophils. hBD1, hBD2 and hBD3 have been demonstrated to attract immature
dendritic cells and memory T cells via interactions with chemokine receptors such
as CC-chemokine receptor-2 (CCR2) and CCR6 (Rohrl et al. 2008, 2010; Jin et al.
2010).Very high concentrations ofAMPs are needed for chemo-attraction of immune
cells from the bloodstream; however, this limits their activity to the local environment
(Zasloff 2007).

A number of studies have also shown a role for AMPs in immune suppression
(Brogden et al. 2013). LL-37 has been observed to bind and neutraliseLPS, protecting
mice from LPS-induced inflammation (Rosenfeld et al. 2006). LL-37 also exhibits
suppression of LPS-induced translocation of NF-κB into the nucleus of human
monocytes and epithelial cells, and reduced expression levels of pro-inflammatory
cytokines TNFα and IL-6 (Mookherjee et al. 2006). Immunosuppressive proper-
ties have also been ascribed to defensins. For example, hBD3 has been shown to
stimulate expression of interleukin-37, a potent inhibitor of innate immunity and
inflammation (Smithrithee et al. 2015). Murine BD2 mediates dendritic cell death
through activation of TLR4, therefore, terminating the immune response (Biragyn
et al. 2008).

AMPs are therefore important modulators of the immune response, protecting the
host from potentially harmful microbes directly through their antimicrobial activity
and recruitment of immune effector cells whilst protecting the host from the harmful
effects of an active inflammatory response. Although there is little data on their role
in GC, evidence suggests that expression of AMPs can influence cancer development
and tumour progression (Al-Rayahi and Sanyi 2015).

9 AMPs and Glycans as Therapeutics for Eradication of H.
pylori

There is now a great deal of interest in exploiting the antibacterial properties of
AMPs for eradication of infections, particularly as antibiotic resistance is becoming
a serious issue. Recombinant HNP1 has been used to successfully eradicate antibiotic
resistantH. pylori in mice (Zhang et al. 2018). Others have used synthetic analogues
of AMPs to eradicate H. pylori in vivo (Zhang et al. 2015a, b), either alone or in
synergy with conventional antibiotics (Narayana et al. 2015).

Several strategies have been used to investigate glycotherapeutics against H.
pylori. Oral administration of free oligosaccharide NeuAcα2,3Galβ1,4Glc (3′-
sialyllactose) to H. pylori-infected rhesus monkeys resulted in clearance of the
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pathogen in 50% of the animals (Mysore et al. 1999), and H. pylori colonized mice
fed with pig milk containing Leb- and sialyl-Lex-expressing glycoproteins had a
lower pathogen density compared to animals fed with Leb- and sialyl-Lex-negative
milk or water only (Gustafsson et al. 2006). Furthermore, metabolic labelling of bac-
terial glycans with an azide-containing sugar allowed selective delivery of immune
stimulants to azide-covered H. pylori (Kaewsapsak et al. 2013).

10 Concluding Remarks

AMPs play a major role, not just in influencing the colonisation density of H. pylori
in the gastric mucosa, but also control the immune response and are likely to have
an impact on gastric carcinogenesis. It may be possible to base new antibacterial and
cancer therapies on these important molecules. The effects of carbohydrates on the
H. pylori density in the stomach is likely to be the combined effect of the competition
between H. pylori binding to epithelial glycans conferring intimate adherence ver-
sus decoy glycans on mucins and the amount of glycans with antimicrobial activity
such as α1,4GlcNAc-capped O-glycans or aggregation causing glycans. There may
be further glycan-based mechanisms that have not been revealed yet. In addition
to the glycotherapies investigated so far (administration of H. pylori binding gly-
cans/glycoconjugates and glycolabelling of bacteria for immune targeting), there is
also potential for other avenues, such as restoring mucin production and affecting
the mucin glycosylation that may contribute to H. pylori eradication, possibly in
combination with other therapies.
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Abstract The ability of Helicobacter pylori to persist lifelong in the human gas-
tric mucosa is a striking phenomenon. It is even more surprising since infection is
typically associated with a vivid inflammatory response. Recent studies revealed the
mechanism by which this pathogen inhibits the epithelial responses to IFN-γ and
other central inflammatory cytokines in order to abolish an effective antimicrobial
defense. The mechanism is based on the modification and depletion of cholesterol
by the pathogen’s cholesterol-α-glucosyltransferase. It abrogates the assembly of
numerous cytokine receptors due to the reduction of lipid rafts. Particularly, the
receptors for IFN-γ, IL-22, and IL-6 then fail to assemble properly and to acti-
vate JAK/STAT signaling. Consequently, cholesterol depletion prevents the release
of antimicrobial peptides, including the highly effective β-defensin-3. Intriguingly,
the inhibition is spatially restricted to heavily infected cells, while the surrounding
epithelium continues to respond normally to cytokine stimulation, thus providing
a platform of the intense inflammation typically observed in H. pylori infections.
It appears that pathogen and host establish a homeostatic balance between tightly
colonized and rather inflamed sites. This homeostasis is influenced by the levels of
available cholesterol, which potentially exacerbate H. pylori-induced inflammation.
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The observed blockage of epithelial effector mechanisms by H. pylori constitutes a
convincing explanation for the previous failures of T-cell-based vaccination against
H. pylori, since infected epithelial cells remain inert upon stimulation by effec-
tor cytokines. Moreover, the mechanism provides a rationale for the carcinogenic
action of this pathogen in that persistent infection and chronic inflammation rep-
resent a pro-carcinogenic environment. Thus, cholesterol-α-glucosyltransferase has
been revealed as a central pathogenesis determinant of H. pylori.

1 Introduction

Approximately half of the world’s population is chronically infected withHelicobac-
ter pylori. This Gram-negative bacterium has co-evolved with its human host (Linz
et al. 2007) and became a highly specialized inhabitant of the gastricmucosa, a unique
microbial ecosystem. Infections withH. pylori are usually acquired in childhood and
are often not recognized.However, theymay lead to severe pathologies, such as active
gastritis, peptic ulcers, MALT lymphoma, or gastric cancer (GC) (Bauer and Meyer
2011), particularly becoming prevalent after decades of bacterial colonization and
chronic inflammation. Therefore, the pathogen’s ability of long-term persistence and
immune evasion can be considered as hallmarks of pathogenesis of this infection.

When present, H. pylori is the most abundant microbe in the stomach (Bik et al.
2006), owing to its superb adaptive ability in this hostile environment. Amongst the
prime survival mechanisms of H. pylori is the secretion of urease, which allows
the bacteria to raise the pH in their immediate surroundings through the production
of ammonium ions (Salama et al. 2013). Remarkably, H. pylori only survives in
the highly acidic stomach lumen, which has a pH between 1 and 5, for about half
an hour (Schreiber et al. 2005). However, the gastric epithelium is protected from
acid by a mucus layer, where the pH is close to neutral. Using a potent flagellar
system and chemotactic receptors, H. pylori is capable of penetrating the mucus and
rapidly colonizes the vicinity of gastric epithelial cells (GECs) at the gastric lumen
as well as deeply in the glands (Howitt et al. 2011; Johnson and Ottemann 2018).
The subsequent interplay between bacteria and host epithelium triggers a robust
and sustained immune response; however, this nurtured a long-standing enigma how
H. pylori circumvents this immune defense. Recent studies have now revealed an
unexpected and intriguing feature that effectively conquers both innate and adaptive
immune effector mechanisms. Here, we discuss these recent insights.

2 Inflammation Induced by H. pylori

H. pylori shelters from the harsh environment of the stomach in themucus layer close
to the epithelial lining. The bacteria displaymultiple adhesionmolecules on their sur-
face, a small proportion of which adhere directly to the epithelial cells. The infected
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Fig. 1 Model of the immune response and defensive mechanisms elicited by H. pylori. Gastric
epithelial cells secrete IL-8 in response to H. pylori infection, leading to the recruitment of innate
immune cells and antigen-presenting cells (APCs) in the lamina propria. These cells further con-
tribute to a pro-inflammatory cytokinemillieu and activate naïveCD4+ T cells. The adaptive immune
response is dominated by the Th1 lineage, but Th17, Th22, and tolerogenic Treg subsets are also
present. Together, these cells secrete specific cytokines to engage proper effectors to fight the infec-
tion, including antimicrobial peptides (AMP), which are retained in the mucus layer

cells initiate a robust innate immune response (summarized in Fig. 1), dominated by
pro-inflammatory transcription factor NF-κB activation and IL-8 secretion, which is
strongly augmented in the presence of a type IV secretion system (T4SS), encoded
by the cag pathogenicity island (cagPAI) (Backert et al. 2015). The best-known func-
tion of the cagPAI T4SS is the translocation of the CagA effector protein into the
cytosol of infected host cells (Posselt et al. 2013). Upon translocation, CagA is phos-
phorylated by host cell kinases, which enables it to exert pathogenic and likely also
malignant functions (Tegtmeyer et al. 2017a). The α5β1 integrins appear to act as host
cell receptors for the T4SS via an interaction with CagL (Kwok et al. 2007; Barden
et al. 2013) as well as CagA itself and CagY (Jimenez-Soto et al. 2009). In addition,
the bacterial outer membrane protein HopQ has been identified as a T4SS-associated
adhesin (Königer et al. 2016; Belogolova et al. 2013; Javaheri et al. 2016), which
facilitates CagA translocation via binding to epithelial CEACAM receptors (Königer
et al. 2016; Javaheri et al. 2016; Moonens et al. 2018; Tegtmeyer et al. 2019). For
many years, it was unclear by what mechanism the T4SS causes NF-κB activation
(Backert and Naumann 2010). Initial studies linked the T4SS-dependent delivery
of bacterial peptidoglycan to NOD1 with NF-κB activation and IL-8 production
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(Viala et al. 2004; see also Chaps. 2 and 7 of this volume). Yet others have linked
NOD1 engagement by T4SS to interferon-regulatory factor (IRF3) activation and
secretion of IFN-β by the epithelium, rather than NF-κB activation (Watanabe et al.
2010). Recent studies have described a previously unknown pathway by which the
H. pylori LPS metabolites d-glycero-β-d-manno-heptose 1,7-bisphosphate (HBP)
as well as β-ADP-manno-heptose (ADP-hep) act as a T4SS-dependent and CagA-
independent effector of NF-κB activation (Stein et al. 2017; Zimmermann et al. 2017;
Pfannkuch et al. 2018).ADP-hep release via theT4SS results in activation ofα-kinase
1 (ALPK1), which in turn causes phosphorylation of TRAF-interacting protein with
FHA domain (TIFA). Activated TIFAmolecules form large complexes (TIFAsomes)
and lead to NF-κB activation and IL-8 secretion (Zimmermann et al. 2017). ALPK1-
TIFA-dependent NF-κB activation thus constitutes the initial pro-inflammatory trig-
ger and additional auto- and paracrine mechanisms may subsequently fuel additional
inflammatory pathways in the infected mucosa (Salama et al. 2013; Mejias-Luque
et al. 2017).

Secretion of IL-8 by the epithelium results in massive recruitment of neutrophils
and innate immune cells to the lamina propria of the infected site. H. pylori also
stimulatesmacrophages andothermyeloid antigen-presenting cells (APCs) (Fehlings
et al. 2012; Koch et al. 2016) and induces inflammasome activation in innate immune
cells (Pachathundikandi et al. 2016; Tran et al. 2017), resulting in abundant IL-
1β, TNF-α, and IL-18 production in the gastric mucosa, amongst other cytokines.
Stimulated APCs induce an adaptive immune response upon activation of T helper
cells.NaiveCD4+ Tcells are differentiated predominantly to theTh1 lineage, asmany
studies describe the central role of this cellular subset in the immune response to H.
pylori (Itoh et al. 1999; Smythies et al. 2000; Bagheri et al. 2018). In animal models,
IFN-γ produced by these cells contributes to a decreasedHelicobacter burden (Sawai
et al. 1999; Akhiani et al. 2002; Sayi et al. 2009; Morey et al. 2018). Likewise,
IFN-β-defective mice exhibit a higher H. pylori load, associated with a decrease in
epithelial CXCL10 production, suggesting a protective role for the recruitment of
Th1 cells to the infection site (Watanabe et al. 2010). Th17 and Th22 cells have
also been implicated in the immune response against H. pylori. In infected IL-23
knockout mice, Horvath and co-workers (2012) observed a lower inflammation score
associated with decreased IL-17 levels and a higher bacterial load compared to wild-
type mice. IL-23 also induces Th22 differentiation inH. pylori-infected mice as well
as patients, which secrete IL-22 and contribute to the development of gastritis (Dixon
et al. 2016; Zhuang et al. 2015). Finally, inducible nitric oxide synthase (iNOS)-
producing plasma cells have recently been detected in considerable numbers in the
H. pylori-infected mucosa partly producing pathogen-specific antibodies (Neumann
et al. 2016).

In conclusion, the mucosa colonized by H. pylori represents a strongly pro-
inflammatory cytokine environment, containing abundantly recruited immune cells.
In spite of this, the immune response fails to clear H. pylori, rather supporting a
chronic inflammatory condition. How H. pylori is capable of evading such a strong
and sustained response is a question that puzzled researchers for decades.
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It is well known that H. pylori can modulate T-cell responses by inducing toler-
ance (Müller et al. 2011; Pachathundikandi et al. 2013). The virulence factors VacA
and GGT both prevent the activation and proliferation of CD4+ T cells and drive
them to differentiate toward a Treg lineage. This tolerogenic phenotype partially
reduces the differentiation to Th1 and Th17 lineages and suppresses their effector
functions (Gebert et al. 2003; Oertli et al. 2013; Salama et al. 2013). However, such
impairment of T cell function could perhaps be overcome through protective immu-
nization (Velin et al. 2016). Experimental vaccination studies performed in animal
models highlighted the importance of Th1 and Th17 compartments (Akhiani et al.
2002; Velin et al. 2009; Hitzler et al. 2011), while B cells and antibody response
did not confer protection against H. pylori (Ermak et al. 1998; Hitzler et al. 2011).
Nonetheless, all vaccination strategies have so far failed to achieve complete eradi-
cation, despite a robust enhancement of cell-mediated immunity, suggesting that the
link between CD4+ T cells and relevant effector mechanisms against H. pylori is
somehow blocked (Aebischer et al. 2010).

3 Epithelial Defense Molecules: Antimicrobial Potential
Against H. pylori

Epithelial cells constitute the first line of defense against invadingmicroorganisms. In
the gastrointestinal tract, maintenance of the barrier function is crucial to protect the
host from pathogenic microorganisms and excessive inflammatory stimuli. Epithelia
contribute to immunity beyond the function of a passive physical shield, since they
can adopt an active defensive role by secreting mucins and antimicrobial molecules
(Ostaff et al. 2013).

In terms of protection againstH. pylori, several observations point toward epithe-
lial cells as important immune effectors. While immune cells accumulate in the
lamina propria, H. pylori mostly resides in the luminal side of the mucosa (Keil-
berg et al. 2016), although it is also capable of penetrating sub-epithelial niches
(Tegtmeyer et al. 2017b). On the luminal side of the epithelium, the most relevant
antibacterial immune effectors are antimicrobial factors and secreted IgA; however,
they do not seem to provide effective protection againstH. pylori (Ermak et al. 1998).
Rather, H. pylori persists embedded in the mucus layer in the vicinity of epithelial
cells (Johnson and Ottemann 2018). Commensal bacteria in the gut, by contrast, are
not able to reach the epithelia due to the accumulation of antimicrobial molecules of
epithelial origin in the mucus barrier, such as the lectin RegIII-γ, or cationic antimi-
crobial peptides like human beta-defensins (hBDs) 1, 2, and 3 (Meyer-Hoffert et al.
2008; Vaishnava et al. 2011; Antoni et al. 2013). The presence of these molecules
keeps microorganisms at bay, thereby preventing excessive inflammation (Vaish-
nava et al. 2011). Using novel primary gastric epithelial mucosoid cultures, it was
recently demonstrated that H. pylori infection elicits increased antibacterial activity
in the mucus layer (Boccellato et al. 2018).
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Although some antimicrobial molecules of the epithelium are constitutively
expressed, most are induced in response to inflammatory stimuli, such as bacte-
rial ligands or cytokines produced by innate and adaptive immune cells (Ostaff et al.
2013). Nuding et al. (2013) studied the occurrence of antimicrobial peptides in H.
pylori-infected gastric biopsies and observed several that were selectively induced;
however, none exhibited strong activity against H. pylori, such as hBD3 or LL37.
Those peptides that were robustly expressed in infected biopsies, on the other hand,
such as hBD1, hBD2, and elafin, showed poor antimicrobial activity against H.
pylori—possibly due to specific modifications in the lipid A part of H. pylori LPS
(Cullen et al. 2011). The case of hBD3 is intriguing. In vitro, epithelial cells rapidly
express hBD3 upon H. pylori infection via EGFR activation (Boughan et al. 2006;
Kawauchi et al. 2006; Bauer et al. 2012a; Muhammad et al. 2016). However, this
pathway becomes effectively blocked after prolonged contact with H. pylori, which
uses its T4SS effector protein CagA to activate SHP-2 phosphatase (Bauer et al.
2012a). In an ex vivo study, hBD3 expression was even lower in infected than non-
infected biopsies; however, the CagA status of infecting H. pylori strains appeared
to have no influence on hBD3 levels, suggesting that yet another CagA-independent
mechanism suppresses hBD3 (Bauer et al. 2012b). Epithelial hBD3 expression is
also induced in vitro by cytokines such as IFN-γ or IL-22 and increased when cells
are simultaneously co-treated with TNF-α or IL-17A, respectively (Joly et al. 2005;
Albanesi et al. 2007; Wolk et al. 2004; Dixon et al. 2016). Moreover, hBD3 is upreg-
ulated in vivo under pro-inflammatory conditions such as ulcerative colitis, Crohn’s
disease, or bronchiolitis (Fahlgren et al. 2004; Nuding et al. 2013), which resemble
the inflammatory environment found in chronic gastritis.

4 Cholesterol Glucosides in H. pylori: Implications
for Virulence

H. pylori is one of the few bacteria presenting cholesteryl glucosides (CGs) in the
membrane, accounting for 25% of total lipids (Hirai et al. 1995). Since it lacks
the genes for de novo sterol biosynthesis, it acquires cholesterol from the host and
exhibits positive chemotaxis toward cholesterol (Wunder et al. 2006). In the gas-
tric mucosa, cholesterol can be found either bound to mucins or in the epithelial
cell membrane, where it forms cholesterol-rich microdomains, also known as lipid
rafts (Gong et al. 1990; Lai et al. 2013). Which bacterial factors directly mediate
cholesterol uptake is still not fully understood. H. pylori phosphatidylethanolamine
binds to free cholesterol present in growth medium or in host cell lipid rafts (Shi-
momura et al. 2012). Once attached, cholesterol is glucosylated to cholesteryl-α-
d-glucopyranoside (αCG) by the membrane-bound enzyme cholesterol-α-glucosyl
transferase or CGT, encoded by the cgt gene, also annotated as capJ or HP0421
(Lebrun et al. 2006). αCG is further modified by either an acyl or a phosphatidyl moi-
ety at C6 of the glucose to yield cholesteryl-6′-O-tetradecanoyl-α-d-glucopyranoside
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(αCAG) and cholesteryl-6′-O-phosphatidyl-α-d-glucopyranoside (αCPG) (Lebrun
et al. 2006). The three forms coexist in the bacterial membrane and form cholesterol
microdomains, which require the flotillin-like protein HP0248 for correct organiza-
tion (Hutton et al. 2017).

Eukaryotic lipid rafts serve as a platform for multiple cellular receptors
(Simons and Sampaio 2011). Therefore, bacterial manipulation of host cholesterol
microdomains can lead to important changes in cellular homeostasis. Likewise,
chemical alteration of host lipid rafts might have important effects onH. pylori infec-
tions. Disruption of lipid rafts by methyl-β-cyclodextrin (mβCD), which depletes
cholesterol from eukaryotic membranes, impairs CagA delivery, IL-8 induction, and
bacterial invasion (Lai et al. 2008). mβCD treatment of epithelial cell lines also
impairs the interaction between theH. pylori T4SS and host α5β1 integrins, resulting
in diminished NF-κB activation (Hutton et al. 2010). Similarly, VacA delivery into
host cells depends on lipid raft integrity and GPI-anchored proteins (Lai et al. 2013;
Ricci et al. 2000).

Disruption of the cgt gene results in impaired cholesterol uptake and absence
of any kind of bacterial CGs (Lebrun et al. 2006; Wunder et al. 2006). Mutants
in this gene have been used in a variety of in vitro models to examine the role
of host cholesterol uptake in H. pylori pathogenesis (Lai et al. 2013). In epithelial
cell lines infected with different H. pylori strains, CGT activity led to clustering of
lipid rafts at the infection site within 2–6 h (Fig. 2) (Lai et al. 2008, 2013; Wang
et al. 2012; Du et al. 2014). Under these conditions, Wang and co-workers (2012)
showed that CGT activity was crucial for CagA translocation and IL-8 induction in
AGS cells. Moreover, they observed that translocation of bacterial CGs into the host
cell membrane influences lipid raft clustering. In contrast, upon extended in vitro
infection (e.g., 24 h) CGT activity resulted in complete disruption of lipid rafts
(Wunder et al. 2006; Morey et al. 2018) (Fig. 2). At this time point, a transcriptomic
analysis revealed no differences in NF-κB activation between infections of primary
GECs with wild-type H. pylori and an isogenic cgt mutant (Morey et al. 2018).

The presence of CGs in the bacterial outer membrane was also found to decrease
phagocytosis bymacrophages (Wunder et al. 2006). In a different study, CGT activity
delayed H. pylori phagocytosis (Du et al. 2014). Compared to �cgt mutants, inter-
nalized wild-type H. pylori end up in vacuoles with slower phagosomal maturation,
facilitating extended intracellular survival. These differential phenotypes are presum-
ably linked to coalescence of lipid rafts, leading to a different membrane composition
at the site of phagocytosis (Du et al. 2014). In T cells, cgt mutants have drastically
diminished anti-proliferative effects following infection (Beigier-Bompadre et al.
2011). Invariant natural killer T cells are known to react to glycolipids. They rec-
ognize H. pylori CGs and become activated and mount an inflammatory response
when challenged with either purified CGs or wild-type H. pylori, but not with a cgt
mutant (Ito et al. 2013). In the same study, the authors also describe an intriguing
positive correlation between the CGT activity of clinical H. pylori isolates and the
gastric atrophy score of the respective patients (Ito et al. 2013).

Unfortunately, H. pylori strains’ defective in CGT are not suitable for in vivo
experiments. Although they do not present notable growth defects in vitro, they
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Fig. 2 Effects of CGT activity on host–pathogen interaction.H. pylori cells co-opt cholesterol from
host cell membranes. Early interaction leads to the coalescence of cholesterol-rich microdomains,
or lipid rafts, at the infection site, enhancing T4SS activity and the inflammatory response. In phago-
cytic cells, this process interferes with the engulfment of H. pylori and the phagosome maturation.
Longer infection times result in depletion of cholesterol from host membranes, disrupting lipid
rafts. At these time points, CGT activity does not significantly affect NF-κB activation byH. pylori.
Instead, it avoids downstream signaling by cytokine receptors located in lipid rafts (Du et al. 2014;
Lai et al. 2013; Morey et al. 2018; Wang et al. 2012; Wunder et al. 2006)

are unable to establish colonization in mice (Lai et al. 2013; Wunder et al. 2006;
Morey et al. 2018). This could be due to the role CGT activity plays in preventing
the bactericidal activity of metabolites such as 7-dehydrocholesterol (Shimomura
et al. 2013) or docosahexaenoic acid (Correia et al. 2014), as well as antimicrobial
peptides (McGee et al. 2011), which might have a higher impact in vivo. In order
to study the role of CGT activity in H. pylori virulence, Wunder and co-workers
(2006) counteracted bacterial cholesterol uptake from host cells by feeding mice a
cholesterol-rich diet. These mice showed a lower H. pylori load compared to mice
fed a normal diet. This increased protection was correlated to an increased Th1
transcriptional response. These results provided early strong evidence for a role of
cholesterol extraction in H. pylori persistence and inflammation.
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5 H. pylori Targets Host Cholesterol to Block the Epithelial
Response to IFN-γ and Related Cytokines

CD4+ T cells of the mucosa orchestrate adaptive immunity via the activation of
effector cells. In the stomach, GECs, which express the corresponding cytokine
receptors, assume a key role as effector cells against H. pylori. The receptor for
IFN-γ, IFNGR, consists of two subunits (IFNGR1 and IFNGR2), which require
assembly within cholesterol-rich microdomains of the plasma membrane. Ligand
binding triggers stimulation of the JAK/STAT signaling cascade (Blouin and Lamaze
2013), whereby phosphorylated STAT1 forms dimers that are translocated into the
nucleus to induce the expression of interferon-response genes (IRGs) (Fig. 3a). Most
of these genes are involved in defense and inflammation.

Fig. 3 CGT-mediated disruption of JAK/STAT signaling. Gastric epithelial cells display receptors
for IFN-γ, whose subunits (IFNGR1/IFNGR2) are assembled in lipid rafts. a In normal conditions,
stimulation with IFN-γ triggers JAK/STAT signaling via JAK1, JAK2, and STAT1 phosphorylation
and nuclear translocation to promote expression of genes involved in inflammation and defense.
b Prolonged H. pylori infection results in CGT-mediated disruption of lipid rafts and disassembly
of IFNGR subunits, which prevents JAK/STAT signaling
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Transcriptional analysis of micro-dissected gastric glands has shown that mucus-
producing cells are engaged by the adaptive Th1 response inH. pylori-infected mice,
activatingmultiple IRGs (Müller et al. 2004). In this context, an in vitro study reported
an enhanced response to IFN-γ in epithelial cells upon short-term infection with H.
pylori, via synergistic NOD1 activation via the T4SS (Allison et al. 2013). However,
other reports suggest that direct interaction between H. pylori and epithelial cells
elicits an inhibitory effect on the IFN-γ response: SHP-2 activation by CagA results
in partial suppression of JAK/STAT signaling in response to IFN-γ—a phenotype
that was more accentuated in East Asian compared to reference strains (Yu-Chih
Wang et al. 2014). Kraft et al. (2001) also described inhibition of IFN-γ and TNF-α-
induced expression of CXCL9 and CXCL10 in GECs treated with the membranous
fraction ofH. pylori. In agreement with this, cells infected with both cagPAI-positive
and cagPAI-negative H. pylori strains fail to activate STAT1 upon IFN-γ treatment,
thereby preventing induction of IRGs (Mitchell et al. 2004).

In a recent publication, we described a near-complete block of IFN-γ-mediated
signaling within 24 h of H. pylori infection in cell lines as well as human primary
GECs (Morey et al. 2018). This block was also seen in infected mice: Although the
corpus region of the stomachwas heavily infected andpresented higher IFN-γ expres-
sion than the less colonized antral region, the difference did not correlate with the
response to interferons, as monitored by IRF-1 expression. This phenotype was inde-
pendent of the cagPAI but dependent on CGT, as isogenic cgtmutants were unable to
block the epithelial response to IFN-γ. Depletion of host cholesterol by the bacteria
was found to block IFN signaling via disruption of cholesterol-rich microdomains
(Morey et al. 2018), which are required for signal transduction through IFNGR sub-
units (Takaoka et al. 2000; Blouin et al. 2016). Prolonged CGT activity prevented the
assembly of IFNGR subunits in GECs and hence subverted downstream JAK/STAT
signaling (Fig. 3b) (Morey et al. 2018). Exogenously added cholesterol prevented
its depletion from microdomains and restored JAK/STAT signaling. These findings
provide a mechanistic explanation for the previous in vivo observations on the role of
cholesterol in bacterial clearance and inflammation of the gastric mucosa (Wunder
et al. 2006). In IFN-γ-stimulated cells, the CGT-induced block of JAK/STAT signal-
ing prevents induction of IRGs. Some of these genes are involved in the amplification
of the response to interferons, at both the transcriptional (transcription factor IRF-1)
and the cellular level (T-cell chemo-attractants CXCL9 and CXCL10). Interestingly,
while stimulationwith IFN-γ alone or concomitant withwild-typeH. pylori infection
induced only moderate hBD3 expression, infection with the isogenic �cgt mutant
strain alongside IFN-γ stimulation strongly upregulated expression of this potent
antimicrobial effector (Morey et al. 2018).

Although CGT-deficient H. pylori strains are unable to colonize mice success-
fully, their failure to block the response to IFN-γ leads to higher expression of IRGs
following infection compared to wild-type H. pylori (Morey et al. 2018). Using an
advanced model of human primary GECs cultured in air–liquid interface, infection
with H. pylori could be extended for several days (Boccellato et al. 2018). Under
these conditions, bacteria form localized infection foci and these infected areas fail to
activate JAK/STAT signalingwhen treatedwith IFN-γ, while non-infected areas from
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Fig. 4 Model forH. pylori persistence amidst chronic gastric inflammation. Bacterial colonization
by H. pylori results in sustained inflammation. Gastric epithelial cells in direct contact with H.
pylori contribute to the maintenance of the pro-inflammatory cytokine milieu via IL-8 secretion.
However, infected cells are not responsive to the adaptive immune response due to cholesterol
depletion mediated by H. pylori’s CGT, while neighboring cells are stimulated by the surrounding
inflammation to produce epithelial defense factors such as antimicrobial peptides (AMPs). In this
way, H. pylori generates micro-niches of diminished inflammation and epithelial response despite
a global pro-inflammatory environment

the same culture exhibit a robust response (Morey et al. 2018) (Fig. 4). Nonetheless,
infected cells do remain responsive to other stimuli and mount an NF-κB-induced
inflammatory response (Morey et al. 2018). In animal models, H. pylori persists by
forming micro-colonies deep in the gastric glands (Howitt et al. 2011). Once colo-
nization is established, the resulting inflammation appears to prevent secondary H.
pylori infections, except in already occupied glands (Keilberg et al. 2016), suggesting
that the micro-niches are protected from the immune response. These observations
are in striking agreement with the notion of immune-protected micro-niches at H.
pylori colonization sites, established via cholesterol extraction (Morey et al. 2018).

The impact of cholesterol depletion on receptor function in the plasma membrane
is not limited to the IFNGR but also affects receptors for other cytokines, e.g., IFN-
β, IL-6, and IL-22 (Takaoka et al. 2000; Sehgal et al. 2002; Flanagan et al. 2008).
Their inactivation seems to play similarly important roles in facilitating persistent
H. pylori colonization. The block of epithelial IL-22 stimulation may be particularly
important, as this cytokine almost exclusively instructs epithelial cells to activate
STAT3 signaling as a key factor of defense against extracellular bacteria (Wolk
et al. 2004; Zheng et al. 2008). GECs effectively respond to IL-22 by secreting
antimicrobial peptides (including hBD3) and other biocidal activity againstH. pylori
(Dixon et al. 2016). However, IL-22−/− knockout mice infected with H. pylori do
not show altered levels of antimicrobial peptide expression or bacterial colonization
as compared to wild-type mice (Dixon et al. 2016), suggesting infection leads to a
defect in epithelial response to IL-22.
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Cholesterol appears to be a tangible target also for other pathogens in order to
interfere with lipid raft integrity and downstream STAT signaling. The intracellu-
lar parasite Leishmania donovani disrupts lipid rafts in macrophages by quench-
ing cholesterol from the plasma membrane, thereby avoiding IFNGR oligomeriza-
tion and JAK/STAT signaling upon IFN-γ stimulation (Sen et al. 2011). West Nile
virus modulates sterol biosynthesis, redistributing cholesterol from the host epithe-
lial plasma membrane to intracellular viral replication membranes. As a result, the
antiviral response to IFN-β is attenuated in host cells (Mackenzie et al. 2007). In
addition, extracellular bacteria such as enterohemorrhagic Escherichia coli (EHEC)
and adherent-invasive E. coli (AIEC) have evolved mechanisms, distinct from tar-
geting lipid rafts, to block the epithelial response to IFN-γ (Ho et al. 2012; Ossa et al.
2013).

6 Concluding Remarks

Current antibiotic therapies against H. pylori register increasing failure rates and
new therapies that are able to increase the eradication rate and to interfere with
the malignancies initiated by this pathogen are currently a high priority (Tacconelli
et al. 2018). The persistence of H. pylori in the gastric mucosa is associated with a
chronic inflammatory response that is the basis of the morbidity associated with this
pathogen. The robust and sustained innate and adaptive immune response appears to
diminish the bacterial load, but fails to clear the infection. H. pylori has developed
strategies to evade immunity by inducing tolerance and by interrupting the com-
munication between different arms of the immune system. Although vaccination
attempts achieved rescuing the immunosuppressive features of H. pylori, affecting
T-cell maturation via the action of VacA and GGT, and raised a full T cell response
(Malfertheiner et al. 2018), this response failed to engage the proper immune effec-
tors required for H. pylori eradication. This is explained by the failure of infected
epithelial cells to respond to critical cytokines released by the recruited immune
cells. This provides a scenario in gastric glands where H. pylori readily persists in
bacterial micro-colonies on the epithelial cell surfaces, while other regions in the
stomach mucosa, including the sub-epithelial tissue, become chronically inflamed.

It now seems plausible that alterations in cholesterol homeostasis and metabolism
could be linked to various processes in immunity or cancer development as well
as anecdotal observations in the context of H. pylori-associated pathogenesis. In
agreement with the findings illuminated in this review, higher levels of low-density
lipoprotein cholesterol (LDL-C) in the blood correlated with increased severity of
H. pylori-related inflammation (Kucukazman et al. 2009), while long-term treatment
with statins contributed to the amelioration of gastritis (Nseir et al. 2010) and a
decrease in the incidence of GC (Singh and Singh 2013). Understanding the basic
features connecting H. pylori infection, cholesterol function, the responses of the
immune systemand chronic inflammation is therefore crucial for developing effective
approaches for prevention and treatment of H. pylori-induced pathology.
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Abstract Helicobacter pylori is a prevalent human pathogen that successfully
establishes chronic infection, which leads to clinically significant gastric diseases
including chronic gastritis, peptic ulcer disease (PUD), and gastric cancer (GC). H.
pylori is able to produce a persistent infection due in large part to its ability to hijack
the host immune response. The host adaptive immune response is activated to strate-
gically and specifically attack pathogens and normally clears them from the infected
host. Since B and T lymphocytes are central mediators of adaptive immunity, in this
chapter we review their development and the fundamental mechanisms regulating
their activation in order to understand how some of the normal processes are sub-
verted by H. pylori. In this review, we place particular emphasis on the CD4+ T cell
responses, their subtypes, and regulatory mechanisms because of the expanding lit-
erature in this area related toH. pylori. T lymphocyte differentiation and function are
finely orchestrated through a series of cell–cell interactions, which include immune
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checkpoint receptors. Among the immune checkpoint receptor family, there are some
with inhibitory properties that are exploited by tumor cells to facilitate their immune
evasion.Gastric epithelial cells (GECs),which act as antigen-presenting cells (APCs)
in the gastric mucosa, are induced byH. pylori to express immune checkpoint recep-
tors known to sway T lymphocyte function and thus circumvent effective T effector
lymphocyte responses. This chapter reviews these and other mechanisms used byH.
pylori to interfere with host immunity in order to persist.

1 Introduction

Helicobacter pylori is a Gram-negative bacterium within the class of ε-
proteobacteria, Campylobacterales order, and is a primary constituent of the human
gastric microbiome.H. pylori is an important human pathogen that frequently infects
during childhood and successfully establishes chronic infection in >66% of the
world’s population (www.CDC.gov).H. pylori is involved in significant clinical gas-
troduodenal disorders that include chronic gastritis, peptic ulcer disease (PUD), and
two malignancies: gastric adenocarcinoma (GC) and mucosa-associated lymphoid
tissue (MALT) lymphoma. GC remains as the third deadliest cancer worldwide with
a five-year survival rate of 14% and accounts for approximately one million deaths
(www.who.int; 2017 Fact Sheet).

Important to H. pylori’s capacity to establish chronic infection is its ability to
evade or subvert innate and adaptive immune responses via multiple mechanisms.
One of the earliest clues that H. pylori subverts the adaptive host response was the
observation that CD4+ T cell responses in the infected gastric mucosa were polarized
to T helper (Th) 1 cells (Bamford et al. 1998b; Amedei et al. 2006), which are not
optimal for extracellular bacteria as H. pylori. As we have studied in detail the
mucosal immunity to H. pylori, we have gained insights that helped us to better
understand how H. pylori induces a diverse T cell response that includes Th1, Th17,
and T regulatory (Treg) cell responses. In this chapter, wewill examine the following:

• A comprehensive background on the adaptive immune response. To better appre-
ciate how those responses are altered during H. pylori infection, we will start by
discussing the normal development of B and T lymphocytes and their activation
processes and provide a brief description of the various CD4+ T cell subsets.

• Extracellular receptor–ligand interactions and intracellular signal involvement.
• Finally, we will examine how these cells are affected byH. pylori infection, either
directly or indirectly, by other cells affected by the infection—including the gastric
epithelium. Most of the discussion will be on T cell activation, as another chapter
in this book (Chapter “MALTLymphoma as aModel of Chronic Inflammation-In-
duced Gastric Tumor Development”) will provide a rich discussion of B cells, as
they are the target in mucosal-associated lymphoid tissue (MALT) lymphoma.

http://www.CDC.gov
http://www.who.int
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2 B and T Lymphocyte Development

Lymphocytes are central players in the adaptive immune response, and, as are all
other blood cells, they emerge during hematopoiesis from pluripotent hematopoietic
stem cells (HSCs) that reside in bone marrow (Fig. 1). Hematopoiesis is a uni-
directional process in which all immune cell types are generated from multipotent
HSCs. Immune cellsmust be continuously replaced because of their limited life span,
but also in response to infectious and inflammatory stimuli, by using receptors for
cytokines and chemokines, aswell as pathogen-associatedmolecular pattern (PAMP)
recognition receptors (Chiba et al. 2018; Pachathundikandi et al. 2013). HSCs reside
in the bone marrow microenvironment composed by osteoblasts, perivascular cells,
endothelial cells, and immune cells, all of which promote HSCs proliferation through
an array of cytokines like CXCL12 and stem cell factor (SCF). The differentiation of
lymphocytes follows a tightly regulated process that initially transits through com-
mon lymphoid progenitor (CLP) cells (Kondo et al. 1997) that are CD34+, CD10+,
CD45RA+, and CD24− and are devoid of surface markers characteristic of T-, B-,
or NK cells. CLP cells also contribute to the development of NK cells and subsets
of dendritic cells (DCs). As B and T lymphocytes develop in the bone marrow and
thymus, respectively, under the influence of local interactions and cytokines, they
start to express distinctive surface markers, as detailed below for each lymphocyte
population.

2.1 B Lymphocyte

B cells differentiate from CLPs in the bone marrow through a series of closely
controlled stages, initially as progenitor B (pro-B) cells (CD34+ CD19+ CD10+ TdT+

CD38++ CD20−) when heavy chain immunoglobulin (Ig) V(D)JDNA rearrangement
beginswith a process that involves the recombination-activating genes (RAG)1 and2,
as well as terminal deoxynucleotidyl transferase (TdT) enzymes. Once successfully
rearranged, the Ig heavy chain forms a complex with surrogate light chains to give
rise to a pre-B cell receptor in precursor B (or pre-B) cells (CD34− CD19+ CD10±
CD38+ cytIgM+ CD20±). Signaling through this pre-B cell receptor induces light
chain DNA rearrangement which induces membrane-bound Ig. Once B cells express
surface IgM, they are known as immature B cells (CD34− CD19+ CD20+ CD38+

CD40+ sIgM+) and subsequently express IgD, and are regarded as naïve mature B
cells in the periphery. The final differentiation ofB cells into Ig-secreting plasma cells
occurs in the lymph nodes and other secondary lymphoid organs after activation by
engagement of the surface Ig also known as (aka) B cell receptor (BCR) with antigen
and the interaction of CD40 on their surfacewithCD154 onTh cells (Lou et al. 2015).
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�Fig. 1 Schematic representation of lymphocyte differentiation andmigration to gastric tissue. Bone
marrow host hematopoietic stem cells (HSC) that progressively differentiate to rise to common
lymphoid progenitors (CLP). CLPs differentiate into progenitor B cells (Pro-B cells) and double-
negative (DN) thymocyte progenitors. Pro-B cells remain in bone marrow and differentiate into
immature B cells that turn into mature B cells once they migrate to secondary lymphoid organs (i.e.,
lymph nodes and spleen). The CLP that migrate to the thymus commit to either natural killer (NK)
cells or T lymphocyte lineage becoming γδ T lymphocytes or double-negative DN thymocytes. DN
thymocytes undergo negative selection and only immature single positive cells survive to become
CD4+ or CD8+ T lymphocytes capable of migrating to secondary lymphoid organs. Lymphoid cells
are eventually recruited to gastric infected tissue where they become antibody-producing cells (B
cells, plasmocytes) and CD4+ T lymphocytes differentiate into subsets depending on environmental
cues

2.2 T Lymphocyte

As with B lymphocytes, T cells have their origin in the bone marrow and share the
CLP precursor, but their development occurs within the thymus following migration
ofCLPcells to this organ.Thymocyte precursors (CD4− CD8−CD7+ CD45+) interact
with stromal cells in the thymic cortex, where most thymocytes begin to rearrange
their T cell receptor (TCR) β chain loci. After the β chain locus is productively
rearranged and the corresponding protein expressed, this protein forms a complex
with a surrogate α chain (pre-T α) and creates a complex with CD3 (von Boehmer
2005). When this complex is formed, the cells differentiate into double positive
(DP, CD4+ CD8+) thymocytes and rearrange their α chain loci to eventually express
TCR αβ on their surface. In addition to the α and β chain loci, there are γ and δ

TCR loci, but only about 3–10% of thymocytes rearrange their γδ TCR loci (Weiss
et al. 1986). Once thymocytes express their TCR, they undergo positive selection
in the thymic cortex where the cells that recognize antigen with the corresponding
class I or II human leukocyte antigen (HLA aka major histocompatibility complex,
MHC) molecules with appropriate affinity survive, while those that fail to recognize
antigen die by apoptosis. The surviving cells migrate to the thymic medulla where
they experience another selection step. In the medulla, thymocytes interact with
antigen-presenting cells (APCs: DCs and macrophages) which present self-antigens
bound by (HLA) molecules and those thymocytes with a very strong affinity die by
apoptosis, while those that survive downregulate either their CD4 or CD8 co-receptor
to become single positive T cells (for a review see Takaba and Takayanagi 2017).
The cells that emerge from the thymus into the periphery are naïve T cells that will
differentiate further into distinct subsets following activation, as described below.

Although the role of the thymus in T cell differentiation, maturation, and expan-
sion has long been recognized, extrathymic T cell differentiation and maturation
have been reported in mice and humans (Lefrancois and Puddington 1995; Bandeira
et al. 1991; Howie et al. 1998). Sites that have been shown to support extrathymic
T cell differentiation include the gut and tonsils (Howie et al. 1998; McClory et al.
2012). It is important to bear in mind that the gut harbors the largest number of T
cells in the body, where they are exposed to the largest possible antigenic challenge
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that includes dietary antigens and the gut microbiome. Interestingly, the gastroin-
testinal tract also holds unconventional populations of T cells such as intraepithelial
lymphocytes (IEL), which represent an effector T cell population reported to develop
extrathymically (Fichtelius 1967), as supported by their presence in athymic mice
(Bandeira et al. 1991). The gastric epithelium has 5–8 IEL cells per 100 epithelial
cells, and these numbers increase up to sixfold during disease states, such as gastritis
(Feeley et al. 1998; Hayat et al. 1999). These cells express a CD8αα homodimer,
rather than the conventional CD8αβ heterodimer expressed by peripheral T cells
selected in the thymus (Ruscher et al. 2017).

After their selection in the thymus, T lymphocytes enter the circulation and travel
to secondary lymphoid organs. Migration of lymphocytes to those secondary lym-
phoid organs hinge on their surface expression of L-selectin (CD62L), the integrin
leukocyte function antigen-1 (LFA-1,αLβ2), and theCCchemokine receptor (CCR)7
(von Andrian and Mackay 2000), which permit rolling, adhesion, and extravasation
of T cells through high endothelial venules in secondary lymphoid organs (lymph
nodes andmucosal lymphoid organs). In those secondary lymphoid organs, theymay
become activated by APCs. Activated T cells expand and become either effector or
memory T cells. Newly activated T cells may migrate to other tissues and specific
adhesion molecules, and chemokine receptors enable them to home and bind the
corresponding ligands in those tissues. For instance, T cells that migrate to the gas-
trointestinal mucosa require the integrin α4β7, LFA-1, and CCR9 (Michetti et al.
2000; Quiding-Jarbrink et al. 2001; Berlin et al. 1993; Zabel et al. 1999; Johansson-
Lindbom et al. 2003). An important factor that determines what adhesion molecules
are expressed by activated T cells is the site where they encounter antigen (Stagg
et al. 2002). For instance, α4β7 expression by gastric and intestinal T cells allows
them to home and bind tomucosal addressin cell adhesionmolecule 1 (MAdCAM-1)
expressed by high endothelial venules in the Peyer’s patches and gut lamina propria
(Michetti et al. 2000; Williams and Butcher 1997; Hatanaka et al. 2002).

3 B and T Lymphocyte Activation

B and T lymphocytes perform a dauntingmission of recognizing from a vast universe
of antigens those that are foreign to us and respond to them rapidly and specifically
in spite of a very noisy background of self-antigens. The events that lead to their
activation are carefully orchestrated and involve a series of extracellular signals
provided via cell–cell interactions and cytokines that in turn activate intracellular
signals leading to activated B and T lymphocytes. Because the events that lead to
fully functional B and T lymphocytes are critical in adaptive immune responses, we
will review those events below with a particular emphasis on T lymphocytes, since B
lymphocytes are discussed in more detail in Chapter “MALT Lymphoma as a Model
of Chronic Inflammation-Induced Gastric Tumor Development” of this book.
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3.1 B Lymphocyte

Naive B lymphocytes have approximately 1.5 × 105 membrane-bound antibod-
ies (IgM and/or IgD) that serve as B cell receptors (BCRs) to bind soluble anti-
gens (Maddaly et al. 2010). Activation requires cross-linking of multiple monomer
membrane-bound antibodies (Harwood and Batista 2010). The activation of B cells
varies depending on the type of antigen and interaction with T cells. Some antigens
do not require contact with T helper cells and are thus referred to as T-independent
antigens. An example of these antigens is bacterial lipopolysaccharides (LPS), which
at high concentrations may activate mature and immature B cells. However, the char-
acteristic response to these antigens is “weak” in terms of antibody production and
memory response and frequently results only in IgM secretion. The lack of co-
stimulation (CD40L) is thought to be the reason why these antigens fail to induce
class switching and increased antibody affinity (Maddaly et al. 2010). Other antigens
require interaction of co-stimulatory receptors and cytokines from Th cells with B
cells (acting as APCs). The co-stimulation between these cells typically occurs in
secondary lymphoid organs. The binding of antigen by B cells leads to clustering
of membrane-bound antibodies, and their subsequent dimerization and internaliza-
tion into endosomal vesicles. Then, those B cells present peptide-laden HLA class
II complexes to T cell receptors (TCRs) on antigen-specific T cells. This interaction
promotes expression by B cells of the co-stimulatory molecules B7-1 (CD80) and
B7-2 (CD86) which facilitate differentiation of Th cells. Activation of T cells leads
to their expression CD40L which interact with CD40 on the B cells to promote their
entry into the S phase. In addition, cytokines such as IL-2 and IFN-γ (Th1), and IL-4,
IL-5, IL-6, IL-10, IL-13 (Th2) promote clonal expansion, antibody production, and
isotype switching (from IgM to IgG) followed by differentiation into plasma cells
and memory B cells (Harwood and Batista 2010).

3.2 T Lymphocyte

3.2.1 Antigen Presentation

Presentation of foreign antigens refers to the display of antigens to T cells by antigen-
presenting molecules [human leukocyte antigen (HLA) class I, HLA class II or CD1]
after those antigens have been appropriately processed by APCs. Antigen process-
ing and presentation provide the host with a mechanism to constantly survey the
cellular internal and external environments for the presence of potential pathogens.
There are four possible pathways involved in the processing of protein antigens for
presentation by either class I or class II HLA molecules. Classical antigen process-
ing pathways include the exogenous and endogenous pathways, but autophagy and
cross-presentation have expanded the possible pathways whereby antigens are pro-
cessed. The location of the antigens or, in the case of replicating pathogens, the life
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cycle of a given pathogen determines which pathway is needed for appropriate pre-
sentation to the appropriate T cell type (CD4+ versus CD8+). In the case of pathogens
that replicate within the cell, and whose antigens are thus synthesized endogenously,
they are degraded in the cytosol into small peptides, 8–10 amino acids long, by the
proteasome complex and are delivered to the lumen of the endoplasmic reticulum
(ER), where nascent HLA class I molecules bind them for eventual presentation to
cytotoxic CD8+ T cells. In contrast, pathogens such as H. pylori, that replicate in the
extracellular milieu, or are exogenous to the APCs, have to be endocytosed and their
protein antigens processed by thiol proteases in endocytic compartments to generate
peptides that will bind to HLA class II molecules for presentation to CD4+ T cells
(for a review, see Blum et al. 2013). More recently, autophagy and cross-presentation
have been described as alternative pathways that break away from the classical path-
ways since autophagy captures endogenously produced antigens and delivers them
to endocytic compartments where exogenous antigens are processed. Recent studies
have reported that highly virulent strains of H. pylori noticeably affect autophagy in
host GECs and macrophages (Castano-Rodriguez et al. 2015). On the other hand,
cross-presentation results from the delivery of exogenously acquired antigens into
the cytosol where they are processed by the proteasome and the resulting peptides
are delivered to the ER lumen where they bind newly formed HLA class I (Van Kaer
et al. 2017; Joffre et al. 2012).

CD1 molecules represent another group of relatively non-polymorphic antigen-
presenting proteins whose genes are not present within the MHC region. In fact,
CD1 are encoded in an entirely different chromosome. While human HLA genes
are encoded in chromosome 6, human CD1 genes are encoded in chromosome
1. There are four human CD1 proteins (CD1a to CD1d) that also associate with
β2-microglobulin. These molecules are expressed by classical APCs, and CD1d is
strongly expressed by GECs. Although CD1 molecules also present antigens and
their crystal structure resembles that of class I HLA molecules (Blumberg et al.
1995), they differ from class I and II HLA molecules in that they do not bind pep-
tide antigens. Instead, CD1 molecules bind and present lipids, because their antigen
binding pocket has a narrow opening, is deep, and is lined by hydrophobic residues
(Ly and Moody 2014). CD1 molecules may present lipid antigens to a diverse group
of T cells that include γδ TCR or αβ TCR expressing T cells, as well as invariant
NK T cells (iNKT) (Adams 2014). A study by Ito et al. (2013) showed thatH. pylori
cholesteryl α-glucosides are recognized by iNKT in the stomach, which contributes
to the inflammatory response that limits H. pylori infection (see also Chapter “The
Sweeping Role of Cholesterol Depletion in the Persistence of Helicobacter Pylori
Infections” of this book).

3.2.2 Antigen-Presenting Cells

T cells are activated byAPCs able to internalize foreign antigens and process them for
presentation to the T cells. Because of their role in T cell activation, APCs are crucial
in orchestrating the adaptive immune response. While most nucleated cells express
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HLA class I molecules, the cells that are classically referred to as professional APCs
are those that express HLA class II and include DCs, macrophages, and B cells. In
addition to expressing class II HLA, another important feature of these cells is their
expression of the co-stimulatory molecules CD80 and CD86, whose engagement of
CD28 on T cells is vital for activation of naïve T cells. Interestingly, in the gas-
tric environment, GECs represent a non-classical APC-type, as they constitutively
express class II HLA, CD80, CD86, CD74, the antigen processing cathepsins, and
newer members of the B7 family, as described below (Ye et al. 1997; Fan et al. 1998,
2000; Barrera et al. 2001, 2002, 2005; Beswick et al. 2004, 2007a; Das et al. 2006).
The expression by GECs of class II HLA, CD80, CD86, and CD74 increases during
infection with H. pylori (Ye et al. 1997; Fan et al. 1998, 2000; Beswick et al. 2004,
2005). Furthermore, a recent study showed that GECs express retinoic acid, which
is responsible in the induction of α4β7 integrin and the CCR9 chemokine receptor
on both CD4+ and CD8+ T cells, which in turn facilitates their homing to the gas-
trointestinal mucosa (Bimczok et al. 2015). It is worth noting that retinoic acid also
influences the homing to the gastrointestinal mucosa of IgA-secreting B cells (Mora
and von Andrian 2009).

3.2.3 T Cell Receptor Signaling

The recognition by the TCRof antigen-ladenMHCmolecules on the surface ofAPCs
leads to the formation of an immunological synapse between both cell types (Huppa
et al. 2003), but this interaction alone is insufficient to lead to T cell activation since
the short cytoplasmic tail of TCRs does not allow them to deliver intracellular signals.
TCR interacts closely with a complex of other membrane proteins on T cells, that
are collectively referred to as CD3 (including γ-, δ-, ε-, and ζ-subunits). After TCR
engagement of peptide-laden MHC molecules, the cytoplasmic domains of CD3
subunits are responsible for delivering intracellular signals. Further, CD4 and CD8
bind to conserved membrane proximal domains on the β2-domain of MHC class II
(Cammarota et al. 1992) and α3 of class I MHC molecules (Devine et al. 1999),
respectively. The cytoplasmic domains of CD4 and CD8 bind the Src family kinase
LCK (lymphocyte-specific protein tyrosine kinase), which in turn phosphorylates
the immunoreceptor tyrosine-based activation motifs (ITAMs) within the cytoplas-
mic domains of CD3 subunits (Love and Hayes 2010). Phosphorylation of CD3
subunits directs the recruitment of zeta-chain-associated protein kinase of 70 kDa
(ZAP70). After ZAP70 is activated, it phosphorylates the linker for activation of
T cells (LAT) and Src homology 2 domain-containing 76 kDa leukocyte protein
(SLP76). A series of signaling proteins are recruited, leading to calcium mobiliza-
tion, actin cytoskeleton reorganization, and activation of Ras guanosine triphosphate
hydrolases (GTPases). As a consequence of these signaling processes, various tran-
scription factors are activated, including nuclear factor-κB (NF-κB), activator protein
1 (AP-1), and nuclear factor of activated T cells (NFAT), which aid in directing T
cell responses.
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3.2.4 Co-stimulation/Co-inhibition

In addition to the signals delivered by the CD3 complex after TCR recognition of
antigen, T cells must receive co-stimulation via engagement of CD28 on their sur-
face with CD80 or CD86, also, respectively, known as B7-1 and B7-2, on the surface
of APCs. Engagement of CD28 on T cells is essential for T cell activation since in
the absence of the signals delivered via CD28 after binding its ligand on APCs T
cells become anergic, as shown in experiments with anti-CD28 blocking antibodies
(Harding et al. 1992). The intracellular signals delivered by CD28 prevent this aner-
gic state, and they include the Tec family kinases ITK/EMT, Rlk, and Itk, as well as
phosphatidylinositol 3-kinase (PI3K) (August et al. 1994; Schaeffer et al. 1999; Pages
et al. 1994). The signals delivered via CD28 affect crucial events in T cells, such as
transcriptional signaling, post-translational protein modifications, cytokine synthe-
sis, and epigenetic changes that ultimately affect their phenotype and function. The
ligands for CD28, CD80, and CD86 vary in their expression pattern. CD86 is con-
stitutively expressed on APCs and is upregulated quickly during immune responses,
whereas CD80 is slower in its upregulation (Lenschow et al. 1994). Both of these
receptors are expressed by GECs and are upregulated during H. pylori infection
(Ye et al. 1997). The studies by Ye et al. showed that CD86 expression was higher
on GECs from H. pylori-infected gastric biopsy tissues compared with those from
uninfected subjects (Ye et al. 1997). Another member of this family of receptors
and ligands is the cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) which is
expressed on activated T cells and acts as an immune checkpoint inhibitor. CTLA-4
competes for the same receptors, CD80 and CD86, and binds with higher affinity to
antagonize CD28, and thus acts to provide inhibitory signals (Walunas et al. 1994).
Furthermore, CTLA-4 is a key mediator of Treg function (Friedline et al. 2009).
The next members of this family of immunoregulatory receptors identified, that are
not constitutively expressed on resting T cells, but are induced following activation,
include inducible co-stimulator (ICOS, CD278) and programmed death-1 receptor
(PD-1, CD279), which provide co-stimulatory or co-inhibitory signals, respectively.
The corresponding co-receptor for ICOS is ICOS-L (aka B7-H2, CD275), while
PD-1 may bind two separate co-receptors: programmed death ligand-1 (PD-L1) (aka
B7-H1, CD274) and PD-L2 (aka B7-DC, CD273) (Fig. 2). Interestingly, PD-L1 may
also bind CD80 to deliver inhibitory signals (Park et al. 2010). PD-1 binding to any
of its co-receptors results in dephosphorylation and inactivation of ZAP70 and the
recruitment of Src homology 2 domain-containing tyrosine phosphatase 2 (SHP2)
(Yokosuka et al. 2012), which in turn causes dephosphorylation of PI3K leading
to activation of Akt (Boussiotis et al. 2014). Ligation of PD-1 may also prevent
extracellular-signal-regulated kinase (ERK) activation, which may be rescued via
signaling activated by exogenous IL-2, IL-7, and IL-15 (Bennett et al. 2003). The
engagement of PD-1 on T cells also inhibits their cell-cycle progression and pro-
liferation via suppression of cell-cycle regulatory genes. Additional data collected
on the functions of the PD-1/PD-L1 and PD-L2 axis suggest that the role of these
receptors on T cell biology extends beyond suppression of effector T cells. Studies
by Allison and colleagues highlighted that not only the expression of PD-L1 and
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PD-L2 on APCs is differentially upregulated, but also PD-L1 and PD-L2 may have
different roles affecting Th1 and Th2 responses (Loke and Allison 2003). The inter-
action of PD-1 with PD-L1 may also reprogram human Th1 cells into Treg cells
(Amarnath et al. 2011), and this interaction may also affect diverse CD4+ T cell
subsets differently (McAlees et al. 2015).

The B7 family of proteins with either co-stimulatory or co-inhibitory properties
has expanded in recent years and is now collectively referred to as “immune check-
point regulators” (Ceeraz et al. 2013), which now include ten reported members (Xu
et al. 2016). This family of receptors currently includes B7-1, B7-2, B7-DC, PD-
L1, ICOS-L, B7-H3, B7-H4, B7-H5, B7-H6, and B7-H7 (Fig. 2). Various members
of this family of receptors are overexpressed by various forms of cancer, including
GC, possibly as a mechanism of evasion of tumor immune surveillance (Cimino-
Mathews et al. 2016; Chen et al. 2015; Hou et al. 2014). These observations together
with their known T cell regulatory activity made these proteins attractive as targets
for oncologic immunotherapy with some successes (La-Beck et al. 2015).

Fig. 2 Co-stimulatory and co-inhibitory receptors and their ligands. These molecules are also
known as members of the B7-CD28 superfamily or immune checkpoint regulators because they
affect T cell activity
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Fig. 3 CD4+ T cell subsets. Upon activation, naïve CD4+ T cells differentiate following specific
paths depending on environmental cues, which include distinct cytokines. As part of their differen-
tiation, they express characteristic transcription factors or “master regulators” that determine their
respective phenotypic differences and the cytokines that they produce

4 T Cell Subsets and Reprogramming

4.1 T Cell Subsets

We discussed earlier thymic selection and the emergence of single positive CD4+

and CD8+ T cells, which migrate to the periphery and the majority (90–95%) of
which express the TCR αβ, while the remainder express TCRγδ. Also, we referred
to extrathymically differentiated T cells, which are largely CD8αα with a large pro-
portion of TCRγδ, and double-negative CD4−CD8− cells. CD8+ T cells, also known
as cytotoxic T cells, after activation in the periphery may exert their cytotoxic role
and then become memory T cells. CD4+ T cells represent a more diverse subset after
they are activated. Depending on the cytokine milieu to which they are exposed dur-
ing their activation by APCs, CD4+ T cells are programmed into distinct subsets with
the expression of characteristic transcription factors and cytokine profiles, which in
turn allow them to exert distinct functions. Currently, the CD4+ T cell subsets that
have been defined include Th1, Th2, Th3, Th9, Th17, Th22, Th25, follicle helper T
cells (Tfh), and Treg (Fig. 3). Interestingly, the literature on the immune response to
H. pylori has been inclusive of most of these subsets.
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4.1.1 Th1 Cells

The first subsets of T lymphocytes studied in the context of the host response to H.
pylori were Th1 and Th2 (Karttunen et al. 1990; Bamford et al. 1998b). Each CD4+

T cell subset is characterized by the expression of a specialized cytokine gene under
regulation by subset-defining transcription factors. Th1 is induced to differentiate
by IL-12 from APCs (Hsieh et al. 1993), which induce signal transducers and the
activator of transcription 4 (STAT4) or STAT1. These STATs lead to the expression
of the transcription factor T-bet, regarded as the master regulator of Th1 cells (Szabo
et al. 2000), and synthesis of IFN-γ, although neither of them is unique to Th1 cells.
T-bet activates the ifn-γ gene by binding directly to its promoter (Jenner et al. 2009)
and silences il4 gene expression (Djuretic et al. 2007). It is widely accepted that the
role of Th1 cells is to foster cell-mediated immunity against intracellular pathogens.

4.1.2 Th2 and Th25 Cells

Th2 cells are induced to differentiate in the presence of IL-4, which induces STAT6
phosphorylation. Phospho-STAT6 promotes the expression of the transcription factor
GATA3, which in turn leads Th2 cells to produce IL-4, IL-5, and IL-13 (Scheinman
and Avni 2009). GATA3 directly represses the ifn-γ gene (Chang and Aune 2007;
Djuretic et al. 2007). Further proof of the importance of GATA3 in Th2 cell devel-
opment was obtained in studies in which GATA3 was deleted from T cells and those
cells failed to differentiate into the Th2 lineage, while its overexpression in Th1 cells
caused them to reprogram into Th2 cells (Pai et al. 2004; Zhang et al. 1997). Th2
cells are central in humoral immunity and host responses to helminth infections;
however, they are chief contributors to the pathogenesis of allergic inflammatory
diseases (Nakayama et al. 2017). The literature suggests the existence of a novel
IL-25-producing T cell subset designated as Th25 cells, which seem to be closely
related to the Th2 cell lineage (Swaidani et al. 2011), as both cell types need IL-4
for cytokine production and IL-25 (also known as IL-17E) enhances cytokine pro-
duction (Fort et al. 2001). These cells are regulated by the transcription factor Act1
and were shown to induce non-lymphoid cells to synthesize Th2 cytokines during
infection with helminths (Swaidani et al. 2011; Fallon et al. 2006), and possibly to
extracellular pathogens, in general, as suggested by a recent study (de Sousa and
Quaresma 2018). Fallon et al. (2006) reported that il25−/− mice were inefficient
at eliminating the gastrointestinal nematode Nippostrongylus brasiliensis. To date,
there are no studies demonstrating the involvement of Th25 cells inH. pylori gastric
inflammation, as might be expected given their linkage to Th2 cell lineage and recent
emergence of Th25 cells.
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4.1.3 Th17

Th17 was initially described as a distinct Th subset in the last decade (Harrington
et al. 2005; Park et al. 2005), and this lineage of Th cells has the retinoic acid receptor-
related orphan receptor-γt (RORγt) as their master regulator (Ivanov et al. 2006).
Their differentiation involves either IL-1β (Sutton et al. 2006; Pachathundikandi
et al. 2016), IL-23 (Harrington et al. 2005), or the combination of IL-6 and TGF-β
(Mangan et al. 2006). Th17 cells acquired their designation because of their ability to
synthesize IL-17, both IL-17A and IL-17F (Harrington et al. 2005). IL-17 is a pro-
inflammatory cytokine which acts both on hematopoietic and non-hematopoietic
cells and induces antibacterial peptides, pro-inflammatory cytokines, chemokines,
and prostaglandins. Among the chemokines induced by IL-17 are CXCL1, CXCL2,
CXCL5, and IL-8, which promote neutrophil recruitment (Laan et al. 1999; Delyria
et al. 2009), as well as CCL20, a chemokine important in cell recruitment to mucosal
surfaces (Acosta-Rodriguez et al. 2007). These cells are linked to inflammation and
autoimmunity (Langrish et al. 2005), as well as immunity to extracellular microbes,
such as H. pylori, and their importance in immunity to mucosal pathogens has been
highlighted in published studies (Khader et al. 2009). The differentiation of Th17
cells is inhibited by IL-27 (Hirahara et al. 2012), which also promotes Th1 cell
differentiation (Yoshida et al. 2001).

4.1.4 Th22 and Th9 Cells

Th22 and Th9 cells are recently characterized CD4+ Th subsets. Akin to Th17, which
was so designated because of their production of IL-17, Th22 produces IL-22, whose
expression was previously linked to Th17 cells, but now it is accepted that Th17
(Liang et al. 2006; Kreymborg et al. 2007) and NK cells (Cupedo et al. 2009; Crellin
et al. 2010), in addition to Th22, produce IL-22, although the latter secrete the highest
levels. In contrast to Th17 cells, which produce both cytokines, Th22 cells do not
secrete IL-17A (Eyerich et al. 2009). Though they have been found within infected
tissues and multiple inflammatory states, their role in immunity has not been well
characterized due to the difficulty in culturing them in vitro, but that may change
soon after a recent report described their generation in vitro in the absence of Th17
cells (Plank et al. 2017). IL-22 aids in the control of mucosal infections through the
induction of inflammatory mediators and antimicrobial peptides (Rutz et al. 2013). A
recent report correlated IL-22-induced antimicrobial peptides with vaccine-induced
protection against H. pylori in mice (Moyat et al. 2017). As noted above, Th9 cells
also represent a recently described subset of effector T cells whose differentiation
from naïve T cells depends on transforming TGF-β and IL-4 (Dardalhon et al. 2008).
This subset of effector T cells has a complex requirement of different transcription
factors that include STAT6, PU.1, IRF4, and GATA3 (Chang et al. 2010; Staudt et al.
2010; Goswami et al. 2012). While their function in vivo is not clearly outlined, the
available data suggest their involvement in atopy, as IL-9 promotes mast cell growth
and induces changes in mast cell gene expression (Brough et al. 2014; Kearley et al.
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2011). Though a proteomic study showed that IL-9 was elevated in the mucosa ofH.
pylori-positiveGC samples (Ellmark et al. 2006), the role of Th9 in protection against
H. pylori or associated pathogenesis is not clear. However, it has been suggested
that IL-9 could be limiting the pro-inflammatory activity of Th17 cells since IL-
9-deficient Th17 cells induce more severe autoimmune gastritis (Stephens et al.
2011). Interestingly, Th9 cells have recently been implicated in inflammatory bowel
disease—more specifically in ulcerative colitis (Gerlach et al. 2015).

4.1.5 Tfh Cells

Tfh cells are a CD4+ subset specialized in providing B cell help while sustaining
enduring antibody responses in germinal centers of secondary lymphoid organs.
Tfh cells are distinct from other CD4+ T cell subsets by the expression of their
hallmark CXCR5, and the transcription factor essential for their differentiation, B
cell lymphoma-6 (BCL-6). Newly activated CD4+ T cells when exposed to IL-6
are induced to differentiate into Tfh by signaling through the IL-6 receptor (IL-
6R/gp130), which elicits Bcl6 expression (Nurieva et al. 2009). In turn, Bcl6 elicits
early CXCR5 expression and the Tfh migrates to the B cell follicle border (Choi
et al. 2011). Initially, these Tfh cells are induced by DCs and macrophages, but
eventually the main APCs that they encounter are antigen-specific B cells in the
follicle, interfollicular zone, and the T-B border. Their interaction with B cells is
significant since B cells express ICOS-L, which provides co-stimulatory signals via
ICOS on Tfh cells, which are essential for their complete differentiation (Choi et al.
2011). These T cells are important in immunity against infectious agents as antibody
responses are critical in immune responses to most pathogens.

4.1.6 Treg Cells

Treg cells are CD4+ T cells characterized by a high surface expression of CD25 (IL-2
receptor α chain), in addition to the expression of the transcription factor forkhead
box P3 (FoxP3) (Hori et al. 2003). They represent about 5–15% of all CD4+ T cells in
the body, and there are two populations of Treg cells, which develop in different sites.
Natural Treg (nTreg) cells undergo thymic maturation while induced Treg (iTreg)
cells mature post-thymically (Rodriguez-Perea et al. 2016). The latter population,
iTreg, is represented by two subsets that include Tr1, which lack FoxP3 and secrete
IL-10 (Vieira et al. 2004), and Th3 that are FoxP3+ and secrete TGF-β (Weiner 2001).
Their foremost function is to suppress immunity by limiting extent and intensity of
an immune response, and to maintain peripheral self-tolerance. This became evident
by an experiment of nature in which humans with dysfunctional FoxP3 develop a
condition known as immunodysregulation polyendocrinopathy enteropathyX-linked
(IPEX) syndrome. This syndrome is characterized by a series of autoimmune disor-
ders in various parts of the body such as the intestines, skin, and endocrine glands.
Treg cells inhibit effector T cells through cell–cell contact and through the cytokines
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that they produce, which include IL-10, TGF-β and IL-35 (Rodriguez-Perea et al.
2016; Jafarzadeh et al. 2015). The gastrointestinal mucosa is a body site where Treg
cells are found at a high frequency as they aid in maintaining immune tolerance and
are important in preventing intestinal inflammation (Izcue et al. 2009).

5 Reprogramming and Plasticity

Since the original definition of Th1 or Th2 effector cells was based on their cytokine
production profiles, Th effector subsets were regarded as being terminally differ-
entiated following a linear and unalterable process—each subset with a distinctive
cytokine profile. However, studies in vitro initially suggested that those Th1 and
Th2 cells could be induced to produce cytokines characteristic of the other subset
when cultured under conditions that would promote the opposite subset. For instance,
Th1 cells secreted IL-4 when they were cultured under Th2 culture conditions (Zhu
et al. 2004). Similar observations were made with Th17 and Treg cells. Treg were
reported to produce IL-17 after culture with IL-6, and they also upregulated RORγt
expression (Yang et al. 2008). Furthermore, Treg cells may self-induce into IL-17-
producing cells in the presence of IL-6 if TGF-β is absent (Xu et al. 2007) and Th17
may revert in vivo and in vitro into Th1 cells, as demonstrated by various indepen-
dent groups (Martin-Orozco et al. 2009; Bending et al. 2009). These and similar
observations uncovered the ability of “differentiated” T cells to convert to another
phenotype leading to the hypothesis that T cells have phenotypic plasticity that is
influenced by environmental cues. Thus, this ability of CD4+ T cells to become repro-
grammed and acquire features of other T cell subsets is now referred to as T cell
plasticity. CD4+ T cell plasticity can be modulated by a combination of extracellular
and intracellular signals (DuPage and Bluestone 2016). The extracellular cues that
may influence plasticity of CD4+ T cells include the available cytokine milieu with
the signaling that is activated, intensity of the TCR signaling, and signals activated by
co-stimulator/co-inhibitor receptors. Plasticity may also be influenced intracellularly
by signaling cascades, cell metabolism, and transcription factor (i.e., master regula-
tors: FoxP3, RORγ, etc.) regulation. During infection with H. pylori, most of these
extracellular and intracellular regulators are altered or used by the bacterium. For
instance, our studies showed that infection with H. pylori results in the induction of
the co-stimulatory molecules CD80, CD86, as well as the co-inhibitory receptor PD-
L1 on GECs (Beswick et al. 2007b; Das et al. 2006; Ye et al. 1997), which not only
influence the activation of T cells, but also promote their reprogramming (Beswick
et al. 2007a). TGF-β, which stimulates both Th17 and Treg cells, is also produced
by H. pylori-infected GECs, in a response that is dependent on the virulence genes
vacA and cagA (Beswick et al. 2011).
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6 H. pylori Induction and Evasion of the Host Immune
Response

Pathogens that establish infections for life possess characteristics in their interactions
with the human host that permit prolonged colonization periods, even in the presence
of immune responses. In the case of H. pylori, the bacteria are adapted to colonize a
distinctive niche that is hostile to most other microorganisms. Its ability to establish
persistent infection with associated chronic inflammation predisposes the host to
develop clinically significant gastric diseases, such as PUD and GC. The inflamma-
tory response reflects the induction of host immunity, but H. pylori has an arsenal of
mechanisms that enable successful evasion of innate and adaptive immunity in order
to persist within the human gastric mucosa. Because the adaptive immune response
is highly specific and is responsible for lasting immunity, we will focus the discus-
sion on the adaptive immune response with an emphasis on how H. pylori subverts
lymphocytes. Since T cells are activated by their interactions with APCs, to better
understand how T cell responses are affected, we will also discuss the influence of
H. pylori on classical APCs and the epithelium in their interactions with T cells.

Macrophages, DCs, B cells, and GECs are influenced during infection by H.
pylori, and, in turn, they contribute to themucosal response that takes place.Although
H. pylori is not invasive, the bacterium and its products come in contact with cells
in the lamina propria. Thus, the infected gastric mucosa has a significant influx
of immune cells that include macrophages, DCs, and lymphocytes. Macrophages
are recruited to the H. pylori-infected gastric mucosa and aid in the production of
pro-inflammatory cytokines and chemokines (Dzierzanowska-Fangrat et al. 2008).
Dependingonhowmacrophages are activated they are functionally polarized as either
M1 (classically activated by IFNγ and bacterial products and are pro-inflammatory),
or M2 (alternatively activated by IL-4, IL-10, or IL-13 and are associated with
wound healing and tissue repair) (Murray 2017). Analysis of gastric macrophages in
H. pylori-infected mice showed that they were polarized to M1, and in humans,
they showed a mixed M1/M2 phenotype, but in atrophic gastritis macrophages,
they were also M1 (Quiding-Jarbrink et al. 2010). However, the work by Wilson’s
group has shown that macrophages in H. pylori-infected mice show activation of
the arginase/ornithine decarboxylase pathway (Lewis et al. 2011), which is a fea-
ture associated with M2 macrophages. Further, another group reported the pres-
ence of CD68+CD163+Stabilin-1+ (M2) macrophages in the lamina propria of H.
pylori-infected patients (Fehlings et al. 2012). Wilson’s group also showed that H.
pylori induces the heme oxygenase-1 (HO-1) gene in macrophages. HO-1 is an anti-
inflammatory and antioxidant enzyme. This response was elicited by phosphorylated
CagA and signaling that involves the activation of p38 and NF (erythroid-derived
2)-like 2 (NRF2) (Gobert et al. 2014). The activation of HO-1 in H. pylori-infected
macrophages fosters a switch to regulatory macrophages able to dampen immune
responses. Macrophages are also considered as key promoters in the differentiation
of Th17 cells within the H. pylori-infected mucosa. Macrophages exposed to H.
pylori or urease secrete pro-Th17 cytokines (Zhuang et al. 2011). Furthermore, two
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independent studies using two different mouse models of autoimmune disease iden-
tified B cell activating factor (BAFF aka B-lymphocyte stimulator, BLyS, and TNF-
superfamily member 13B) of the TNF-α family as a promoter for Th17 responses
(Zhou et al. 2011; LaiKwan et al. 2008).One report suggested that BAFFwas directly
involved in these responses, while the other report suggested that BAFF acts as a
modulator of the cytokinemilieu that would, in turn, affect the induction and function
of Th17 cells. Munari et al. (2014) showed that IL-17 and BAFF levels are elevated
in the mucosa of H. pylori-infected patients, and the increase of these two cytokines
hinges on the presence of H. pylori. Macrophages in the gastric mucosa of patients
are amajor source of BAFF, which causes pro-Th17 cytokine production in a reactive
oxygen species (ROS)-dependent manner. Taken together, all these reported obser-
vations suggest that H. pylori may affect macrophage polarity in multiple ways, and
these macrophages may in turn contribute to the diverse Th cell responses reported
during the infection. However, an important property for macrophages to affect T
cells directly is by being able to phagocytose and process H. pylori antigens for
presentation of the antigens to CD4+ T cells.

Macrophages readily internalize H. pylori, but the bacteria avoid phagocytic
killing. Virulent type 1 strains of H. pylori were found to disturb phagosome matu-
ration and induce formation of anomalous vacuoles referred to as megasomes (Allen
et al. 2000; Zheng and Jones 2003). Normal maturation of phagosomes occurs in
stepwise fashion in which phagosomes fuse with early endosomes, late endosomes,
and lysosomes. The intravacuolar pH decreases with each stage in order to allow for
activation of the lysosomal proteases needed for antigen processing (Desjardins et al.
1994). However,H. pylori stops phagosome maturation, preventing it from attaining
its full degradative capacity, which in turn allows for extendedH. pylori intracellular
survival (Allen 1999). Experiments with isogenic vacA and urease mutant strains
to infect murine macrophages and macrophage cell lines pointed to their role in
extending the survival of H. pylori (Zheng and Jones 2003; Schwartz and Allen
2006). The ability of H. pylori VacA to perturb the endocytic traffic at a late stage
was initially described by Rappuoli’s and Montecucco’s groups using elegant cell
biology methods (Papini et al. 1994).

DCs are robust APCs and a major immune cell type connecting both innate and
adaptive immune responses. DCs are also among the cell types affected by H. pylori
during infection and thus represent an important tool in the arsenal used byH. pylori
to subvert host immunity since DCs may also function as different subsets that
differentially regulate T cell functions. Among the various effects that H. pylori has
on DCs include the induction of cytokines, such as IL-12, IL-23, and TNF-α, which
are associated with Th1 responses (Amedei et al. 2006), in addition to a panel of
other pro-inflammatory cytokines and chemokines (Kranzer et al. 2004). H. pylori
has also been reported to promotemonocytematuration intoDCswith increasedHLA
class II expression. An important virulence factor in promoting these responses is
the neutrophil-activating protein NapA (Pachathundikandi et al. 2015). As the name
implies, it also affects neutrophils and was initially labeled as such because it was
reported to induce a high production of oxygen radicals from neutrophils (Evans et al.
1995a, b). In vitro studies showed that NapA alone, added to in vitro cultures, could
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significantly limit development of Th2 clones to antigens such as tetanus toxoid (TT)
and mite allergen. Interestingly, in those studies, most (89%) of the allergen-specific
Th clones were Th2 clones in the absence of NapA, but in its presence their frequency
decreased to only a small fraction (29%), while Th1 clones increased considerably
(D’Elios et al. 2007). Because of NapA’s potential to reprogram antigen-specific
Th2 cell responses to polarized Th1, its possible use as an immunomodulator in Th2
diseases, such as atopy, has been suggested (Reyes and Beswick 2007). As discussed
below, among the subsets of CD4+ T cells that have been found to infiltrate the H.
pylori-infected gastric mucosa are Treg and Th17 cells, but their balance is skewed
toward a regulatory response. The effect thatH. pylori has on the Treg/Th17 balance
appears to be exerted via DCs (Kao et al. 2010). Studies conducted by AnneMuller’s
group using bone marrow-derived DCs exposed to H. pylori and co-cultured with
CD4+ T cells and a cocktail of anti-CD3, IL-2, and TGF-β showed that they induced
more CD25+FoxP3+CD4+ T cells than naïve DCs (not exposed to H. pylori) as
determined by flow cytometry (Oertli et al. 2012). Interestingly, mesenteric lymph
node (MLN)-DCs that were immunomagnetically isolated from H. pylori-infected
mice also promoted the development of a large percentage of CD25+FoxP3+CD4+

T cells in co-cultures with naïve CD4+ T cells (Oertli et al. 2012). These and other
similar observations suggest that H. pylori induces tolerogenic properties in DCs.

Presentation of H. pylori antigens by DCs not only activates T cells, but also
indirectly promotes B cell activation through CD40-CD40L interactions between
lymphocytes (Guindi 2000). The exact role of B lymphocytes in the development of
anti-H. pylori immunity remains ill-defined, althoughH. pylori-carriers are known to
develop strong local and systemicH. pylori-specific IgAand IgGantibody production
(Futagami et al. 1998; Nurgalieva et al. 2005; Portal-Celhay and Perez-Perez 2006).
Since infected individuals have elevated serum Ig titers toH. pylori, this response has
been used to detect H. pylori infection, although IgG antibodies are not considered
reliable indicators of current infection. The elicited antibodies fail to control H.
pylori (Ermak et al. 1998). Early studies with a murine model of H. pylori infection
examined the protective role of B cells by intragastric administration of H. pylori-
specific IgA antibodies simultaneously with Helicobacter felis bacteria into germ-
free mice. After infection withH. felis, the investigators observed a reduction of 70%
of the number of colonized mice at 4 weeks post-infection (Czinn et al. 1993). In
addition, experiments using mice deficient in IgA or immunoglobulin (μMT) that
were immunized with urease and lysates of H. pylori or H. felis, later challenged
with H. pylori, showed no differences in gastric colonization by H. pylori during
the acute phase of infection (Ermak et al. 1998; Blanchard et al. 1999; Pappo et al.
1999; Akhiani et al. 2004, 2005). However, analysis of the chronic phase of infection
(>8 wk p.i.) showed that μMT mice were able to clear the H. pylori infection with
signs of severe gastritis, whereas the wild-type mice presented extensive H. pylori
colonization with mild gastric inflammation (Blanchard et al. 1999). Overall, these
reports showed that vaccine-induced immunity is elicited in comparable levels in
wild-type and antibody- or B-lymphocyte-deficient mice. Interestingly, T cells from
wild-type, IgA- andμMT-deficient mice produced comparably high levels of IFN-γ,
whereas the levels of IL-10 produced were significantly higher in wild-type mice
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than in the deficient mice (Akhiani et al. 2004, 2005). The use of IL-10/IgA double
knockout mice helped to further examine the role of inflammation in controlling
H. pylori colonization. These double knockout mice were 1.2-log significantly less
colonized by H. pylori than mice deficient only in IL-10, which in turn were less
colonized than wild-type mice. These observations led to the view that B cells and/or
antibodies may have a pathological effect by promoting chronic inflammation.

IL-10 is among the immune signaling molecules made by B cells and has been
linked with downregulation of protective T cell responses. IL-10 is significantly ele-
vated in the gastric mucosa of patients andmice infected withH. pylori (Bodger et al.
2001). This cytokine is used by regulatory T and B cells to limit the inflammatory
response. Mice deficient in IL-10 had a 100-fold reduction of H. pylori colonization
in comparison with wild-type mice (Chen et al. 2001; Ismail et al. 2003). B cells
can be activated directly by other mechanisms, including TLR, BCR, and cytokines
receptors. BCR and TLR7/9 activation by nucleic acid–protein complexes, originat-
ing from chronic infection, and associated inflammation, initiates B cell activation
via MyD88/NF-κB (Farinha and Gascoyne 2005; Fukata et al. 2008). Interestingly,
experiments with murine B cells exposed to H. pylori extracts upregulated CD80
and IL-10 production via TLR2/MyD88 activation and promoted differentiation of
naïve CD4+ T cells into IL-10-producing CD4+CD25+ Treg cells, with suppres-
sive activity in vitro through CD40/CD40L (Sayi et al. 2011; Smith 2014) (Fig. 4).
Therefore, B cells can be activated pro-regulatory (IL-10 production) cooperating
with T cells in the suppression of immunopathological inflammation associated with
H. pylori infection. IFN-α is another cytokine made by plasmacytoid DC antigen-1
(PDCA-1)+ B cells and found to suppress H. pylori-induced gastritis, and down-
regulate Th1-type cytokines (Otani et al. 2012). Interestingly, IFN-α administration
to H. pylori-infected mice reduced neutrophil infiltration and levels of TNF-α and
IFN-γ (Otani et al. 2012). Gastric samples from H. pylori-infected patients showed
significantly increased IFN-α and IgM in their sera, as well as PDCA-1+ B cells
compared to controls (Ma et al. 2016). In addition, PDCA-1+ B cells were more fre-
quent in H. pylori- infected patients suffering from atrophic gastritis or peptic ulcers
in comparison with non-atrophic gastritis patients (Ma et al. 2016).

The cellular infiltrate within the H. pylori-infected gastric mucosa includes both
CD4+ and CD8+ T cells, which are significantly increased in the neck, pit, and gland
regions, as noted in gastric biopsy sections (Nurgalieva et al. 2005; Bamford et al.
1998a). In early studies, we and others reported that the response is polarized to Th1
cells (Haeberle et al. 1997; Bamford et al. 1998a; Karttunen et al. 1990), which was
an early indication that the immune response to H. pylori is misguided since Th1
cells influence cell-mediated immunity, which is inadequate against extracellular
pathogens, such as H. pylori. In fact, Th1 cells seem to aid in pathogenesis, as
supported by observations in human carriers, suggesting Th1 participation in H.
pylori-associated lesions (Robinson et al. 2008). The presence of Th17 and Treg
cells in the infected gastric mucosa has been reported by various independent groups
(Jang 2010; Shi et al. 2010; Zhang et al. 2008; Lundgren et al. 2003, 2005). Further,
in theH. pylori-infected gastric mucosa there is a marked infiltration of CD4+ T cells
with abnormal Th17/Treg cell ratios (Gil et al. 2014; Lundgren et al. 2003, 2005).
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Fig. 4 H. pylori upregulate the expression of CD80 and IL-10 production via TLRs on B cells. B
cells exposed to H. pylori upregulate receptors and cytokines that then promote Treg cell differen-
tiation

CD25+/CD4+ versus FoxP3+/CD4+ cells frequencies vary significantly depending
on the type of disease and severity (Cheng et al. 2012). FoxP3 is a master regulator
of Treg cells whose frequency is significantly higher in GC patients than in patients
with otherH. pylori-related gastric diseases (Cheng et al. 2012). An increase in Treg
cells leads to higher bacterial density and contributes to the development of atrophic
gastritis and GC progression by suppressing anti-tumor effector T cells. Treg cells
in the gastric mucosa helped explain earlier reports of T cell hyporesponsiveness of
T cells from H. pylori-infected subjects when restimulated with H. pylori antigens,
as compared to T cells from uninfected individuals (Fan et al. 1994; Karttunen et al.
1990). As Th17 cells are important in immune-mediated clearance of extracellular
bacteria, their presence in the H. pylori-infected mucosa is expected. In fact, mouse
immunization studies reported the contribution of Th17 cells, and a robust IL-17
secretion in protection against H. pylori (Delyria et al. 2009), but in those studies,
the vaccinated mice were challenged with theH. pylori SS1 strain, which is defective
in the type 4 secretion system. As explained below in some detail, our studies showed
that a functional type 4 secretion system is important in H. pylori’s ability to evade
Th17 cell responses (Lina et al. 2013). In infected mice fully virulent H. pylori
inhibits Th17 and tips the balance to Treg cells (Kao et al. 2010). The Treg/Th17
balance is essential to immune homeostasis.

T cell activity is also shaped by immune checkpoint receptors expressed on
immune cells that deliver inhibitory signals (Ceeraz et al. 2013). As mentioned ear-
lier, the B7 family of co-stimulatory/co-inhibitory receptors has emerged as central in
immune regulation, keeping a subtle balance between immune potency and suppres-
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sion of autoimmunity (reviewed in (Francisco et al. 2010; Ceeraz et al. 2013)). We
showed thatH. pylori regulates GEC expression of various B7 immune checkpoints,
which in turn impact local T cell development and function (Lina et al. 2013, 2015).
These proteins perform as ON/OFF switches for T cell activity, and recent studies
suggest their role in influencing T cell differentiation or phenotype. For example, in
studies using co-cultures of naïve CD4+ T cells with H. pylori-infected GECs, we
noted that PD-L1 (aka CD274, B7-H1) promoted the development of Treg from those
naïve CD4+ T cells (Beswick et al. 2007b), and a separate report demonstrated that
PD-L1 converted T-bet+ Th1 cells into FoxP3+ Treg cells in vivo (Amarnath et al.
2011). During infection withH. pylori, PD-L1 expression is increased by GECs (Das
et al. 2006). We reported that epithelial cells from biopsy specimens of H. pylori-
infected patients had an elevated expression of PD-L1 when compared to epithelial
cells from uninfected subjects, and this was confirmed by infecting GECs in the
absence of cytokines that are present in the infected gastric mucosa, which could
induce that expression (Das et al. 2006). These results, regarding gastric epithelial
PD-L1 expression during H. pylori infection, were confirmed by Wu et al. 2010). In
subsequent studies, we observed that H. pylori infection, besides eliciting increased
expression of PD-L1, also leads to a reduced expression of ICOS-L, which is the
only positive co-stimulator known to act on activated or memory T cells (Lina et al.
2013). These findings suggested that H. pylori uses the epithelium to create a prime
inhibitory scenario for Th effector cells by altering the expression of these proteins
with profound immunomodulatory effects. These responses are partially dependent
on H. pylori CagA and peptidoglycan translocated by the type IV secretion system
(Posselt et al. 2013; Backert et al. 2015; Zhang et al. 2015) (Fig. 5). CagA was
found to reduce ICOS-L expression by activating the p70 S6 kinase pathway. CagA
contributes to the H. pylori-mediated activation of the mTOR/p70 S6 kinase path-
way. The serine/threonine protein kinase mTOR acts downstream from PI3K/Akt
and controls activation of p70 S6 kinase. The role of p70 S6 in downregulation of
ICOS-L by the cagA+ H. pylori strains was confirmed by adding to the cultures
rapamycin, a specific inhibitor of p70 S6 kinase/mTOR. Because the ICOS-L–ICOS
interaction is critical for Th17 cell development, maintenance, and function (Paulos
et al. 2010), H. pylori is able to evade Th17 cell-mediated clearance by modifying
ICOS-L expression as demonstrated in in vivo studies (Lina et al. 2013). The B7 fam-
ily of “checkpoint regulators” (Ceeraz et al. 2013) affect adaptive immunity beyond
T cell activation, as described above. They impact T cell differentiation, cytokine
production, and reprogramming (Kuang et al. 2014; Lee et al. 2013; Ishiwata et al.
2010). As T lymphocytes play a key role in adaptive immunity, H. pylori’s influence
on the expression of immune checkpoints may be pivotal in persistent infection and
pathogenicity. It is worth noting that tumor cell expression of checkpoint inhibitors
promotes tumor immune evasion and growth by inducing “exhaustion” of effector
T cells (Wherry 2011), and the ability of H. pylori to alter the expression of these
molecules may allow H. pylori to aid developing neoplastic cells to escape immune
surveillance mechanisms.

Besides altering the local mucosal environment by modulating the expression of
key immunoregulatorymolecules or productionof cytokines by thegastric epithelium
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Fig. 5 H. pylori CagA and peptidoglycan translocated by the type IV secretion system into GECs
promote a suppressive environment. H. pylori CagA and peptidoglycan injected into GECs lead
to a reduction of B7-H2 expression by activating the p70 S6 kinase pathway. H. pylori CagA also
promotes PD-L1 (B7-H1) expression by GECs. Both of these responses combined promote a sup-
pressive environment because the ICOS-L–ICOS interaction is critical for Th17 cell development,
maintenance, and function and in the absence of the interaction Th17, cells fail to develop. PD-L1
provides inhibitory signals for effector Th cells and promotes differentiation of Treg cells (Lina
et al. 2013)

and immune cells, H. pylori is also able to directly inhibit CD4+ T cells. H. pylori’s
VacA toxin and γ-glutamyl-transpeptidase (GGT) have been reported to hinder T cell
activation (Sundrud et al. 2004; Boncristiano et al. 2003). Both of these toxins are
secreted products ofH. pylori. VacA uses CD18 (β2-integrin) as a receptor on T cells
(Sewald et al. 2008). VacA is internalized after the cytoplasmic domain of CD18 is
phosphorylated by protein kinase C (Sewald et al. 2011). H. pylori VacA impedes
T cell signaling and proliferation by promoting the arrest of the cells cycle at G1/S.
H. pylori VacA mediates this effect by interfering with the TCR and IL-2 signaling
pathways at the level of the Ca2+/calmodulin-dependent phosphatase calcineurin.
By this mechanism H. pylori VacA prevents translocation of the important T cell
transcription factor NFAT (nuclear factor of activated T cells) into the nucleus of T
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cells leading to the suppression of il-2 gene transcription (Gebert et al. 2003). Studies
by Cover’s group showed that H. pylori VacA constrains IL-2-induced cell-cycle
progression and proliferation of T cells without altering IL-2-dependent survival,
but through its N-terminal hydrophobic region needed for the creation of anion-
selective membrane channels averting clonal expansion of T cells activated by H.
pylori antigens (Sundrud et al. 2004).

The GGT enzyme from H. pylori has also been found to contribute to PUD
and GC (Gong et al. 2010; Rimbara et al. 2013). GGT is a threonine N-terminal
nucleophile hydrolase that catalyzes transpeptidation and hydrolysis of the gamma-
glutamyl group of glutathione and converts glutamine resulting in the secretion of
glutamate and ammonia into the periplasm and local milieu. Among the multiple
effects that H. pylori GGT has, it has been reported to inhibit T cell proliferation
and DC differentiation (Gerhard et al. 2005; Oertli et al. 2013; Schmees et al. 2007).
Gerhard and colleagues showed that H. pylori GGT induces cell-cycle arrest in T
cells at the G1 phase and thus suppresses their proliferation (Schmees et al. 2007).
They reported thatH. pyloriGGT causes G1 arrest by disrupting Ras- and not PI3 K-
dependent signaling (Schmees et al. 2007).H. pyloriGGT also induces Cox2, which
paradoxically may also suppress the Th1 polarization (Meyer et al. 2003). Both H.
pylori GGT and VacA may also thwart T cell activity indirectly by reprogramming
DCs into “tolerogenic” DCs, which foster the differentiation of naïve T cells into
Treg cells (Oertli et al. 2013). Muller and colleagues reported that those DCs foster
the expression of the FoxP3, CD25 and IL-10, characteristic markers of Treg cells,
in naïve T cells (Oertli et al. 2013).

7 Concluding Remarks

Although the incidence of H. pylori infection has been decreasing due to enhance-
ments in living conditions, the global prevalence of H. pylori remains high. In North
America, approximately one-third of all adults are infected, while in developing
regions, almost half of the population carries H. pylori (Eusebi et al. 2014). Thus,
H. pylori remains an important human pathogen associated with significant clinical
disease. Over the last few years, we have learned substantially regarding its diverse
mechanisms to surreptitiously maneuver the host immune response in order to main-
tain persistent infection that may last a lifetime. Because the diseases associated with
its infection remain a significant public health concern, due to their associated mor-
bidity and mortality, and because of the increasing incidence of antibiotic resistance,
there is a clear need for an effective vaccine that allows the host to surmount the
multiple strategies used by H. pylori to thwart the host adaptive responses reviewed
in this chapter. Since T lymphocytes are arguably the most essential cells in adap-
tive immunity, H. pylori’s impact on the expression of crucial receptors that control
T lymphocyte function or tolerance is decisive in bacterial persistence and patho-
genesis. Thus, in order to reduce the incidence of this important human pathogen
through vaccination, we clearly need to better understand how it manipulates the host
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immune armamentarium in order to effectively and appropriately steer it in directions
that favor the host over the pathogen.
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Abstract Inflammasome-controlled transcription and subsequent cleavage-
mediated activation of mature IL-1β and IL-18 cytokines exemplify a crucial innate
immune mechanism to combat intruding pathogens. Helicobacter pylori represents
a predominant persistent infection in humans, affecting approximately half of the
population worldwide, and is associated with the development of chronic gastritis,
peptic ulcer disease, and gastric cancer. Studies in knockout mice have demonstrated
that the pro-inflammatory cytokine IL-1β plays a central role in gastric tumorige-
nesis. Infection by H. pylori was recently reported to stimulate the inflammasome
both in cells of the mouse and human immune systems. Using mouse models and
in vitro cultured cell systems, the bacterial pathogenicity factors and molecular
mechanisms of inflammasome activation have been analyzed. On the one hand, it
appears thatH. pylori-stimulated IL-1β production is triggered by engagement of the
immune receptors TLR2 and NLRP3, and caspase-1. On the other hand, microRNA
hsa-miR-223-3p is induced by the bacteria, which controls the expression of NLRP3.
This regulating effect by H. pylori on microRNA expression was also described
for more than 60 additionally identified microRNAs, indicating a prominent role
for inflammatory and other responses. Besides TLR2, TLR9 becomes activated by
H. pylori DNA and further TLR10 stimulated by the bacteria induce the secretion of
IL-8 and TNF, respectively. Interestingly, TLR-dependent pathways can accelerate
both pro- and anti-inflammatory responses during H. pylori infection. Balancing
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from a pro-inflammation to anti-inflammation phenotype results in a reduction in
immune attack, allowing H. pylori to persistently colonize and to survive in the
gastric niche. In this chapter, we will pinpoint the role of H. pylori in TLR- and
NLRP3 inflammasome-dependent signaling together with the differential functions
of pro- and anti-inflammatory cytokines. Moreover, the impact of microRNAs on
H. pylori–host interaction will be discussed, and its role in resolution of infection
versus chronic infection, as well as in gastric disease development.

1 Introduction

Mechanisms initiating inflammatory effects in response to bacterial infections are
mostly associated with the activation of innate immune signaling complexes, so-
called inflammasomes (Man 2018). These inflammasomes constitute multimeric
protein complexes and generally consist of a pattern recognition receptor (PRR) for
sensing pathogen-associated molecular patterns (PAMPs) and pro-caspase-1 (Hara
et al. 2013). Based on the bacterial ligand specificity, subcellular localization of the
receptor, and the involved signaling pathway, PRRs are classified into two main
families—the Toll-like receptors (TLRs) and nucleotide-binding-domain leucine-
rich repeat containing receptors (NLRs) (Martinon et al. 2002; Mogensen 2009;
Hara et al. 2013). The PRR being part of the inflammasome is decisive for the classi-
fication of the various inflammasomes (Hara et al. 2013). Following assembly of the
inflammasome, the complex becomes activated in a two-step manner. First, nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-κB) or other transcrip-
tion factors induce the enhanced expression of proforms of several pro-inflammatory
cytokines or interleukins (ILs), such as IL-1β or IL-18 (Mariathasan and Monack
2007). Subsequently, pro-caspase-1 becomes activated by the inflammasome com-
plex itself or by a second signal, leading to the processing of IL-1β or IL-18 precursor
proteins by matured caspase-1 (Martinon et al. 2002; Dinarello 2009). As a result,
inflammasome activation promotes the secretion of the bioactive forms of both of
these interleukins, andmoreover, a specific formof cell death, called pyroptosis (Mar-
tinon et al. 2002; Dinarello 2009; Miao et al. 2011). NLRP3, NLRP1, and NLRC4
from the nucleotide-binding-domain (NOD)-like receptor family are known to play
an essential role in the inflammasome activation by various Gram-negative bacteria,
such asH. pylori or Salmonella typhimurium, or by recognition of different bacterial
products (Mariathasan et al. 2006; Man 2018). Inflammasome activation and the
associated increased IL-1β concentrations were shown to encourage the pathogene-
sis of chronic and acute diseases in the gastrointestinal tract, such as inflammatory
bowel disease, gastritis, Crohn’s disease, or gastric cancer (GC) (Guo et al. 2015).
In addition, another study has demonstrated that the uncontrolled activation of TLRs
leading to continuous stimulation of the immune system favors chronic inflammatory
diseases (Andreakos et al. 2004).

A prominent cause for peptic ulcer disease (PUD), GC, mucosa associated lym-
phoid tissue (MALT) lymphoma, and other illnesses is the Gram-negative gastroin-
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testinal bacteriumH. pylori (Atherton and Blaser 2009; Polk and Peek 2010; Salama
et al. 2013; Pachathundikandi et al. 2013). A recent review summarizing the meta-
data analysis of theH. pylori global prevalence has indicated that 44.3–60.3%percent
of the global populationwas infectedwith this pathogen in 2015 (Sjomina et al. 2018).
A correlation between the levels of secreted IL-1β in the stomachwith gastric inflam-
mation and the generation of GC has been indicated (Posselt et al. 2013; Kameoka
et al. 2016). H. pylori was shown to modulate the IL-1β secretion through activation
of TLR2 by lipopolysaccharide (LPS), and other virulence factors, such as vacuo-
lating cytotoxin A (VacA) or urease, and thus promotes the NLRP3 inflammasome
assembly and activation (Pachathundikandi et al. 2016). Moreover, H. pylori affects
the host innate immune response not only by activating TLRs, but also by direct
injection of the effector protein CagA in gastric epithelial cells (GECs) using a type
IV secretion system (T4SS) (Backert et al. 2008, 2015; Zhang et al. 2015). In this
case, translocated CagA is associated with IL-1β mRNA production and inflamma-
some assembly (Kameoka et al. 2016). Thus, a series of H. pylori virulence factors
was shown to be associated with inflammasome activation, which promotes bacte-
rial clearance, and hence seemed to be associated with resolution of inflammation
(Naumann et al. 2017).

MicroRNAs (miRNAs) are small endogenous noncoding RNA molecules, which
function by targeting mRNA for translational repression or decay to regulate post-
transcriptional gene expression. miRNAs were discovered in 1993 for their role in
development of Caenorhabditis elegans (Lee et al. 1993; Wightman et al. 1993).
Further studies in the last decade identified many different miRNAs and a lead-
ing database represented 38,589 entries of hairpin precursor miRNAs, expressing
48,885 mature miRNA products, in 271 species (http://www.mirbase.org/). There
are several other databases, which have compiled the functions of verified miRNAs
for their roles in cellular pathways. These studies also revealed the importance of
miRNAs on maintaining homeostasis, development, causing diseases of different
kinds, controlling infections and immune activities (Alvarez-Garcia andMiska 2005;
Giza et al. 2014; Cadamuro et al. 2014; Zhou et al. 2018). In this context, we looked
for themultitude of effects managed bymiRNAs duringH. pylori infection.H. pylori
infection attracts a strong immune reaction from the host and eventually turns into
the production of different types of adaptive immune responses (Dunn et al. 1997;
White et al. 2015; Gobert and Wilson 2016). H. pylori was reported to be sensed by
many different PRRs in GECs, neutrophils, macrophages, and dendritic cells (DCs).
The various downstream signaling pathways activate several transcription factors
including NF-κB, activator protein 1 (AP-1), and interferon regulatory factor (IRF)
to produce various chemokines, cytokines, and other inflammatory gene products
for mounting innate and adaptive immune responses (Gobert and Wilson 2016). The
most evident adaptive immune response is a Th1-mediated cytotoxic phenotype, but
in the course of infection it will also induce Th2 and Th17 responses and Treg popu-
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lation also fill-up the infected mucosa (Wilson and Crabtree 2007; White et al. 2015;
see also Chapter “Inflammation, Immunity and Vaccine Development for the Gastric
Pathogen Helicobacter pylori” of this book). This complex mixed adaptive immune
response makes H. pylori infection a combination of “friend or foe” responses and
plays a crucial role in determining the development of associated diseases, and also
has some benefits on controlling ectopic inflammatory conditions.

H. pylori infection induces myriads of host receptor-mediated signal transduction
cascades in GECs and immune cells (Backert and Naumann 2010; Pachathundikandi
et al. 2015; Pachathundikandi and Backert 2018a). The primary mechanism of innate
immune receptor-mediated signaling is to activate the production of various inflam-
matory mediators for control of the infection (Wilson and Crabtree 2007;White et al.
2015). However, successful and long-term colonizing bacteria like H. pylori need to
circumvent these efforts by the host immune system. The central process of inflam-
mation is carried out through the production of several soluble inflammatory media-
tors called cytokines and chemokines (Gobert and Wilson 2016). Pro-inflammatory
mediators take the lead at the initial phases to coordinate a full attack on invading
pathogens; however, uncontrolled pro-inflammatory actions are detrimental to host
tissue. There are anti-inflammatory mechanisms through cytokines, other mediators,
and cellular responses.H. pylori has been found to manipulate these mechanisms by
inducing both pro- and anti-inflammatory mediators, which ultimately dampen the
proper functioning of the immune system and supports long-term colonization and
persistence in the gastric mucosa of infected individuals (Wilson and Crabtree 2007;
White et al. 2015). In this review, we aimed to focus on the role ofH. pylori infection
and host immune responses including cytokine signaling, inflammasome activation,
miRNA induction and further impact on the resolution of inflammation.

2 Inflammasome Activation Through NOD2 and TLR2
Signal Transduction

In response to bacterial infections, PRRs being mainly expressed in immune cells
recognize foreign PAMPs and promote pro- and anti-inflammatory responses (Bryant
et al. 2010; Franchi et al. 2012). The best-studied PRRs are the transmembrane TLRs
(Bafica et al. 2005). Next to the TLRs, NOD-like receptors are themain group of bac-
terial sensors (Kersse et al. 2011; Franchi et al. 2012). In general, many recent reports
have shown a stimulatory effect of the bacterial cell wall component peptidoglycan
on NOD2, resulting in a NOD2 stimulation, which further leads to the production
of pro-inflammatory cytokines and the induction of bacterial killing (Cooney et al.
2010; Travassos et al. 2010; Bansal and Balaji 2011). In addition, a study analyzing
the infection by the Gram-negative, obligate intracellular pathogen Ehrlichia chaf-
feensis in murine models, examined that the course of lethal infection was associated
with an increased expression of the PRRs TLR2, NOD1 or NOD2 (Chattoraj et al.
2013). In the course of lethal Ehrlichiosis, NOD2 contributed to the dysregulated
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immune response and immunopathology, while TLR2 seemed to be responsible for
the clearance of the pathogens when NOD2 is absent (Chattoraj et al. 2013). In con-
trast, Hedl and Abraham (2013) have indicated a NOD2-dependent enhancement
of bacterial killing in intestinal macrophages in vivo. Thereby, a crucial role of IL-
1 for the increased bacterial clearance in response to chronic NOD2 stimulation
was determined (Hedl and Abraham 2013). Investigating the effect of NOD2 on the
immune response, several studies found that NOD2 modulates NF-κB and MAPK
pathways leading to the production of cytokines, chemokines, and antimicrobial
peptides (Girardin et al. 2003; Latz et al. 2013). However, recent studies have also
shown that NOD2 is able to bind pro-caspase-1 leading further to inflammasome acti-
vation (summarized by Mariathasan and Monack 2007). Using human monocytes,
a crucial role of NOD2 on IL-1β production and caspase1-dependent maturation
was determined (Ferwerda et al. 2008). In response to muramyl dipeptide, it was
shown that the association of NOD2 with the inflammasome sensor protein NALP1
resulted in the formation of an inflammasome complex activating caspase-1 (Hsu
et al. 2008). Thus, the complex formation of NOD2with NALP1might be crucial for
the NOD2-dependent effects on IL-1β processing, suggesting a more decisive role of
NOD2 in caspase-1 activation than in themodulation of NF-κB andMAPKpathways
(Hsu et al. 2008). Consistent with that, Hedl and Abraham (2013) have shown that
NOD2-induced inflammasome activation was specifically dependent on the inflam-
masome sensor proteins NLRP3, NLRP1, and ASC in primary human monocyte-
derived macrophages. As TLR2 binds the same bacterial molecules as NOD2, these
PRRs seemed to crossregulate the functions of each other and act in a co-stimulatory
manner (Lamkanfi 2011; Mercier et al. 2012). Moreover, TLRs were shown to be
more effective in activating the NF-κB- and MAPK-dependent pathways (Maeda
2005). Stimulation of macrophages with LPS, known as a ligand for TLR4, leads
to an enhanced IL-1β production, presumably promoted by TLR4- or TLR3-based
pathways (Maelfait et al. 2008). In addition, Rapsinski and colleagues (2015) have
shown that macrophages lacking TLR2 exhibit a decreased IL-1β production and
further, the internalization of TLR2 ligands, such as bacterial amyloid curli, is cru-
cial for the effective stimulation of the NLRP3 inflammasome. The TLR2-dependent
NLRP3 inflammasome activation and resulting pro-inflammatory cytokine secretion
in human cells are shown in Fig. 1a. However, the stimulation of NLRP3 by activated
TLR2was not examined for all TLR2 ligands, suggesting that may be ligand-specific
differences in TLR2-based inflammasome activation (Rapsinski et al. 2015).

During H. pylori infection of mice, TLR2 signaling was reported to be the rate-
limiting step in the activation of the NLRP3 inflammasome (Koch et al. 2015). A
study using a transposon mutant library of H. pylori revealed that urease deficient
bacteria were no longer able of such activation in DCs (Koch et al. 2015). Infection
of DCs with specific �ureA and �ureB mutants pinpointed the role of UreB in this
activation (Koch et al. 2015). However, pro-IL-1β expression was induced through
H. pylori LPS-mediated activation of TLR4, as particular LPSmutants failed to do so
(Koch et al. 2015). This shows the need for concerted action of TLRs in the activation
of the inflammasome during H. pylori infection. The tlr2 and nlrp3 deficient mice
showed an increase in interferon-gamma (IFNγ)-producing CD4+ cells and reduced
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Fig. 1 Signal transduction events leading to inflammasome activation by Helicobacter pylori.
The pathogen stimulates inflammasome formation in human (a) and mouse (b) dendritic cells,
macrophages or monocytes. Host cell receptors exploited in both systems comprise TLR2 and
NOD2, which are targeted by numerous bacterial factors as discussed in the text. A major down-
stream signaling cascade is proposed to activate the transcription factor NF-κB. This leads to the
expression of NLRP3 and two interleukins, the IL-1β and IL-18 pro-forms. Engagement of NLRP3
and the adapter protein ASC by a second signal stimulates the autoproteolytical cleavage of pro-
caspase-1, followed by processing and release of the mature IL-1β and IL-18 cytokines. However,
various differences between the human and mouse infection systems have been noted. In human
cells, stimulation of NF-κB leads to secretion of anti-inflammatory mediator IL-10. IL-10, in turn,
was shown to block NF-κB activation and has a hampering effect on NLRP3 inflammasome acti-
vation, resulting in a reduced secretion of pro-inflammatory cytokines. Moreover, NLRP3 inflam-
masome component expression and thereby activation could be inhibited by human miR223-3p.
In contrast, in mice an IL-10-dependent regulation on NLRP3 inflammasome components expres-
sion was not yet demonstrated. However, NF-κB could be inhibited by Muc1 in mice, resulting
in a hampered NLRP3 inflammasome activity, and thus pro-inflammatory cytokine response (Ng
et al. 2016). Abbreviations used: TLR: toll-like receptor; NOD: nucleotide-binding-domain, IL:
interleukin, NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells, ASC: apoptosis-
associated speck-like protein containing CARD

the colonization of H. pylori (Koch et al. 2015). Mice deficient in either casp1,
il18, or il18r also revealed diminished H. pylori colonization rates. This indicated
that TLR2-mediated NLRP3 inflammasome activation in mice benefits H. pylori
colonization and persistence (summarized in Fig. 1b). Wild-type mice infected with
�ureBmutants had more IFNγ-producing CD4+ cells compared to animals infected
with wild-type bacteria; likewise, tlr2 or nlrp3 deficient mice produced lower levels
of these cells when colonized with either type of bacteria (Koch et al. 2015). Animals
of an allergic asthma model revealed reduced pathologies when neonatal mice were
infected with wild-type H. pylori, but �ureB mutant infection or IL-18 blocking
abolished this effect (Koch et al. 2015). Furthermore, expression of il1β and nlrp3
was found to depend on TLR2 and NOD2 in H. pylori-infected BMDCs. Tlr2 or
Nod2 deficiency inmouseBMDCs significantly reducedH. pylori-induced activation
of the inflammasome (Kim et al. 2013). We found that TLR2 overexpression in
HEK293 cells differentially induced IL-1β expression when infected with H. pylori
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(Pachathundikandi and Backert 2016). In conclusion, TLR2, along with NOD2-
mediated activation of the NLRP3 inflammasome, depends onH. pylori factors such
as UreB, LPS, and CagL. Together, these studies indicate a determining role of
TLR2 in pro-inflammation and bacterial clearance in response to various bacterial
infections. The co-stimulatory functions between TLR2 and NOD2 seemed to be
critical for the outcome of an infection.

3 Role of microRNAs in H. pylori Interaction with Host
Cells

H. pylori-infected gastric mucosa at different stages of associated diseases showed
that pro-inflammatory cytokines IL-1β, IL-6, TNFA, and chemokine IL-8 gene
expression were correlated with progression of gastritis and atrophic gastritis to
intestinal metaplasia. In some cases, this was correlated with theH. pylori-stimulated
expression of microRNAs (Table 1), having diverse effects on many cell types
(Fig. 2). In a comparative analysis of a group of 29 miRNAs from the above samples,
Isomoto et al. (2012) found that let7b, miR-200c, miR-375, and miR-103 were
correlated with the expression levels of IL-1β, IL-6, IL-8, and TNFA, respectively.
However, miR-223 negatively correlated, except for IL-8 (Isomoto et al. 2012). The
expression of TNFA, IL-6, IL-12A, and IL-2 genes were significantly increased inH.
pylori-positive samples before eradication, while IL-1β and TGFBRII expressions
did not change significantly. TNFA and IL-6 levels were decreased, but TGFBRII
expression increased in the treated group. miR-103, miR-181c, miR-370, and miR-
375 expression were downregulated in both groups, but increased after eradication.
IL-6 mRNA was negatively correlated with miR-103 and miR-370, while IL-12A
with all miRNAs studied except miR-223. However, miR-223 correlated with IL-2
in the infected group and IL-1β in the non-infected cohort. The concentration of
TNF and IL-6 cytokines increased in inflammatory cells, whileH. pylori eradication
decreased IL-12-p40. However, TGFβ-RII was increased in controls, but downregu-
lated in infection and increased on eradication, which suggests compromised TGFβ

action (Rossi et al. 2016). Recently, we found that miR-223-3p targets NLRP3
for regulating its concentration in H. pylori-infected THP1 cells, which regulates
inflammasome function and responses (Pachathundikandi and Backert 2018b). Xiao
et al. (2009) observed that H. pylori infection upregulated miR-155 by NF-κB-
and AP-1 dependent mechanisms and suppressed inhibitor κB kinase ε (IKKε),
Sma- and Mad-related protein 2 (SMAD2) and Fas-associated death domain protein
(FADD) for IL-8 and CXCL1 (GROα) regulation. H. pylori infection also targets an
apoptotic pathway through upregulation of miR-155 in mouse bone marrow-derived
macrophages (BMMs),whichwas dependent on the cag-encodedT4SS, but indepen-
dent of CagA, TLR2/4, and NOD1/2 signaling (Koch et al. 2012). On the other hand,
miR-155 reduced the intracellular survival ofH. pylori through enhancing autophagy
and increased expression positively correlated with higher immunohistochemical
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score of inflammation. However, miR-155 levels decreased in H. pylori-associated
metaplasia, which suggests a prognostic value in GC (Wu et al. 2016). Apart from
the above study, it was shown that H. pylori upregulated miR-30b and miR-30d for
autophagy suppression and increased intracellular survival (Tang et al. 2012; Yang
et al. 2016). miR-146a and miR-155 were increased in H. pylori infection and that
was more prominent in children when compared to adults (Cortés-Márquez et al.
2018). H. pylori can induce miR-146a in GECs in a NF-κB-dependent mechanism,
while IL-8, TNF, and IL-1β secreted during infection might also contribute for
this induction (Li et al. 2012). Moreover, PTGS2 (prostaglandin endoperoxide
synthase 2) was upregulated in H. pylori-infected GECs (Liu et al. 2013). However,
overexpression of miR-146a regulated these pro-inflammatory chemokine/cytokines
such as IL-8, CXCL1 (GROα), CCL20 (MIP3α), TNF, IL-1β, and PTGS2 (Liu et al.
2010, 2013; Li et al. 2012). H. pylori-induced miR-146a expression might regulate
the Treg/Th1 population in infected tissues of individuals and thereby the outcome
of associated diseases (Lu et al. 2010). miR-146a was also found to enhance the
apoptosis in H. pylori-infected GC cell lines, whereas high intra-tumoral expression
negatively correlated with lymph node metastasis in H. pylori-positive GC (Wu
et al. 2014). H. pylori-induced expression of IL-6 was suppressed by subsequent
overexpression of miR-146b and miR-155 in infected gastric tissues and cell lines
(Cheng et al. 2015). Furthermore, miR-196, miR-127-5p, miR-206, miR-216, miR-
488, miR-195, and miR-181 were increased in H. pylori infection. In these studies,
miR-196 and miR-488 were found to regulate the IL-6 secretion from infected cells
(Chung et al. 2017). H. pylori infection also downregulated miR-4270 and that
increased the expression of CD300E. This activation of CD300E by H. pylori or
agonistic antibody treatment drastically reduced the expression of MHCII molecules
and antigen presentation, which prevented activation of T cells (Pagliari et al. 2017).
H. pylori downregulated muscle-specific miR-1 and miR-133 in gastric tissue and
myoblasts for increased cell proliferation and gastric emptying (Saito et al. 2011).

The translocated T4SS effector protein CagA suppressed let7 miRNA through
epigenetic modifications, leading to increased Ras oncoprotein expression and sig-
naling in infected murine cells (Hayashi et al. 2013). Furthermore, CagA downregu-
lated the expression of miR-320a and miR-4496 in infected gastric adenocarcinoma
cell lines, both miRNAs have a predicted target in the 3’UTR region of β-catenin.
Downregulation of these miRNAs in H. pylori infection increased β-catenin and its
target genes of cancer initiation/associated markers such as CD44, CD166, epithe-
lial cell adhesion molecule (Epi-CAM), musashi RNA binding protein-1 (Msi-1),
phospholipase D1 (PLD1), and cyclin D1. CagA-induced chemo-resistance and gas-
tric tumorigenesis were attenuated by combinatorial therapy with miR-320a and
miR-4496 and 5-fluorouracil by targeting cancer initiation/associated markers and
ATP-binding cassette subfamilymember G2 (ABCG2) efflux transporter (Kang et al.
2017).Matsushima et al. (2011), throughmicroarray andRT-PCRvalidation, showed
that 31 genes were differentially expressed in the human stomach infected with H.
pylori in comparison with non-infected controls. CagA seems also involved in the
downregulation of let7 family members in H. pylori infection (Matsushima et al.
2011). In a microarray experiment, CagA was found to differentially express 61
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Table 1 Regulation and outcome of microRNA induction by H. pylori

miRNA Cytokine/chemokine signalling References

↑ miR-146a ↓ IKKε, SAMD2, FADD, CXCL1,
IL-8, IL-6

Xiao et al. (2009)

↑ miR-155 ↓ IKKε, SAMD2, FADD, CXCL1,
IL-8, IL-6

Liu et al. (2010), Li et al. (2012), Liu
et al. (2013)

↑
miR-223-3p

↓ NLRP3, IL-1β ↑ IL-2 Pachathundikandi and Backert
(2018b), Rossi et al. (2016)

↑miR-196 ↓ IL-6 Chung et al. (2017)

↑miR-488 ↓ IL-6 Chung et al. (2017)

↓ let7b ↑ IL-1β, TLR4 Isomoto et al. (2012), Zhu et al.
(2012), Rossi et al. (2016)

↓miR-103 ↑ TNF Isomoto et al. (2012), Rossi et al.
(2016)

↓miR-200c ↑ IL-6 Isomoto et al. (2012), Rossi et al.
(2016)

↓miR-370 ↑ IL-6, IL-12 Rossi et al. (2016)

↓ miR-375 ↑ IL-8, IL-12 Isomoto et al. (2012)

↓ miR-7 ↑ IL-1β, IL-8 Kong et al. (2012)

Apoptosis/autophagy/survival/antigen
presentation

↑ miR-146a ↑ Apoptosis Wu et al. (2014)

↑ miR-155 ↓ Apoptosis ↑ Autophagy ↓ Survival Koch et al. (2012), Wu et al. (2016)

↑ miR-30b ↓ Autophagy ↑ Survival Tang et al. (2012)

↑ miR-30d ↓ Autophagy ↑ Survival Yang et al. (2016)

↓ miR-4270 ↓ CD300E, MHCII ↓ Antigen
presentation

Pagliari et al. (2017)

Tumorigenesis/Gastric
cancer/metastasis

↑ miR-21 ↑ RECK ↑ in gastric cancer Zhang et al. (2008), Shiotani et al.
(2012)

↑ miR-27b ↑ FZD7 ↓Wnt signaling Geng et al. (2016)

↑miR-194 ↑ in gastric cancer Shiotani et al. (2012)

↑miR-196 ↑ in gastric cancer Shiotani et al. (2012)

↑miR-17/92
cluster

↑ in gastric cancer Shiotani et al. (2012)

(continued)
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Table 1 (continued)

miRNA Cytokine/chemokine signalling References

↑miR-106b-
93-25
cluster

↑ in gastric cancer Shiotani et al. (2012)

↑miR-18-5p ↑ in gastric cancer Lee et al. (2017)

↑miR-29b-1-
5p

↓PHLPP1 ↑ MMP2, MMP9 Datta et al. (2018)

↑miR-135b-
5p

↓KLF4 ↑ in gastric cancer↑ Cisplatin
resistance

Shao et al. (2019)

↑miR-143-
3p

↓AKT↑ Cell proliferation ↑ in gastric
cancer

Wang et al. (2017)

↑ miR-146a ↑ lymph node metastasis in gastric
cancer

Wu et al. (2014)

↑miR-1289 ↓H + K + ATPase α subunit ↑
hypochlorhydria

Zhang et al. (2014)

↓
miR-223-3p

↑ in gastric cancer Shiotani et al. (2012)

↓ miR-7 ↑ in gastric cancer Kong et al. (2012)

↓miR-106b ↑ JAK1/STAT3 signaling Ye et al. (2015)

↓miR-375 ↑ JAK1/STAT3 signaling ↑ BCL2,
TWSIT1 ↑ Cell proliferation,
migration

Ye et al. (2015), Miao et al. (2014)

↓miR-203 ↑ CASK ↑ Gastric cancer progression Zhou et al. (2014b)

↓miR-210 ↑STMN1, DIMT1 ↑ Gastric
tumorigenesis

Kiga et al. (2014)

↓miR-152 ↑PDL1(B7H1) ↑ in gastric cancer Xie et al. (2017)

↓miR-200b ↑PDL1(B7H1) ↑ in gastric cancer Xie et al. (2017)

↓Let7 ↑ Ras oncoprotein Hayashi et al. (2013)

↓ miR-320a ↑ β-catenin Kang et al. (2017)

↓ miR-4496 ↑ β-catenin Kang et al. (2017)

↓miR-320 ↑ MCL1 ↓ Apoptosis ↑ Neoplasia Noto et al. (2013)

↓miR-1 ↑ Cell proliferation ↑ gastric emptying Saito et al. (2011)

↓miR-133 ↑ Cell proliferation ↑ gastric emptying Saito et al. (2011)

Abbreviations used ↑ Upregulated expression, ↓ Downregulated expression
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Fig. 2 Infection withHelicobacter pylori induces various signaling events, some of which include
the production of micro RNAs. Micro RNAs can be produced by gastric epithelial cells (GECs) as
well as immune cells such as dendritic cells, neutrophils, monocytes and T cells as listed in Table
1. These various micro RNAs have been reported to be associated with diverse phenotypic outcome
of the infection including changed cytokine signaling, cell death or survival, bacterial persistence,
and disease development such as gastric cancer and lymph node metastasis. For more details, see
text

miRNAs in infected GECs and found that tumor suppressor miR-320 got downregu-
lated and caused upregulation of the anti-apoptotic protein myeloid cell leukemia-1
(MCL-1). MCL-1 overexpression induced the neoplastic progression in CagA-
positive strain-infected GECs, which paves the way for gastric carcinogenesis (Noto
et al. 2013). miR-1289 expression was significantly increased in gastric biopsies
of patients infected with CagA+ strains compared to CagA− isolates. H. pylori-
induced expression of miR-1289 was implicated in hypochlorhydria due to targeting
of the H+K+ ATPase α subunit (Zhang et al. 2014). CagA-dependent let7b down-
regulation increased the TLR4 expression and signaling for inflammation and other
immune responses in H. pylori infection. Transgenic expression of CagA in AGS
cells upregulated miR-584 and miR-1290 and both have targets on Foxa1 (Forkhead
box A1). Downregulation of Foxa1 resulted in epithelial–mesenchymal transition
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(EMT). Moreover, miR-584 and miR-1290 overexpressed in mice exhibited signs of
intestinal metaplasia (Zhu et al. 2012).

H. pylori infection highly upregulated miR-21 in infected AGS and other ade-
nocarcinoma GECs in comparison with the non-malignant GES-1 cell line. GC
tissues also exhibited increased expression of miR-21 relative to normal mucosa.
It was found that overexpression of miR-21, which targets the RECK tumor sup-
pressor protein, increased cell proliferation, migration, and invasion (Zhang et al.
2008). On the other hand, miR-27b mediated the suppression of Frizzled 7 (FZD7)
and Wnt signaling inhibited H. pylori-associated tumorigenesis (Geng et al. 2016).
MicroRNAs such as miR-21, miR-194, miR-196 and clusters of miR-17/92, miR-
106b-93-25 were increased in GC patients, but H. pylori eradication significantly
reduced their expression in normally infected individuals. Let7d and miR-223 were
increased and decreased, respectively, in control and GC patients infected with
H. pylori (Shiotani et al. 2012). Moreover, let7c downregulated in H. pylori-
associated GC and eradication therapy increased its expression in infected tis-
sues (Fassan et al. 2016). Another study showed that upregulated expression of
miR-223 in H. pylori infection increased the tumorigenesis and reduced the sur-
vival in GC (Ma et al. 2014). Interestingly, the H. pylori secreted antigen HP0175
upregulated miR-29b-1-5p and reduced PH domain leucine-rich phosphatase 1
(PHLPP1) (Datta et al. 2018). PHLPP1 deficiency led to increased Akt-dependent
NF-κB signaling, and elevated matrix metalloproteinase-2 (MMP2) and MMP9
activity, as well as migration of AGS cells during H. pylori infection (Datta et al.
2018). Furthermore, H. pylori infection decreased the expression of miR-210 in
the stomach tissue, and this appeared to be due to methylation of CpG island
stretches that overlap coding and promoter regions of the gene. miR-210 targets
like Stathmin-1 (STMN1) and DIM1 Dimethyladenosine Transferase 1 Homolog
(DIMT1) upregulated expression, which increased the cellular proliferation, chances
for associated gastric diseases and cancer development (Kiga et al. 2014). Simi-
larly, tumor suppressor miR-7 downregulated during infection, which was not reg-
ulated epigenetically but dependent on inflammation-induced macrophage-derived
factors. miR-7 expression inversely related to IL-1β and TNF expression in GC
tissues when compared to non-tumor tissues. Moreover, overexpression of miR-
7 in GC cells reduced the proliferation and colony formation (Kong et al. 2012).
miR-18a-5p was differentially expressed in H. pylori-related GC tissue compared
to non-H. pylori GC, whereas miR-135b-5p and miR-196a-5p expressed in both
cancers (Lee et al. 2017). Furthermore, H. pylori LPS induced the downregula-
tion of miR-106b and miR-375 in GECs. miR-106b downregulation led to acti-
vation of Janus kinase 1 (JAK1)/signal transducer and activator of transcription-3
(STAT3) signaling. In addition, miR-375 downregulation resulted in increased
MDM2 Proto-Oncogene (MDM2) expression and Sp1 Transcription Factor (SP1)
activation, which also caused p63/Dicer-dependent feedback inhibition of thesemiR-
NAs (Ye et al. 2015). In another finding,miR-375 expression downregulation induced
by H. pylori resulted in heightened JAK1/STAT3 signaling, due to reduced target-
ing of JAK1 by miR-375. Dysregulated JAK1/STAT3 signaling inH. pylori-infected
GECs increased the expression of B cell lymphoma 2 (BCL2) and twist family
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BHLH transcription factor 1 (TWIST1), which caused increased cellular prolifera-
tion and migration (Miao et al. 2014).H. pylori infection and TNF treatment upregu-
lated miR-135b-5p expression through a NF-κB-dependent mechanism, and in turn,
downregulated target Kruppel-like factor 4 (KLF4) in GC cell lines. The human
and mouse GC tissues also showed expression of upregulated miR-135b-5p. It was
also found that miR-135b-5p overexpression led to resistance against cisplastin, a
chemotherapeutic agent, in GC cells (Shao et al. 2019). miR-143-3p was upregulated
in H. pylori-associated GC tissues when compared to uninfected GC. miR-143-3p
has roles in controlling cell proliferation, migration, and invasion through targeting
AKT serine/threonine kinase 2 (AKT2) (Wang et al. 2017). miR-203 was downreg-
ulated in H. pylori-infected normal gastric tissues, tumor tissues, and cancer cell
lines, which caused increased expression of Ca/Calmodulin-dependent serine pro-
tein kinase (CASK) and sex-determining region Y box 4 (SOX4) for GC progression
(Zhou et al. 2014a, b). H. pylori also increased the expression of PDL1/B7H1 (Pro-
grammed death ligand 1) by downregulated expression of miR-152 and miR-200b
in GC cell lines. H. pylori-positive human gastric tumor tissues have also shown
high PDL1(B7H1) expression by downregulating these miRNAs (Xie et al. 2017).
RT-PCR validated miRNAs, among 219 differentially expressed, showed that miR-
99b-3p, miR-564, and miR-638 were significantly increased in H. pylori-associated
GC (Chang et al. 2015a).H. pylori infection significantly increased the genemethyla-
tion ofmiR-124a1, miR-124a2, and miR-124a3 in normally infected and GC patients
(Ando et al. 2009).H. pylori infection of individuals with miR-146 single nucleotide
polymorphism (SNP) rs2910164 CC had a significantly increased risk of intesti-
nal metaplasia and dysplasia compared to GG (Song et al. 2013). miR-212-3p and
miR-361-3p were downregulated in H. pylori-infected Barrett’s esophagus. In addi-
tion, H. pylori extract treated esophagal epithelial cell cultures also did the same
for upregulation of the target oncoproteins caudal-type homeobox protein 2 (CDX2)
and cyclooxygenase 2 (COX2) (Teng et al. 2018). The above data confirms the role
ofH. pylori-induced miRNA upregulation or downregulation in persistent infection,
activation of various inflammatory responses, and in the pathogenesis of H. pylori-
associated GC progression. More studies and better understanding will definitely
help to use miRNAs in the diagnosis or treatment of associated pathologies in this
bacterial infection (summarized in Fig. 2).

4 H. pylori Manipulates TLR Signaling and Bacterial
Recognition

TLRs constitute a group of transmembrane proteins with three recognizable domains
of leucine-rich repeats in the extracellular/extravacuolar region, transmembrane
region, and intracellular/intravacuolar TIR domain-containing region (Beutler 2008,
see also Chapter “Role of NOD1 and ALPK1/TIFA Signalling in Innate Immunity
Against Helicobacter pylori Infection” of this book). Several ligands, also known as
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pathogen/microbe-associated molecular patterns (PAMPs/MAMPs), including gly-
colipids, lipopeptides, proteins, nucleic acids, and synthetic compounds were iden-
tified to interact with these receptors for transducing specific signals (Takeuchi and
Akira 2010). Ligand binding and TLR dimerization induces the binding of cytoplas-
mic adaptor molecules, MyD88 or TRIF, in the TIR domain to recruit kinases and
signal-transducing factors for activation of different transcription factors and pro-
or anti-inflammatory gene expression (Beutler 2008; Takeuchi and Akira 2010).
Research in the last two decades has identified different aspects of H. pylori inter-
action with TLRs. In addition to activation of TLR signaling, H. pylori mechanisms
were also modulating or manipulating this important innate response system of the
host (Pachathundikandi et al. 2015).

In comparison with highly active Escherichia coli LPS, specific LPSmodification
by H. pylori prevents detection by the host and reduces the actions of host antimi-
crobial peptides. Lipid-A biosynthesis in the periplasmic membrane of H. pylori
produces hexa-acylated lipid-A. However, passage through the periplasmic space
to the outer membrane exposes H. pylori LPS to the activity of different enzymes
which forms modified LPS (Tran et al. 2006; Stead et al. 2008; Cullen et al. 2011).
This modified H. pylori LPS was found to be 1000–10,000-fold less sensitive than
E. coli LPS for TLR4 detection (Birkholz et al. 1993; Pérez-Pérez et al. 1995; Moran
et al. 1997). Modified H. pylori LPS imparts resistance to the action of positively
charged antimicrobial peptides (further discussed in Chapter “The Sweeping Role
of Cholesterol Depletion in the Persistence of Helicobacter pylori Infections”) due
to the decreased negative charge after removal of phosphate groups (Moran et al.
1997; Tran et al. 2006; Cullen et al. 2011). Furthermore,H. pylori LPS was found to
activate TLR2 and TLR10 during infection.H. pylori LPS preferred TLR2 instead of
TLR4, and however, TLR2 detection was dependent on TLR2/TLR1, TRL2/TLR6,
or TLR2/TLR10 heterodimers (Yokota et al. 2007;Nagashima et al. 2015). Although,
there are studies showing thatH. pyloriLPSmight activate TLR4, and however, intact
H. pylori and related Helicobacters induce signals through TLR2 for IL-8 produc-
tion (Mandell et al. 2004). Moreover, it was shown that overexpression of CD14 or
MD2 recovered the responsiveness to H. pylori LPS in GECs, but not necessarily
in macrophages (Maeda et al. 2001; Su et al. 2003; Ishihara et al. 2004). During H.
pylori infection, TLR2was reported to induce anti-inflammatory cytokine IL-10 pro-
duction, while tlr2 deficient mice more efficiently cleared infection than wild-type
(Rad et al. 2009; Panthel et al. 2003). We found that TLR2 overexpressing human
HEK293 cells differentially induced the expression of IL-1β (Pachathundikandi and
Backert 2016) (Fig. 1a). TheH. pylori proteins NapA, Hsp60, HpaA, and UreB were
also reported to activate TLR2 in cellular infection assays or animal models (Amedei
et al. 2006; Zhao et al. 2007; Lindgren et al. 2011; Koch et al. 2015).

Bacterial flagellin is probably the best-known protein PAMP and functions as the
ligand for TLR5. Many of the β- and γ-proteobacteria flagellins were identified as
strong ligands for TLR5. The Salmonella flagellin FliC is themost potent ligand iden-
tified for TLR5, so far. The binding of FliC to TLR5 occurs through the three helices
in the D1 domain laterally (Smith et al. 2003a). FliC-bound TLR5 activates MyD88-
dependent signaling for the activation of NF-κB andAP-1 to induce the expression of
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responsive genes (Smith et al. 2003a; Rhee et al. 2004). Gewirtz et al. (2004) showed
that gastric adenocarcinoma cells infectedwith�flaAmutantH. pylori did not inhibit
the secretion of IL-8. Furthermore, co-incubation of purified recombinant FlaA of
H. pylori with GECs was found to be a very weak inducer of IL-8 expression or p38
activation.Moreover, flagellin from different α- and ε-proteobacteria was found to be
unresponsive on activating TLR5 (Andersen-Nissen et al. 2005). As a member of the
ε-proteobacteria, H. pylori flagellin was reported to be evading recognition of TLR5
and this evasion was attributed to the amino acid sequences 89–96 of the N-terminal
D1 domain (Andersen-Nissen et al. 2005). In addition to these earlier studies,we have
also identified induced expression of TLR5 inH. pylori infection (Smith et al. 2003b;
Torok et al. 2005; Pachathundikandi et al. 2011). The infection of TLR5 overexpress-
ing cells induced increased IL-8 and TNF secretion duringH. pylori infection, when
compared to non-infected control and infected parental HEK293 cells. The actualH.
pylori ligand for TLR5, however, remains unknown (Pachathundikandi et al. 2011).

H. pylori DNA or RNA induced strong cytokine secretion in DCs from wild-type
and TLR2/4 deficient mice, but this response was abrogated in mice with TLR2/4/9
deficiencies. TLR9 single deficient cells secreted higher amounts of cytokines when
compared to wild-type on exposure to H. pylori DNA or RNA (Rad et al. 2007).
H. pylori RNA detection by DCs was dependent on TLR8 alone, or possibly in
combination with TLR7. In addition, exposure of DCs to H. pylori RNA resulted in
IFNγ production that was independent of TRIF or MyD88, but dependent on RIG1
activation (Rad et al. 2009). Furthermore, a recent discovery showed that H. pylori
DNA detection by TLR9 in eukaryotic cells required T4SS delivery of chromoso-
mal DNA (Varga et al. 2016). Remarkably, H. pylori uses both camouflaging and
direct interaction for different level of sensing through TLRs during infection. One
interesting aspect of this TLR interaction is that both pro- and anti-inflammatory
responses were induced during host interaction, which suggests H. pylori does not
want a suicide. Through manipulation of TLR interaction and further signaling, this
bacterium ensures long-term survival in a difficult niche.

5 Pro- and Anti-inflammatory Cytokine Signaling by H.
pylori

H. pylori initial contact with the epithelium activates pro-inflammatory responses
through activation of several cellular signaling pathways in GECs. The subsequent
activation of NF-κB and AP-1 pathways led to the production of chemokines and
cytokines, especially IL-8 and IL-6 (Gionchetti et al. 1994; Basso et al. 1996; Oden-
breit et al. 2006). However, their exact role in immunity against this pathogen is
not well represented in the literature. H. pylori factors Hsp60, OipA, NapA, and
cag T4SS were reported to be involved with the induction of IL-6 during infection
(Gobert et al. 2004; Lu et al. 2005; Tsai et al. 2015; Odenbreit et al. 2006; Sugimoto
et al. 2011). Recently, it was found that H. pylori-induced IL-6 activated STAT3
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phosphorylation through its receptor in GC cell lines (Piao et al. 2016). H. pylori
TNF inducing factor (Tipα) was also described to activate the IL6/STAT3 pathway
in GC cell lines (Chen et al. 2017). Moreover, some studies suggest an IL-4/IL-13
axis in H. pylori infection (Lucas et al. 2001; Marotti et al. 2008).

IL-21 expression was observed to be enhanced in the H. pylori-infected gastric
mucosa and found to activate GECs expressing IL-21R to produce MMP2 and
MMP9 (Caruso et al. 2007). Moreover, IL-21 produced from major histocompati-
bility complex II (MHCII)-expressing gastric myofibroblasts isolated from infected
tissue and GC were found to differentiate CD4+ T cells to the Th17 phenotype in a
co-culture, with the help of secreted cytokines IL-6 and TGFβ (Pinchuk et al. 2013).
H. pylori infection of il21 deficient mice exhibited increased colonization, reduced
gastritis and pro-inflammatory cytokines/chemokines in comparison with wild-type
mice littermates. Experimental and in silico modeling have predicted IL-21 induced
STAT1 and STAT3 signaling played a significant role in the Th1 and Th17 responses,
respectively, on controlling H. pylori colonization (Carbo et al. 2014). IL-23 in
H. pylori infection was also found to influence Th1 and Th17 responses as il23
deficient mice exhibited high colonization but with minimal pathology (Caruso et al.
2008; Horvath et al. 2012). IL-32 levels were increased in H. pylori-infected gastric
tissue, GCs, and GC cell lines. AGS cells expressed higher IL-32 levels during infec-
tion, and this was dependent on cag status and NF-κB activation. IL-32 knockdown
generated by siRNA suppressed H. pylori-induced chemokine production in AGS
cells (Sakitani et al. 2012). However, Peng et al. (2014) reported that IL-32 expres-
sion inH. pylori infection was dependent on secreted IL-1β and TNF, as neutralizing
antibodies against these cytokines weakened the expression of IL-32 accordingly.

The IL-17/Th17 axis plays a major role on the inflammation responses against
H. pylori infection (see Chapter “Inflammation, Immunity andVaccine Development
for the Gastric Pathogen Helicobacter pylori” of this book). IL-17A contributes to
H. pylori-associated pathophysiology as suppression of Th17 responses resulted in
the control of the gastritis (Shi et al. 2010; Serrano et al. 2013; Munari et al. 2014).
A Th1/Th17 mixed response is characteristic of H. pylori-infected gastric mucosa.
IFNγ production byT cells determines the differentiation of cytotoxic Th1 responses.
In most H. pylori infections, both of these cytotoxic immune cells work to control
colonization, but with the consequence of severe immune pathologies (Itoh et al.
2003; Shi et al. 2010). Infection of il17 deficient mice suggests that Th17 responses
against H. pylori modulate the Th1 response against H. pylori (Shi et al. 2010).
Allison et al. (2013) showed that NOD1 potentiated IFNγ signaling and induced
increased expression of IL-8 (CXCL8) and CXCL10 (IP-10). H. pylori increases
IFNγ secretion and IFNγ signaling was found to be regulated in GECs and immune
cells through CagA-dependent Src homology 2 domain-containing phosphatase 2
(SHP2) Y-542 phosphorylation (Wang et al. 2014). Moreover, H. pylori-mediated
cholesterol depletion from lipid rafts disrupted IFNγ signaling in primary GECs
and cell lines (Morey et al. 2018). In addition to exacerbated responses through
Th1/Th17 cell populations,H. pylori-mediated changes regulate this process to limit
tissue destruction, which might jeopardize its persistence. The reduction inH. pylori
load in immunized ifnγ deficient mice was mediated through IL-17A. Furthermore,
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neutralization of IL-17A abolished the vaccine protection andmild gastritis (Sjökvist
Ottsjö et al. 2015).

Early studies on H. pylori pathogenesis observed that relative expression of IL-
12 and IL-10 in H. pylori gastritis favors IFNγ producing Th1 cell differentiation
(Haeberle et al. 1997; Bauditz et al. 1999). Infection of human peripheral blood-
derived DCs with wild-type H. pylori secreted IL-12, but no IL-6 and IL-10, while
a T4SS-defective �cagE mutant suppressed this effect (Guiney et al. 2003). How-
ever, in comparison with Acinetobacter lwoffii-infected DCs, a less infective gastric
pathogen, H. pylori infection produced lesser amount of IL-12 and IL-10 in mouse
bone marrow-derived DCs (BMDCs). Moreover, whole cell lysate of H. pylori was
found to decrease IL-12 secretion from A. lwoffii-infected DCs (Kao et al. 2006). It
was reported that IL-12 production was decreased at higher inoculum of H. pylori
infection with mouse DCs, while IL-10 secretion increased, and these effects were
independent of IL-1β (Obonyo et al. 2006).Neutralization of IL-12 in ex vivo cultured
H. pylori-infected gastric biopsies reduced IFNγ production through downregulation
of phosphorylated STAT4 and T-bet (Pellicanò et al. 2007). Gastric tissue resident
natural killer (NK) cells were also reported to induce IFNγ production through an IL-
12 synergistic effect during H. pylori infection (Yun et al. 2005). H. pylori-induced
NK cell IFNγ production was dependent on membrane bound lipoprotein HpaA
and TLR2 signaling (Lindgren et al. 2011). Ding et al. (2013) observed that IL-12
cytokine therapy could induce Th1 immunity for reducing the H. pylori coloniza-
tion even in the absence of immunization or Th17 responses. NapA induced the
production of IL-12 and IL-23 in primary human neutrophils and monocytes and
induced a Th1 response in T cell clones prepared from healthy donors. Addition-
ally, NapA shifted the Th2 response to Th1 in cells obtained from allergic donors
(Amedei et al. 2006). IL-25 (IL-17E) signaling-induced Th2 responses significantly
reduced the inflammation in mice during infection with H. pylori, while IL-23 sig-
naling increased this inflammation (Horvath et al. 2012, 2013). H. pylori interaction
with gastric DCs during infection induced the production and secretion of IL-23 and
resulted in Th22 cell polarization. IL-22 and CXCL2 secretion in H. pylori infec-
tion attracted myeloid suppressor cells, which ultimately favored a pro-inflammatory
state for development of gastritis (Zhuang et al. 2015).

Gastric mucosa infected withH. pylori increased the production of IL-10 in GECs
and lamina propria mononuclear cells (Bodger et al. 2001). It was also shown in
the il10 deficient gastric mucosa that infection by H. pylori resulted in signifi-
cantly reduced bacterial load compared to heterozygous littermates. The infected
il10 deficient gastric mucosa revealed increased neutrophils, mononuclear cells, as
well as serum IgA and IgG concentrations, which supports a reduction in bacterial
load (Chen et al. 2001). In addition, DC-SIGN signaling reverted TLR-mediated
pro-inflammatory cytokine expression to favor anti-inflammatory cytokine IL-10
production in H. pylori infection (Gringhuis et al. 2007, 2009). Human monocyte-
derived DCs infected with H. pylori produced IL-10 in a DC-SIGN-, TLR2-, and
TLR4-dependent manner. Moreover, p38 and NF-κB-mediated signaling decreased
histone modification and led to upregulated expression of IL-10 during H. pylori
infection (Chang et al. 2012). Furthermore, H. pylori infection induced a Th2
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response through DC-SIGN-mediated activation of NF-κB. Fucose-containing moi-
eties fromH. pylori and Schistosomamansoni induced DC-SIGN signaling for phos-
phorylation of lymphocyte-specific protein 1 (LSP1) and IKKε activation, which
resulted in the interaction of B cell lymphoma encoded protein 3 (Bcl3) and p50
NF-κB subunit in the nucleus. This atypical NF-κB activation downregulated pro-
inflammatory cytokine production and upregulated anti-inflammatory cytokine IL-10
and chemokines for specific recruitment of Th2 cells (Gringhuis et al. 2014). More-
over, H. pylori gamma-glutamyltranspeptidase (GGT)- and VacA-dependent IL-10
production from DCs protected against experimental asthma in mice (Engler et al.
2014). CagA was found to modulate IL-10 secretion and STAT3-mediated human
DC tolerization, which favors Treg development and reduced immune pathologies
but dampens Th1-mediated bacterial clearance (Kaebisch et al. 2014). Oertli et al.
(2013) reported a role for IL-18 in Treg cell population production. Furthermore,
IL-10 secretion from infected mouse DCs suppressed maturation through STAT3
activation and reduced IL-1β secretion (Rizzuti et al. 2015). In concurrence, we
found that IL-10 can suppress the NLRP3 and IL-1β expression inH. pylori-infected
human macrophages (Pachathundikandi and Backert 2018b). The TLR2-dependent
upregulation of IL-10 secretion and inhibitory effect on the NLRP3 inflammasome
expression and activation in human cells is depicted in Fig. 1a.

TGFβ has also been implicated inH. pylori immunopathogenesis (Wu et al. 1998;
Li andLi 2006;Kandulski et al. 2008). Itwas observed that gastric tissueTGFβ and its
receptor levels were decreased in patients infected withH. pylori,which would affect
TGFβ-mediated anti-inflammatory activities on T cells, B cells, macrophages, and
NK cells (Shih 2005; Jo et al. 2010). Translocated CagA was found to interfere with
TGFβ signaling through interaction with SMAD3 and SMAD4, which prevented
nuclear translocation. Moreover, CagA abrogated TGFβ-mediated suppression of
chemokines IL-8 and CXCL1 to CXCL3 expression in GECs (Nguyen et al. 2015).
TGFβ-treated and H. pylori-infected cells exhibited induced expression of EMT
markers (E-cadherin, Twist, Snail, Slug, and Vimentin) in GC cell lines. EMT and
induced expression of TGFβ during H. pylori infection was dependent on CagE
(Chang et al. 2015b). It was observed that H. pylori-infected children had increased
TGFβ, IL-10, FOXP3 expression, and Treg density, which resulted in dysregulated
gastric microbiota (Brawner et al. 2017). Most studies have shown increased mRNA
expression of TGFβ afterH. pylori infection, and TGFβ receptor expression was also
found to be reduced in some other studies. Moreover, CagA was found to interfere
with TGFβ signaling, therefore, complicating our understanding of this cytokine’s
induced effects in H. pylori infection.

H. pylori infection increased the expression of chemokines like GROα (CXCL1),
IL-8 (CXCL8), MIG (CXCL9), and IP-10 (CXCL10) in the gastric mucosa of
infected patients (Yamaoka et al. 1998; Eck et al. 2000; Shimoyama et al. 2002).
In addition, CCR5+ cells were increased in the gastric mucosa of H. pylori-infected
children in comparison with healthy control mucosa (Krauss-Etschmann et al. 2003).
However,CXCR1andCXCR2 receptor expressionwas downregulated in neutrophils
infected with H. pylori (Schmausser et al. 2004). H. pylori co-culture with CD3+ γδ

T cells produced increased secretion of CCL4 (MIP1β), and CCL5 (RANTES) but
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�cagA mutant infection exhibited significantly less secretion (Romi et al. 2011).
Activation of NOD1 by H. pylori resulted in responses that were augmented by
IFNγ to produce various chemokines such as IL-8, CXCL10, CCL2, CCL3, CCL4,
and CCL5 (Allison et al. 2013). CXCL1-3, CXCL8 and CCL20 were significantly
increased in theH. pylori-infected human gastric mucosa. Moreover, CCL20 expres-
sion from GECs was dependent on T4SS-mediated NF-κB signaling (Cook et al.
2014). Peripheral blood and gastric Treg cells from infected patients also had
increased expression of the receptors for the above chemokines such as CXCR1,
CXCR2, and CCR6, respectively (Cook et al. 2014). Moreover, CCR2 (the receptor
for CCL2) was implicated in the recruitment of monocytes, macrophages and a sub-
set of DCs duringH. pylori infection of mice (Arnold et al. 2017).H. pylori-infected
primary GECs induced the expression of CXCL1-3, CXCL5, CXCL8, and CCL20,
and the AGS cell line revealed a prominent expression of CXCL5 and CXCL8. This
chemokine induction response was dependent on the cag T4SS status in the early
phase, but was independent in the late phase of infection (Mustapha et al. 2014). H.
pylori arginase �rocF mutants induced more IL-8 in GECs than wild-type bacteria,
which confirms a role for immunosuppression during infection (Kim et al. 2012).
More recently, it was reported that SNPs in the cagAgene promoter sequence resulted
in differences in IL-8 secretion; the +59 motif increased the secretion of IL-8 com-
pared to other sequences (Ferreira et al. 2016). The cag T4SS plays an important
role in IL-8 production and was found to be mediated through the NF-κB pathway.
CagY-dependent recombination events, however, lead to loss of T4SS activity and
suppressed IL-8 secretion (Barrozo et al. 2016; dela Pena-Ponce et al. 2017). In
addition, the above cytokine/chemokine genetic polymorphisms play an important
role on deciding the inflammatory status inH. pylori infection. The IL-1B gene poly-
morphism at positions -511, -31 and +3954 were extensively studied and implicated
in hypochlorhydria and GC development associated with H. pylori infection (El-
Omar et al. 2000, 2003; see also Chapter “Genetic Polymorphisms in Inflammatory
and Other Regulators in Gastric Cancer: Risks and Clinical Consequences” of this
book). IL-6, IL-8, IL-10, and TNFAwere also implicated for dysregulated production
and severity of H. pylori-associated diseases as described elsewhere (Miftahussurur
and Yamaoka 2015). As described above, H. pylori induces different cytokine and
chemokine responses, which determine the character of the activation of innate and
adaptive immune cells. Generally, the myriad of activities of these mediators favors
Th1/Th17 cell-mediated immunity in the adaptive response against H. pylori. How-
ever, evasion strategies of H. pylori and induction of anti-inflammatory mechanisms
in the host immune system try to balance or shift pro- to anti-inflammation, and
thereby reduce the immune attack, which controls and reduces tissue damage. This
limited attack and low tissue destruction allows H. pylori to colonize and survive
there for longer periods.
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6 Resolution of Inflammation by H. pylori

As described above, H. pylori infection goes through different levels of cross-talk
with the host immune system. This continuous engagement of the bacterium with
its host changes both systems, which have evolved to favor persistent colonization
(see model in Fig. 3). The corresponding literature clearly shows the attempts of
the host to clear the infection, mainly concentrated through Th1 immunity (Amedei
et al. 2006; Wilson and Crabtree 2007; White et al. 2015). Th17 immunity also plays
some original or supporting role in this process (Shi et al. 2010; Serrano et al. 2013;
Munari et al. 2014). On the other hand, the regulatory mechanisms of the host are
manipulated during H. pylori infection. Anti-inflammatory cytokines and cellular
activities were activated in the acute or long-term infection, and this protected mice
from other inflammatory conditions (Wilson and Crabtree 2007; Engler et al. 2014;
Kaebisch et al. 2014;White et al. 2015). This suggests the existence of counter-acting
responses of inflammation and anti-inflammation duringH. pylori infection, but how
and when this becomes activated and coordinated ultimately decides resolution of
inflammation and homeostasis (Fig. 3). Epidemiological findings showed only a
small percentage of people which develop associated diseases in colonized individ-
uals. It was reported to be dependent on many factors including bacterial virulence
factors, host genetic polymorphisms, environmental factors, diet and others (Amieva
and El-Omar 2008; Atherton and Blaser 2009; Salama et al. 2013). Initial coloniza-
tion with H. pylori results in the activation of PRRs. The expression of a number of
pro-inflammatorymediators such as CXCL10, CXCL5, CXCL13, CXCL2, TFN and
IL-8 become upregulated and manipulated the immune response by DCs and mono-
cytes (Fig. 3). The acute inflammatory stage is marked by infiltration of neutrophils
and monocytes at the inflamed site, producing classically activated M1macrophages
and resulting in the production of more pro-inflammatory mediators, such as IL-1β,
IL-8, or IL-12. Subsequent development of adaptive immunity against the invader
creates a memory system to prevent future attack (Fig. 3). At the onset of resolution,
neutrophils start to producemicroparticles, and production of lipid pro-inflammatory
mediators switches to production of pro-resolution lipid mediators such as lipoxins,
resolvins, maresins, and protectins (Serhan 2017). This stage of resolution is char-
acterized by reduced secretion of pro-inflammatory cytokines and chemokines. In
addition, more anti-inflammatory cytokines such as IL-10 and TGFβ are produced
during this stage and thereby induces more M2 macrophages. These cells are neces-
sary for resolution to gradually restore homeostasis with assistance of other factors.
(Ortega-Gómez et al. 2013; Sugimoto et al. 2016) (Fig. 3). H. pylori infection is a
chronic condition that in humans typically starts during childhood and lasts for a life-
time, if not eradicated by antibiotic therapy. Interestingly, not all infected individuals
develop associated complications like PUD, GC, or MALT lymphoma. However,
gastritis or local inflammation of the gastric mucosa appears in most infected indi-
viduals (Atherton and Blaser 2009; Polk and Peek 2010; Salama et al. 2013). The
colonization of gastric mucosa by H. pylori and its interaction with the epithelium
produces strong chemokine responses and attracts large amounts of neutrophils and
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other immune cells to the site of infection (Salama et al. 2013; Gobert and Wilson
2016). It is well-known that long-term infection withH. pylori produces a robust Th1
immune response, which can control the infection to a certain degree. The presence
of the pro-resolution factors, such as Treg cells and IL-10, was demonstrated, but
this was insufficient for total clearance and resolution in many cases, but sufficient
to reduce the immunopathologies associated with H. pylori (Kao et al. 2010; Cook
et al. 2014; Hussain et al. 2016). Increase of activated macrophages and T cells and
a hampered apoptosis together with disturbed phagocytosis and autophagy describe
chronic inflammation during infection with H. pylori (Fig. 3).

H. pylori infection of humans results in a mixed M1/M2 macrophage response,
whereas in the mouse infection model M1 polarization occurred (Quiding-Järbrink
et al. 2010; Gobert et al. 2014; Beceiro et al. 2017). This partial pro-resolution in
humans may be due to mixed immune effector cell populations, which hinders bac-
terial clearance and resolution of the infection. H. pylori infection of il10 deficient
mice showed enhanced immune responses and inflammationwith a highly significant
reduction in bacterial colonization during the early phase, while it reduced gastritis
and colonization levels at prolonged infection (Matsumoto et al. 2005). A reduction
in IL-10 producing Treg cells might increase the chance of bacterial eradication and
assist resolution in H. pylori infection (Matsumoto et al. 2005). It was also shown
that infecting irf1 deficient mice did not result in gastritis or atrophy, despite colo-
nization with very high numbers of bacteria. These mice also failed to produce Th1
and Th2 responses, which correlated with reduced immune pathology (Sommer et al.
2001). TLRs play an important role on detection ofH. pylori and orchestrating innate
immune responses, which pave the way for adaptive immunity like Th1 responses.
However, tlr2 deficient mice efficiently cleared H. pylori infection compared to
wild-type mice, and this may be due to lack of TLR2-mediated anti-inflammatory
responses (Panthel et al. 2003). Adoptive transfer of normal splenocytes toH. pylori-
infected severe combined immune deficiency (SCID) mice cleared the infection and
inflammation resolution occurred. Wild-type mice, however, developed gastritis and
reduced bacterial colonization, but bacteria were not cleared nor was resolution
reached throughout the study period (Eaton and Mefford 2001). Mice immunized
againstH. pylori, cleared infection and the gastritis resolved, while the unimmunized
counterparts reduced colonization, but had gastritis even after one year (Garhart et al.
2003). H. pylori LPS induced gastric inflammation was resolved by pharmacologi-
cal activation of peroxisome proliferator-activated receptor γ (PPARγ) in an animal
model (Slomiany and Slomiany 2017). H. pylori downregulates Caveolin 1 (Cav1)
in GECs and cav1 deficient mice infection showed severe inflammation and lower
colonization when compared to wild-type littermates (Hitkova et al. 2013). There
are multiple levels of involvement in H. pylori-induced gastric inflammation and
associated pathologies, and modulation of both colonization and inflammation. The
above data predicts that targeting crucial checkpoints of inflammation during infec-
tion could resolveH. pylori infection and opens new field of therapeutic approaches.
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Fig. 3 Four-phasemodel of inflammation induced by infection ofHelicobacter pylori in the human
stomach. The initial colonization leads to sensing of the bacterium by pathogen recognition recep-
tors (PRRs) and indicated cytokine/chemokine release (Phase A). This mediator release leads to
infiltration of various indicated immune cells into the lamina propria (Brisslert et al. 2005), resulting
in an acute inflammation associated with oxidative burst and release of metalloproteases (MMPs)
(Phase B). Pro-resolution molecules and cells are produced during H. pylori infection, however,
weakening signals or insufficient numbers of cells for resolution of inflammation may occur during
the course of infection. Tolerogenic DCs, M2 macrophages, Tregs, IL-10, TGF-β and other resolu-
tion molecules are present at this stage of infection, whereas efferocyte recruitment and neutrophil
depletion were not reported yet. This leads to a quasi-state of resolution for reduced infection asso-
ciated immune pathologies, but apparently pave the way for impaired bacterial clearance (Phase C).
The clearance ofH. pylori is undermined. This scenario is accompanied by impaired processes such
as phagocytosis, autophagy and cell survival, finally resulting in persistent, chronic inflammation of
the gastric mucosa, which can last lifelong in patients (Phase D). The entire process proceeds over
years or even decades, and is associated with a gradually decrease of gastric pH, reduction of H.
pylori colonization and microbiome dysbiosis over time. Abbreviations used: GECs: gastric epithe-
lial cells, CCL: C-C motif chemokine ligand, CXCL: C-X-C motif chemokine ligand, TNF: tumor
necrosis factor, IL: interleukin, DCs: dendritic cells, MF, M1, M2: macrophages, IFN: interferon,
ROS: reactive oxygen species, TGF: transforming growth factor
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7 Concluding Remarks

H. pylori infection is a chronic condition in humans, which typically starts during
childhood and lasts for a lifetime. Not all infected individuals develop associated
complications like PUD, GC, or MALT lymphoma. However, local inflammation
of the gastric mucosa and gastritis appears in most infected individuals. H. pylori
infection induces myriads of host receptor-mediated signaling pathways in GECs
and immune cells. As a result, various cytokines and chemokines like IL-1β, IL-18,
IL-6, IL-12, CXCL1-3, CXCL8 (IL-8), CXCL10, CCL2-5, andCCL20 are expressed
in the infected gastric mucosa. Additionally, IL-12, IL-13, IL-17, IL-21, IL-23, IL-
32, IFNγ, and TGFβ were also found to play a role at different stages of H. pylori
infection. The complex milieu of these cytokines and chemokines influence and
modulate the development of adaptive immunity against H. pylori. The major adap-
tive responses for H. pylori infection culminate in Th1 immunity, and however, the
interplay of bacterial and host factors also induce Th2 and Treg responses in most
of the individuals. H. pylori infection of tlr2 and il-10 deficient mice cleared infec-
tion and immune pathologies and produced resolution of homeostasis. However,
mice deficient in il-21, il-23, and irf1 revealed higher colonization but with reduced
host immune pathology. Various miRNAs are regulated during H. pylori infection
and involved with persistent infection, activation of various inflammatory responses
and in the pathogenesis of H. pylori-associated GC progression. The resolution of
inflammation in H. pylori is a complex process, but the existing data help to under-
stand certain checkpoints for modulation of infection or inflammation to achieve
therapeutic intervention.
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Abstract Microbes within the gastrointestinal tract communicate with each other
and with the host, which has profound effects on health and disease development.
Only now, it is becoming apparent that how and when we acquire our own unique
collection of “gut microbes” and also how we choose to maintain them is funda-
mental to our health. Helicobacter pylori is the most common bacterial infection
worldwide, colonizing around half of the world’s population, and is the major risk
factor for gastric adenocarcinoma.More recently, it has also been shown to have some
beneficial effects in terms of protecting against the development of other diseases.
Here, we review the current knowledge on how H. pylori has shaped gastrointesti-
nal microbiota colonization and the host immune system with specific focus on the
impact of H. pylori on the various microbiome niches of the gastrointestinal tract.
We discuss how the presence of H. pylori influences the physiology of three major
regions within the gastrointestinal tract—specifically the oesophagus, stomach and
colon.We pay particular attention to the role ofH. pylori under chronic inflammatory
conditions including the development of cancer.With increased incidence of diseases
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such as eosinophilic oesophagitis, oesophageal adenocarcinoma and squamous cell
carcinoma being attributed to the decline in H. pylori, their disease pathogenesis in
light of changing H. pylori colonization is also discussed.

1 Introduction

Helicobacter pylori infection remains a health problem for about half of the world’s
population (Smolka and Schubert 2017). Chronic infection can result in both hypo-
or hyperchlorhydria, depending upon the gastric site of infection. Most patients who
are chronically infected develop a pangastritis, which is associated with reduced acid
secretion, predisposing them to increased risk of gastric adenocarcinoma, although
in reality this risk affects only ~1% of chronically infected individuals (Smith et al.
2006). Hyperacidity on the other hand is classically associated with peptic ulcer
disease (PUD). Thus, historically, there was no positive outcome in terms of being
infectedwithH. pylori and eradicationwas considered the best option.More recently,
increasing evidence from population studies has highlighted the protective effect of
reduced acidity in H. pylori-infected individuals in terms of conditions including
gastroesophageal reflux disease (GORD), Barrett’s oesophagus (BO), eosinophilic
oesophagitis (EoE) and even oesophageal adenocarcinoma (OAC) and inflammatory
bowel disease (IBD) (Corley et al. 2008; Islami and Kamangar 2008; Sonnenberg
et al. 2010; Sonnenberg et al. 2017; Castaño-Rodríguez et al. 2017b). Conversely,
however, other studies have also now confirmed a positive association between col-
orectal cancer andH. pylori infection (Nam et al. 2017; Lee et al. 2016; Posselt et al.
2013). This has re-opened the debate regarding H. pylori infection and its impact
on gastric acid secretion and on host health in general. As changes in the gastroin-
testinal microbiome are increasingly linked with human health, understanding more
about the interlink between H. pylori and the microbiome, and how best to exploit
this relationship to promote gut and microbiome homeostasis, becomes increasingly
important. Here, we discuss our current understanding of the impact of H. pylori
infection on the gastrointestinal microbiome and how the presence of this microbe
influences acquisition of our microbiome and our health status.

2 Early Life Colonization and H. pylori Infection
in Childhood

Current thinking on microbial colonization suggests that the human gut progresses
through a staged process of accruing organisms, with subsequent development and
enrichment of the microbiome “ecosystem” throughout early childhood. The gut is
near-sterile at birth, with a few pioneer organisms identifiable in the first stool sam-
ples, but the microbiome rapidly develops from there, first with aerobic organisms,
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then progressively by anaerobic colonization (Palmer et al. 2007; Rautava et al. 2012;
Hansen et al. 2015). Important early life influences on this colonization include gesta-
tional age; vaginal delivery versus Caesarean section; breast versus formula feeding;
timing and method of weaning to solid foods; and potentially antibiotic exposure in
infancy (Fig. 1; Dominguez-Bello et al. 2010;Madan et al. 2016; Backhed et al. 2015;
Yassour et al. 2016; Chernikova et al. 2018). Few longitudinal studies have exam-
ined the long-term impact of each, but the microbiome appears to reach an adult-like
climax community around the age of three years (Koenig et al. 2011; Yatsunenko
et al. 2012). The seminal study to date, examining the age of H. pylori acquisition
explored seroconversion in a cohort of prospectively followed children, suggested
the peak period of acquisition is also within the first five years of life (Malaty et al.
2002). It is now difficult to map the historic prevalence of H. pylori colonization
in humans during this period of life, but it was likely very high and arguably “nor-
mal” in terms of expected colonization. Indeed, it is possible to track ancient human
migrations across the globe by studying the change in H. pylori genomes; such is
the historical importance of the organism to human biology (Atherton and Blaser
2009). In contrast, prevalence ofH. pylori at age six in children of theWestern hemi-
sphere is now probably <10% (den Hollander et al. 2015). The potential impact ofH.
pylori, in terms of altering the gastrointestinal ecosystem for subsequent colonization
by other microbes, has barely been explored. The possibility of H. pylori leading to
reduced acid production and a diminished gastric acid barrier, and immunoregulation
leading to increased immune tolerance of other microbial colonists suggests a poten-
tially important impact on development of the microbiome in H. pylori colonized
children (Smolka and Backert 2012). Irrespectively, one can speculate that with the
decline in H. pylori prevalence in recent decades, Western gut colonization has also
diverged from the historical “normal”, whilst a number of microbiome-associated
diseases have emerged and risen in both incidence and prevalence. Indeed, whilst not
exploring H. pylori per se, De Filippo et al. (2010) described the faecal microbiome
of two groups of children, those raised in Italy and those raised in Burkina Faso,
and described entirely different patterns of colonization, with the Western micro-
biome dominated by Firmicutes and the African microbiome by Bacteroidetes. The
authors did not exploreH. pylori prevalence within this study, and indeed there are an
enormous number of differences between the two groupings; however, the findings
clearly demonstrate how far the Western microbiome has shifted from the historic
and ancient human pattern. Targeted studies examining the impact of H. pylori on
microbial colonization during the first three years of childhood, taking into account
key milestones in early infancy and dietary changes over time, are urgently needed
to help address its specific role on subsequent microbial colonization.

3 H. pylori and Immunoregulation

Whilst the pervading message regardingH. pylori around the end of last century was
“the only good H. pylori is a dead H. pylori” (Graham 1997), a new concept regard-
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Fig. 1 Influences on microbial colonization of the human gastrointestinal tract. Following
birth, the gut microbiome develops rapidly, first with aerobic organisms, then progressive anaerobic
colonization. Important early life influences on this colonization include gestational age; vaginal
delivery versus Caesarean section; breast versus formula feeding; timing and method of weaning
to solid foods; and potentially antibiotic exposure in infancy. Subsequent antibiotic exposures and
lifestyle factors including dietary alterations and smoking all impact on gut microbial diversity

ing the possible immunoregulatory role of the organism has emerged and gained
prominence, largely over the last decade. Whilst there is undoubtedly a negative
association betweenH. pylori seropositivity and IBD, first described in 1994, but sub-
sequently confirmed by multiple other investigators and subsequent meta-analysis,
an exact mechanism has not been described to date (El-Omar et al. 1994; Luther
et al. 2010). Carriers of H. pylori certainly seem to confer an immunoregulatory
phenotype with increased expression of Foxhead box protein 3 (FoxP3) compared
with controls (Rad et al. 2006). The immune interplay is, however, more complex
with both immunostimulatory and immunoregulatory components, so it is difficult
to fully disentangle from the pathophysiology of another immunologically complex
disease (O’Keeffe andMoran 2008). Irrespective, a compelling mouse study demon-
strated that the presence ofH. pylori in the stomach appears to modulate the immune
response to infectionwith Salmonella typhimurium, increasingmesenteric IL-10 pro-
duction and diminishing the colonic TH-17 response, an effect recently replicated in
dextran sulphate models of mouse colitis (Higgins et al. 2011; Zhang et al. 2018).
Another study has shown that different gastrointestinal microbiota has contrasting
gastric pathology, microbial and host immune responses (Ge et al. 2018). Two other
hypotheses worth considering, when discussing the negative association with IBD,
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are an immunization-type effect against other initiating organisms, possibly of the
Helicobacter genus or a similar clade, or simply an epiphenomenon (Hansen et al.
2011). Certainly, IBD is a disease associated with cleanliness, whereas H. pylori
carriage is more closely associated with overcrowding and reduced sanitation in a
given community (Elliott et al. 2000; Mendall et al. 1992).

The other important immunoregulatory H. pylori aspect relates to atopic disease.
Chen and Blaser (2008) used retrospective data from the National Health and Nutri-
tion Examination Survey to explore the overlap betweenH. pylori seropositivity and
atopic disease in 3327 participants under 20 years old. They identified a negative
association between H. pylori and allergic rhinitis in both the 3–13 and 3–19 year
olds, but interestingly a negative association with asthma only in the younger age
grouping of 3–13 year olds. Whether this relates to a window for an immunoreg-
ulatory benefit from H. pylori in early childhood, or whether secondary drivers of
asthma arrive in later childhood requires further exploration. Of course, the epiphe-
nomenon of cleanliness re asthma and poor sanity re H. pylori is equally applicable
to any asthma association and was acknowledged by the authors of this piece. Fur-
ther to this, however, an asthma mouse model has also shown a benefit to H. pylori
colonization in terms of FoxP3 expression and phenotype in an ovalbumin stimula-
tion model, but with benefit conferred more strongly in neonatallyH. pylori-infected
mice (Arnold et al. 2011). Interestingly, antibiotic eradication of H. pylori prior to
the challenge model seemed to abrogate the benefit. Therefore, two compelling mes-
sages emerge from this study—firstly, that the age of H. pylori infection appears
fundamentally important to its immunoregulatory role; secondly, that the presence
of live organisms and ongoing interaction with the immune system is necessary for
continued benefit.Whilst extrapolating these findings from a rodent model of asthma
to human immunological diseases is challenging, there is an urgent need to under-
stand the complex interplay between H. pylori, the human gut microbiome and the
immune system during early childhood, so we can better understand the pathophys-
iology and shifting epidemiology of chronic immune-mediated illnesses. Indeed,
overlapping this with our current understanding of the gut microbiome and asthma
pathophysiology, the work of Arrieta (2015) has demonstrated four key organisms
whose abundance at 3months (but not one year) of age is protective against the devel-
opment of atopy and wheeze at one year (itself predictive of asthma)—Veillonella,
Lachnospira, Rothia and Faecalibacterium. Inoculating mice with these organisms
conferred a benefit even to their offspring in terms of their response to the ovalbu-
min challenge. Whilst not an H. pylori-related study as such, this important work
does also neatly demonstrate the importance of the microbiome and age of expo-
sure/colonization in terms of conferring an immunological benefit to the host. How
colonization with these organisms interacts with the presence or absence ofH. pylori
would add greatly to our understanding of this important and developing area.
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4 Helicobacter pylori and the Oesophageal Microbiome

The oesophageal microbiome has strong comparability with the oral microbiome,
comprising the same six major phyla (Firmicutes, Bacteroides, Actinobacteria, Pro-
teobacteria, Fusobacteria and TM7—a candidate phylum of ubiquitous yet mainly
uncultured bacterial species) (Snider et al. 2016; Pei et al. 2004). One of the largest
scale surveys of the oral microbiome, prior to the next generation sequencing era, was
conducted by Yang et al. (2009). They analysed 6800 16S rRNA gene clones from
34 subjects and found that the microbiota of the normal oesophagus was dominated
by Firmicutes, with Streptococcus being the most dominant genus. GORD affects
between 25 and 40% of the population and is the result of gastric acid refluxing
into the oesophagus and causing inflammation. If left untreated GORD can progress,
through various pathological stages, towards OAC. GORD is not necessarily due to
excess acid but more likely increased oesophageal exposure to acid due to increased
reflux of stomach contents, impaired acid clearance or acid hypersensitivity.

One important aspect of descriptive microbiome study that warrants atten-
tion is the association/causation conundrum. This is of course highly prevalent
in all medical scientific research, but is of particular importance in microbiome
research, where a microbial cataloguing approach is generally applied to two groups:
health/disease, affected/unaffected tissue, before/after treatment, etc. The alterations
in microbes between the groupings are then reported, and biological significance is
often attributed as a result. To truly test biological significance and look at causa-
tion over association, follow-on studies should work with isolates of key identified
organisms to further delineate and describe the mechanisms by which they are linked
to disease/health. This step is rarely undertaken and is a major weakness of human
microbiome study to date. The other angle to approach these studies from is that the
microbial changes are secondary to the disease state and not biologically linked, so,
for instance, inflamed tissue offers a distinct ecological niche which in turn facilitates
the growth of a distinct microbiome to take advantage of the different microenviron-
ment and available nutrients. This is the association side of the conundrum. We have
deliberately not dissected association from causation within this review and have
chosen to report study findings as originally discussed by the authors. Further work
is needed to disentangle association from causation within all microbiome studies
and is a major unmet need within the field.

OAC develops from the premalignant lesion Barrett’s oesophagus (BO), which
comprises a characteristic intestinal metaplasia within the distal oesophagus. BO
is associated with >40-fold increased risk for OAC development, although the pro-
gression rate of BO to OAC is very low at ~0.1–0.3% per year (Hvid-Jensen et al.
2011; Bhat et al. 2011). This offers a significant window of opportunity in terms
of understanding the journey from reflux oesophagitis and BO to OAC, with the
possibility of identifying biomarkers or therapeutic targets to prevent OAC develop-
ment. Themicrobiota signature of the inflamed oesophagus (patients had either reflux
oesophagitis or Barrett’s oesophagus) has been shown to contain larger numbers of
Bacteroidetes, Proteobacteria, Fusobacteria, Neisseria, Campylobacter, Veillonella
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andSpirochaeteswith a reduction in the Streptococcus family. These trends have been
reproduced in other studies, reliably demonstrating an alteration in the oesophageal
microbiota in reflux disease which most likely reflects physiological changes due to
excess gastric acid as well as inflammatory mediators (Yang et al. 2009; Pei et al.
2005).

When considering the microbiome associated with OAC, the evidence is limited
to date and there is a clear need for further research in this area. The OACmicrobiota
is associated with reduced microbial diversity, but contains a higher abundance of
Bifidobacteria, Bacteroides, Fusobacteria, Veillonella, Staphylococcus and Lacto-
bacilli, and decreased abundance of Campylobacter when compared with BO sam-
ples. Some OAC samples have been shown to be dominated by a single bacterial
species belonging to the order Lactobacillales. However, the increased abundance
of the various groups was also seen in healthy control samples; therefore, further
research is required before an OAC microbiome signature can be defined (Blackett
et al. 2013; Elliott et al. 2017).

Oesophageal squamous cell carcinoma (OSCC) accounts for approximately
90% of oesophageal cancer cases worldwide. Although OAC accounts for most
oesophageal cancer cases in the USA and Europe, OSCC is the most common type
in Asia, Africa, South America and amongst African-Americans (Cook et al. 2009).
A study of 325 resected oesophageal cancer specimens (92% of which were OSCC)
showed an increase in Fusobacterium nucleatum in cancer specimens compared
to normal mucosa, which was also associated with shorter survival (Yamamura
et al. 2016). Other studies have suggested that squamous dysplasia is linked with
reduced bacterial richness, and general alterations in the microbiota have been docu-
mented, but thefindings are generally inconsistent between studies and require further
robustly designed and sufficiently powered studies to address this issue effectively
and to then begin to assess causation (May and Abrams 2018).

Microbiome alterations have been assessed in patients with eosinophilic
oesophagitis (EoE) (Benitez et al. 2015; Harris et al. 2015). Increases in bacteria
belonging to the Proteobacteria phylum including Neisseria, Corynebacterium and
Haemophilus in EoE patients were seen across the two studies although there was
no consensus between studies. Decreases in Streptococcus and Atopobium were also
seen in comparison with control patients. There is compelling evidence, from several
different geographical locations, showing an inverse association between H. pylori
infection and EoE (Dellon and Hirano 2018). Althoughmechanistic detail is lacking,
the decrease inH. pylori prevalence in the last 20 yearsmatches the trend of increased
EoE incidence and one can hypothesize that this may relate to its population-level
reduction in acid secretion or its influence on colonization by other important organ-
isms.

In summary, the oesophageal microbiome is altered in disease states including
Barrett’s oesophagus, GORD, oesophageal cancer and also EoE. Whether H. pylori
infection plays a role in the development ofOAC remains amatter of debate, although
epidemiological evidence clearly defines a negative association between H. pylori
infection and OAC. The evidence for H. pylori involvement in OSCC is even less
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apparent than OAC. What is clear however is that the impact on host physiology and
the ensuing effect on the oesophageal microbiome requires further investigation.

5 Helicobacter pylori and the Gastric Microbiome

Gastric cancer (GC) remains the most commonly diagnosed gastrointestinal malig-
nancy in the world despite the fact that we have known about the strongest risk
factor, H. pylori infection, for over 30 years. This infection, which currently affects
more than 50% of the world’s population, is the major risk factor for non-cardia,
non-diffuse GC and is thought to contribute to ~75% of all GC cases (Smith et al.
2006). The gastric microbiota is also thought to influence GC development. A recent
review, looking at the gastric microbiome, concluded that whilst H. pylori infection
was a risk factor for GC development, gastric colonization by other bacteria is also an
important factor that needs consideration in relation to the subsequent risk of cancer
development (Noto and Peek 2017).

Due to the acidic nature of the gastric environment, it has long been assumed that
bacteria are unable to survive in the stomach.H. pylori has the appropriate enzymatic
machinery to allow it to tolerate and colonize the harsh acidic conditions through
urease activity, which allows it to neutralize the acid in its surrounding locality (Smith
et al. 2006). This capability and the ensuing impact on gastric acid secretion directly
impacts on the ability of other bacterial species to occupy the gastric niche and
influence inflammatory processes that potentially facilitate carcinogenic progression
(Sanduleanu et al. 2001). Whilst hugely informative studies to date fail to delineate
the complex interplay between H. pylori and other components of the microbiota,
they also only really inform us about the presence of various microbiota constituents
but cannot provide us with information on the metabolic capabilities of the microbial
consortium. One of the most fascinating factors when considering the role of the
gastric microbiome in gastric disease remains that whilst H. pylori comprises the
predominant constituent of themicrobial community during thepremalignant stageof
gastric carcinogenesis, most likely facilitating the survival and colonization of other
bacteria in the gastric environment, it then becomes only a minor component, or is
entirely absent, in the microbiome signature of GC. In this case, the pioneer becomes
the underdog and is essentially dethroned from its niche. Understanding the timing
of this shift in power in the context of progression along the carcinogenesis process
has not yet been explored, but could potentially provide a unique insight into the
microbial drivers of tumour development. This evolution of the gastric microbiome
through the various stages of tumorigenesis strongly supports the potential of other
bacteria to be involved in driving carcinogenesis within the stomach.

Several studies have looked at the gastric microbiome in non-cancerous and pre-
malignant states and have demonstrated that H. pylori-negative individuals have a
highly diverse gastric microbiota, which is dominated by five major phyla: Pro-
teobacteria, Firmicutes, Actinobacteria, Bacteroidetes and Fusobacteria (Bik et al.
2006; Andersson et al. 2008; Maldonado-Contreras et al. 2011). This unequivocally
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confirms that the stomach is not the sterile organ that we once assumed. There is
also evidence that, much like in the faecal microbiome described above, microbial
colonization of the stomach is present from soon after birth, whetherH. pylori infec-
tion is present or absent (Moles et al. 2017; Brawner et al. 2017). The microbiome
profile ofH. pylori-negative children is similar to uninfected adult profiles (Brawner
et al. 2017). Changes in the gastric microbiota composition have been noted in
almost all studies in response to H. pylori infection or different pathological states.
A reduced microbial richness is consistently seen in H. pylori-infected individu-
als. The microbial profile in H. pylori-positive individuals shifts dramatically with
H. pylori accounting for between 70 and 97% of bacterial sequencing reads (Bik
et al. 2006; Andersson et al. 2008). However, other than H. pylori infection, there
is no consistently documented gastric microbiome signature based on pathology,
reflecting the importance of environmental influences in disease pathogenesis (Bik
et al. 2006; Maldonado-Contreras et al. 2011; Dicksved et al. 2009; Aviles-Jimenez
et al. 2014). A recent animal study has also suggested that other members of the
Helicobacteraceae can similarly influence gastric microbiome community structure
(Nowroozilarki et al. 2017).

As high-throughput technology advances allowing us to ask more in-depth ques-
tions about the role of the microbiome, attempts have been made to assess the active
gastric microbiome in order to understand its functional capacity, rather than merely
documenting presence/absence. Based on RNA expression profiles, it is possible to
look at the expression of microbial genes to correlate microbial metabolic capabili-
ties with subsequent impact on the host. The use of RNA-based transcripts ensures
that only viable microorganisms present in a sample will be interrogated, thus negat-
ing the potential confounder of dead cells which will still feature in DNA-based
assessments. Assessing a cohort of patients undergoing endoscopy in Nicaragua, the
gastric microbiome was detailed at different stages of H. pylori-induced pathology
(Thorell et al. 2017). The findings further demonstrated that H. pylori influences
the gastric microbiome composition and, for the first time, highlighted correlations
between its presence and the presence of other bacterial genera—namely Campy-
lobacter, Sulfurospirillum and Deinococcus. This study also highlighted increased
expression ofH. pylori genes involved in pH regulation and nickel transport, although
this was not demonstrated on the basis of disease status. The application of meta-
transcriptomics is essential if we are to make sense of the complexity that surrounds
multi-factorial disease processes. However, additional technological hurdles need
to be overcome before this approach will become a mainstream option. Currently,
challenges associated with ensuring that sufficient microbial signal can be derived
from host-rich samples means that the required sequencing depth needed to generate
sufficient microbial signal makes this approach costly, limiting sample size.
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5.1 The Gastric Cancer Microbiome

Understanding that theGCmicrobiome is a unique “snapshot” in time,whichdoes not
necessarily allow us to derive information about the previous premalignant stages of
the disease process, two recently published studies have provided the most in-depth
insight into the microbiota composition of intestinal metaplasia and GC (Ferreira
et al. 2018; Coker et al. 2018). Their findings demonstrate clear differences in the GC
microbiome in comparisonwith gastritis alone. TheGCmicrobiome is almost always
associatedwith reduced bacterial richness and decreased abundance ofHelicobacter;
however, an increase in several oral and intestinal commensal species has also been
documented in several studies (Castaño-Rodríguez et al. 2017a; Hsieh et al. 2018;
Yu et al. 2017a, b; Sohn et al. 2017). The only study to indicate increased bacterial
richness utilized RNA rather than DNA-based analysis, meaning findings cannot be
directly compared (Castaño-Rodríguez et al. 2017a). The study also demonstrated an
increased abundance of Fusobacterium, Leptotrichia, Lactococcus and Veillonella
species and evidence of co-occurrence between bacterial taxa, with Lactococcus
found to have strong co-occurrence with Aneurinibacillus and Bacillus species. An
increased abundance of Fusobacterium alongside increased abundance of Clostrid-
ium and Lactobacillus species was also demonstrated in a DNA-based study of GC
patients from Taiwan (Hsieh et al. 2018). Using network analysis to demonstrate co-
occurrence/co-exclusion relationships between microbiome constituents, the study
by Coker and co-workers identified five GC-enriched taxa—Peptostreptococcus
stomatis, Streptococcus anginosus, Parvimonas micra, Slackia exigua and Dialis-
ter pneumosintes as being central to the GC occurrence network (Coker et al. 2017).
A further 31 bacterial taxa (enrichment of 21 taxa and a reduction in 10 further
taxa) were shown to be associated with disease progression (Coker et al. 2017). The
co-occurrence of networks between gastric bacteria appears to be strongest in H.
pylori-negative pre-cancerous patient samples.

These various studies further highlight that gastric microbiota community dynam-
ics are heavily influenced byH. pylori presence/absence. However, defining a dysbi-
otic signature based purely on taxa presence/absence without considering the func-
tional implications of the ensuing dysbiosis gives only a limited view with limited
therapeutic scope.

6 Helicobacter pylori and the Colonic Microbiome

Themicrobial component of the colonic environment ismanymagnitudes higher than
the gastric environment in terms of microbial abundance and also species richness
(Louis et al. 2014). It has also been the subject of extensive characterization, both
in terms of defining the healthy colonic microbiota across the colon (Eckburg et al.
2005) and attempting to define the microbial signatures of various colonic diseases
and microbial therapeutic interventions (Marchesi et al. 2016; McIlroy et al. 2018).



Impact of the Gastrointestinal … 313

Studies looking at the direct impact of H. pylori on the colonic microbiome are few
and far between. A recent mouse model of H. pylori infection demonstrated that
whilst the infection affected the local gastric environment, it also caused systemic
effects, altering the colonic microbiota (Kienesberger et al. 2018). Another recent
study showed that alterations in the faecal microbiota, especially the dominant phyla
of Bacteroidetes, Firmicutes and Proteobacteria, may be involved in the process ofH.
pylori-related gastric lesion progression (Gao et al. 2018). Onewould assume that the
most significant route of impact would be through H. pylori-induced physiological
effects such as hypochlorhydria and hypergastrinaemia. It is then challenging to
delineate whether changes were directly due to H. pylori infection or were due to
the altered acidity per se. Studies aimed at de-linking altered acidity from H. pylori
infection, through analysis of individuals on acid reducing medications, including
proton pump inhibitors, will help to address this issue, which is currently unresolved.
As discussed above, the impact of H. pylori on gut microbial colonization within
childhood warrants specific and targeted study, not least because of the possibility
of immunoregulatory effects from H. pylori on the host.

The othermajorH. pylori-induced influence on the colonicmicrobiome is through
H. pylori eradication regimes. Antibiotic therapeutic regimens for eradication deliver
a huge insult on the gastrointestinal microbiota, which have been demonstrated to
significantly alter both oral and colonic microbiomes, dramatically decreasing bac-
terial diversity (Jakobsson et al. 2010; Oh et al. 2016). Probiotics are also sometimes
used in the management of H. pylori infection to either improve eradication rates or
to reduce the adverse effects of the antibiotic treatment (Homan and Orel 2015). The
impact of probiotics on subsequent microbiome communities remains to be seen.

7 Concluding Remarks

Whilst the focus onH. pylori for a long time was rightly on its importance within the
pathophysiology of PUD and GC, the net reduction in prevalence of the organism
during the “The only good H. pylori is a dead H. pylori” era has led to new ways of
thinking about our ancient cohabitant. Indeed, we are now entering an era of low H.
pylori prevalence in the Western world, and since the organism is probably derived
from parents or siblings, this reduction in prevalence will continue downwards in
coming years. Given its World Health Organisation confirmed carcinogen status,
there are unlikely any arguments in favour of countering this reduction in prevalence
can be considered, so clinicians and researchers now need to view the gastrointestinal
tract and gut microbiota through the prism of absent H. pylori. In the majority of
individuals, H. pylori probably acts to reduce gastric acid, with PUD and GC being
minority associations with infection/colonization. H. pylori also appears to have an
immunoregulatory role and appears to reduce the incidence of IBD, mitigate against
damage from gastrointestinal pathogens, and reduce the subsequent risk of asthma
development when present in early childhood. Whether or not it has a fundamental
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role within sequential colonization of the gut in childhood remains to be seen, but it
appears scientifically plausible at least.

The emergenceof newdiseases of the oesophagus, such as eosinophilic oesophagi-
tis, and the rise of known diseases such as oesophageal adenocarcinoma and squa-
mous cell carcinoma may be precipitated by the decline in H. pylori but require
further study. Certainly, there are emerging microbial signatures to oesophageal can-
cer variants, though biological mechanisms remain to be identified. Some of these
organisms, most prominently Fusobacterium nucleatum, are of potential prognostic
importance. Understanding the role of H. pylori in the pathophysiology of or pro-
tection against these conditions would lend enormous insight into mechanisms and
potentially suggest novel therapeutic options. Given the declining prevalence of H.
pylori, it is imperative that studies of the microbiome within the upper gastrointesti-
nal tract examine its role in the coming years, else this may become increasingly
difficult, particularly in Western countries.

Finally, the gastrointestinal tract is a single system beginning at the mouth and
ending at the anus, through which digestion and absorption of all human nutrition
is facilitated. The major impact of H. pylori within the stomach in terms of acid
secretion, immunoregulation and stimulation, and gastroduodenal pathologies war-
rants consideration within population-level studies exploring the microbiome at all
gastrointestinal sites. Ideally, such studies would be longitudinal and commence in
infancy, but in order to understand the impact ofH. pylori on the colonic microbiome
or associated diseases such as IBD, we first have to study it in these settings.

Whilst treating and eradicating H. pylori has been of enormous benefit within the
sphere of PUD and GC, only now in its relative absence can we understand the “other
side of the coin” and the benefits conferred to the host by the organism. Whilst it
may be too late to prevent the decline of H. pylori, a greater understanding of its
role might allow us to explore alternative strategies to achieve similar outcomes,
for instance through acid suppression. The story of our ancient cohabitant is not
yet fully told; however, our emphasis is starting to shift from considering it a simple
pathogen to understanding amore complex relationship between the organism and its
human host. A new paradigm of H. pylori may yet reveal that we were short-sighted
in eradicating it whenever found. Whilst re-emergence of widespread colonization
now seems unlikely, the organism still has lessons to teach us during its decline.
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Abstract The connection between inflammation and cancer was initially recog-
nized by Rudolf Virchow in the nineteenth century. During the last decades, a large
body of evidence has provided support to his hypothesis, and now inflammation is
recognized as one of the hallmarks of cancer, both in etiopathogenesis and ongo-
ing tumor growth. Infection with the pathogen Helicobacter pylori is the primary
causal factor in 90% of gastric cancer (GC) cases. As we increase our understanding
of how chronic inflammation develops in the stomach and contributes to carcino-
genesis, there is increasing interest in targeting cancer-promoting inflammation as
a strategy to treat GC. Moreover, once cancer develops and anti-cancer immune
responses are suppressed, there is evidence of a substantial shift in the microenvi-
ronment and new targets for immune therapy emerge. In this chapter, we provide
insight into inflammation-related factors, including T lymphocytes, macrophages,
pro-inflammatory chemokines, and cytokines, which promote H. pylori-associated
GC initiation and growth. While intervening with chronic inflammation is not a
new practice in rheumatology or gastroenterology, this approach has not been fully
explored for its potential to prevent carcinogenesis or to contribute to the treatment of
GC. This review highlights current and possible strategies for therapeutic interven-
tion including (i) targeting pro-inflammatory mediators, (ii) targeting growth factors
and pathways involved in angiogenesis in the gastric tumor microenvironment, and
(iii) enhancing anti-tumor immunity. In addition, we highlight a significant num-
ber of clinical trials and discuss the importance of individual tumor characterization
toward offering personalized immune-related therapy.

1 Introduction

Rudolf Virchow initially described the connection between inflammation and cancer
(Virchow 1863). During the last decades, a large body of evidence has provided
support to his hypothesis, and now inflammation is recognized as one of the hallmarks
of cancer (Colotta et al. 2009). Many types of cancer are preceded by a chronic
inflammatory process, mostly initiated by infections or exposure to environmental
factors. It is estimated that about 15% of new cancer cases worldwide in 2012 were
attributable to carcinogenic infections, with H. pylori being the most important,
accounting for about 770,000 cases of gastric cancer (GC) annually (Plummer et al.
2016).

GC is the fifth most common malignancy worldwide and the third leading cause
of cancer-related mortality (Ferlay et al. 2015). Incidence rates of GC differ widely
across geographic regions, with the highest rates observed in Asia, Eastern Europe,
and some Latin American countries. Most GCs are adenocarcinomas but are highly
heterogeneous with respect to histological architecture and molecular features (Can-
cer Genome Atlas Research 2014; Lee et al. 2016; Gullo et al. 2018). Histological
classification systems (Lauren 1965; Lauwers et al. 2010) are clinically impractical
to guide patient management. Due to differences in etiological and epidemiological
factors, GCs are classified anatomically as cardia (proximal) and non-cardia (distal).
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It is estimated that ~90% of cases of non-cardia cancer worldwide are caused by H.
pylori infection (Plummer et al. 2015).

GC is a lethal disease, mainly due to the high rates of diagnosis at advanced stages.
With the exception of Japan andKorea, where screening programs for early detection
have been implemented, overall five-year survival rates after diagnosis are below35%
(Cancer Stat Facts: Stomach Cancer, SEER Cancer Statistics Review 1975–2015
2018; Zeng et al. 2018). Early GC is limited to themucosa and submucosa, regardless
of lymph node involvement, and surgical resection is the only curative treatment.
Only a minority of patients with advanced disease respond to current modalities
of treatment, which according to the stage, include a combination of adjuvant or
neoadjuvant therapies with surgery (Van Cutsem et al. 2016). Recent advances in
targeted therapy such as trastuzumab, an antibody against human epidermal growth
factor receptor 2 (HER2), and ramucirumab, an antibody against VEGFR2 (Bang
et al. 2010; Fuchs et al. 2014; Wilke et al. 2014), and immunotherapy modalities
(Fuchs et al. 2018a) have produced encouraging results in the treatment of patients
with certain subtypes of advanced GC.

Due to the wide heterogeneity of GCs, new strategies to treat this disease are
a priority. Although most cancer research has focused on the molecular changes
of the neoplastic cells, it is now recognized that non-tumoral cells in the tumor
microenvironment, especially immune cells, proliferate with the tumor and provide
essential support for its growth and invasion. The recognized protective effect of
non-steroidal anti-inflammatory drugs against GC and other gastrointestinal tumors
(Abnet et al. 2009; Epplein et al. 2008; Kim et al. 2018) supports the role of chronic
inflammation in carcinogenesis.

In this chapter, we provide insight into inflammation-related factors that pro-
mote H. pylori-associated GC initiation and growth, focusing on current and poten-
tial strategies for therapeutic intervention (Fig. 1). A section is dedicated to novel
immunotherapy modalities, especially promising in certain subtypes of GC, such
as Epstein–Barr virus (EBV)-associated and microsatellite instable (MSI) tumors.
Of note, H. pylori is also the main etiologic factor of mucosa-associated lymphoid
tissue lymphoma and will be discussed in Chapter “MALT Lymphoma as a Model
of Chronic Inflammation-Induced Gastric Tumor Development”.

2 Inflammatory Mediators of Gastritis and the Tumor
Microenvironment (TME)

2.1 Chronic Inflammation in H. pylori

Chronic inflammation of the gastric mucosa, termed gastritis, is a hallmark of H.
pylori infection. H. pylori colonization leads to gastritis in all infected persons,
but not all persons will develop symptoms. Both innate and adaptive immune cells
are present and active during chronic inflammation (Posselt et al. 2013; Naumann
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Fig. 1 Resolution of GC-promoting inflammation: a novel strategy for anti-cancer therapy.
H. pylori infection leads to gastritis in infected persons, but only a subset will go on to develop GC.
The microenvironment of the immune response during infection changes when a tumor develops.
Immunotherapies could target several immune pathways. Some therapies could target the pro-
inflammatory environment which drives the development of the tumor, while others would target
the tumor microenvironment by reprogramming tumor infiltrating cells or inhibiting angiogenic
factors

et al. 2017; see also Chapters “Role of NOD1 and ALPK1/TIFA Signalling in Innate
ImmunityAgainstHelicobacter pylori Infection” and “Carbohydrate-Dependent and
Antimicrobial PeptideDefenceMechanismsAgainstHelicobacter pylori Infections”
of this volume). Immune cell migration to the stomach and production of chemokines
and cytokines culminate in ongoing activation of anti-microbial responses and the
generation of reactive oxygen and nitrogen species (ROS and RNS). The chronic
inflammatory response is believed to be required for the development of a sequence
of epithelial transformations called the Correa cascade, which includes multifocal
atrophic gastritis, intestinal metaplasia, dysplasia, and cancer (Correa et al. 1975,
2010; Mera et al. 2005, 2018).

Characteristic of mucosal surfaces, like the intestines, gastric epithelial cells
(GECs) respond to microbes in the environment. GECs respond toH. pylori and pro-
duce a number of pro-inflammatory cytokines and chemokines, including interleukin
(IL)-1β, IL-6, IL-8, and IL-18 (Brandt et al. 2005; Zhang et al. 2015; see also Chapter
“Mechanisms of Inflammasome Signaling, microRNA Induction and Resolution of
Inflammation by Helicobacter pylori” of this book). The local cytokine responses
in human subjects indicate that there is increased tissue expression of IL-1β, IL-6,
IL-8, and tumor necrosis factor (TNF, also referred to as TNF-α) (Lindholm et al.
1998). It has been suggested that elevated levels of many of these cytokines includ-
ing IL-1β, IL-8, and TNF can also serve as biomarkers for GC (Macri et al. 2006).
These cytokines and chemokines impact recruitment of immune cells—particularly
polymorphonuclear cells (PMNs) and macrophages. As the infection persists, these
cytokine responses also chronically persist. Many of these cytokines converge on
signaling through Janus kinase/signal transducer and activator of transcription pro-
teins (JAK/STATs) and activating nuclear factor-kappa B (NF-κB), which leads to
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transcriptional upregulation of anti-apoptotic proteins, pro-inflammatory cytokines
and chemokines, adhesion molecules, and increased expression of inducible nitric
oxide synthase (NOS2) or NADPH oxidase enzyme isoforms (Gobert and Wilson
2017). These changes in the microenvironment contribute to the development of car-
cinoma, because they can lead to increased DNA damage, dysfunctional DNA repair
enzymes, and genetic instability (see alsoChapter “Crosstalk BetweenDNADamage
and Inflammation in theMultiple Steps ofGastric Carcinogenesis”).Moreover, many
of these inflammatory cytokines, such as IL-1β, IL-6, and IL-8, play a pivotal role
in mediating the interaction between cancer stem cells and the microenvironment.

In addition to innate immune cell infiltration, cells of the adaptive arm of the
immune system, includingT lymphocytes andB lymphocytes,migrate into the gastric
tissue in response toH. pylori infection. The T lymphocytes are predominantly CD4+

T helper cells (Th) and exhibit pro-inflammatory phenotypes (Th1 and Th17) as
they express interferon-gamma (IFNγ) and IL-17A, both pro-inflammatory cytokines
associatedwith chronic inflammation. The differentiation of naïve T cells to activated
Th1 or Th17 cells can be dictated by the innate cytokine environment. IL-1β, IL-
6, IL-23, and transforming growth factor-beta (TGF-β) skew the T cell response
toward IL-17A-producing cells, while the expression of IL-12 is likely to push naïve
T cells toward IFNγ-producing T cells. In humans (but not in mice), IL-23 also plays
a role in Th1 cell differentiation. Increased gene expression of IFNγ, IL-12p40,
IL-17A, and IL-23 has been reported in stomach biopsies from H. pylori-infected
adults and children (Bhuiyan et al. 2014; Staples et al. 2013), and the expression
of IL-17A is associated with disease severity (Arachchi et al. 2017). Interestingly,
not all studies have the same cytokine signature, in a study which evaluated H.
pylori-positive gastritis patients versus H. pylori-negative gastritis patients, IL-12
expression was significantly elevated only in theH. pylori-positive patients, whereas
many other cytokines were elevated in both groups, including TNF, IL-1β, IL-6, and
IL-8 (Bauditz et al. 1999).

IL-17A and IFNγ subsequently further activate epithelial cells and macrophages
in the tissue and can amplify the PMN response. Animal models have successfully
defined roles for IFNγ and IL-17A in activating the proper signals required for
the development of gastritis but also in activating anti-microbial responses against
H. pylori (Algood et al. 2009; Sjokvist Ottsjo et al. 2015; Dixon et al. 2016). In H.
pylori-infected individuals, the frequencies of IFNγ and IL-17A+ cellswere increased
in the antrum (Luzza et al. 2000), particularly in patients with H. pylori-induced
gastric ulcers (Adamsson et al. 2017). Other T cell cytokines are also involved in
the chronic inflammatory response including IL-21. Levels of IL-21 are increased
in H. pylori-infected samples from patients with gastritis (Caruso et al. 2007) and
in H. pylori-infected mice (Carbo et al. 2014). In human subjects, IL-21 expression
correlates with the activation of STAT3 and more severe gastritis (Bagheri et al.
2015). Mice deficient in IL-21 infected with H. pylori do not develop gastritis, but
are colonized with a higher level of H. pylori than wild-type controls (Carbo et al.
2014). These data suggest again that IL-21 can drive inflammation, but also that
inflammation is necessary to bring anti-microbial responses to the stomach control
H. pylori colonization.



324 M. B. Piazuelo et al.

Additional insight related to the role of macrophages in H. pylori immunopatho-
genesis and inflammation-associated cancer risk stems from studies related to
polyamines. Polyamines are pleiotropic polycations that have many cellular func-
tions, including the regulation of gene transcription, protein translation, cell growth,
proliferation, and differentiation (Hardbower et al. 2017; Pegg 2006, 2009). The pro-
duction of the three major polyamines—putrescine, spermidine, and spermine—is
tightly regulated and centers on the rate-limiting enzyme, ornithine decarboxylase
(ODC1, hereafter referred to as ODC) (Asim et al. 2010). ODC uses the substrate L-
ornithine to produce putrescine via a decarboxylation reaction (Asim et al. 2010).
ODC has been implicated in several malignancies, including breast, colorectal, and
gastric cancers. Most of the studies related to ODC have been focused on its role in
epithelial cell function. However, ODC expression is upregulated in macrophages
by H. pylori in vitro (Asim et al. 2010) and in infected gastritis tissues of mice and
humans (Hardbower et al. 2017). Importantly, macrophage ODC is immunosuppres-
sive, impairing M1-dependent host defense against H. pylori; mice with myeloid-
specific deletion of Odc exhibited marked upregulation of M1 responses, including
NOS2 expression/NO production; M1 gene signatures (Nos2, Il1b, Tnf, Il6, Il12a,
Il12b) and M1 protein responses (IL-1β and TNF-α) as well as pro-inflammatory
chemokines and IL-17A (Hardbower et al. 2017). In parallel, therewas increased gas-
tric inflammation (both acute and chronic) but a clear benefit of reducedH. pylori bac-
terial colonization levels. Another crucial observation was that the immunosuppres-
sive effects of ODC activity were linked to the ability of putrescine to cause histone
modifications (specific acetylation and methylation events) favoring the suppression
of gene transcription, thus blockingM1 response (Hardbower et al. 2017), suggesting
that polyamines have a deleterious effect of restricting mucosal immune responses.
These findings lead to the question of the potential role of ODC/polyamines in GC
development induced by H. pylori; this is discussed in Sect. 4.2 below.

Many of these cytokines and signaling pathways likely contribute to the devel-
opment of cancer. However, the microenvironment in the stomach of a patient with
chronic gastritis likely differs from the tumor microenvironment.

2.2 The TME in Gastric Cancer

The TME is a complex network of tumor cells and numerous types of non-tumor
cells, including lymphocytes, myeloid cells, endothelial cells, and fibroblasts. As a
dynamic environment, the TME involves a large variety of molecules such as growth
factors, cytokines, chemokines, antibodies, proteases, and metabolites as well as
the extracellular matrix. Non-resolving inflammation derived from chronic infection
with H. pylori is one of the characteristics of the TME in GC and is considered to
play an essential role in tumor initiation and growth. In a long-term failed attempt
to promote healing, this complex network of mediators in the gastric mucosa leads
to the upregulation of pathways that increase cell survival, activate stem cells, and
promote epithelial proliferation.
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Defined almost two decades ago, cancer immunoediting is the process by which
the immune system can either restrain or promote cancer development, ultimately
favoring the outgrowth of tumor cells with reduced immunogenicity (Shankaran
et al. 2001; Schreiber et al. 2011). Mechanisms that lead to inhibition of anti-tumor
immune responses involvemultiple componentswithin the TME. Tumor cells secrete
cytokines and chemokines to recruit myeloid-derived suppressor cells (MDSCs),
regulatory T cells (Tregs), and tumor-associated macrophages (TAMs). These cells
directly suppress the functions of natural killer (NK) cells and CD8+ T cells through
the production and expression of various factors, ultimately favoring tumor growth
and invasion (Kitamura et al. 2015).

Themacrophage is a key player in the innate immune response that thenmodulates
chronic inflammatory responses, therefore it plays an important role duringH. pylori
infection and carcinogenesis. Circulatingmonocytes are recruited across the vascula-
ture into tumors by tumor-derived chemoattractants such as colony-stimulating factor
1 (CSF1), CC ligand 2 (CCL2), vascular endothelial growth factor A (VEGFA, com-
monly referred to as VEGF), or CXCL12 (Murdoch et al. 2008; Noy and Pollard
2014). In the tissues, macrophages adjust to the particular conditions of the envi-
ronment, adopting either pro-inflammatory (M1) or anti-inflammatory (M2) pheno-
types (Mills 2012). M1 macrophages are activated by bacterial constituents and Th1
cytokines (e.g., IFNγ) and show anti-tumor activity through high antigen-presenting
capacity, phagocytosis, and upregulation of pro-inflammatory Th1 responses. In con-
trast, M2 macrophages are activated by Th2 cytokines (e.g., TGF-β, IL-4, IL-10, and
IL-13), leading to the suppression of adaptive immunity and promotion of tissue
remodeling, angiogenesis, and tumor growth (Fig. 2) (Tiemessen et al. 2007; Mills
2012).Multiple characteristics of tumors, including hypoxia and abundant cell death,
help directmacrophage function toward attempting a “homeostatic” restoration (Ruf-
fell et al. 2012). Thus, it has been argued that most TAMs exhibit a predominantly
M2 phenotype (Mantovani et al. 2002). However, the large variety of functions, in
which TAMs are engaged, suggests that extreme forms of M1/M2 polarization may
not exist in the TME (Qian and Pollard 2010). In any case, high densities of TAMs
or M2 macrophages have been associated with worse overall survival in several
malignancies, including GC (Zhang et al. 2012; Jiang et al. 2017).

TAMs promote the suppression of effective anti-tumor immunity via different
pathways including the production of anti-inflammatory cytokines (including IL-10
and TGF-β), prostaglandin E2 (PGE2), and expression of programmed death ligand 1
(PD-L1) (Mantovani et al. 2014). In addition, TAMs regulate vascular programming
of tumors by the production of VEGF and other pro-angiogenic factors (Ruffell
et al. 2012). Macrophage infiltration correlates significantly with tumor vascularity
in human GC (Ohta et al. 2003). TAMs can also contribute to the invasiveness of
tumor cells by remodeling the extracellular matrix and by opening the way to exit
the tumor and colonize the surrounding tissues (Guiet et al. 2011). As the tumor
progresses, hypoxic regions develop, caused by high metabolic and proliferative
rates. Hypoxia is a potent inducer of VEGF, and this is mediated by the transcription
factor hypoxia-inducible factor-1 (HIF-1) (Semenza 2003, 2012). In addition to the
role in angiogenesis,VEGF that is secreted by tumor cells can function in an autocrine
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Fig. 2 Tumor-associated macrophages and their role in the tumor microenvironment. Tumor
cells can produce chemokines, cytokines and growth factors which drive recruitment, differentia-
tion and polarization of TAMs. When the tumor-associated macrophages enter the TME they can
suppress anti-tumor T cell activity, contribute to angiogenesis through production of growth factors,
and promote metastasis through activation of matrix metalloproteases

manner promoting proliferation, dedifferentiation, and transition from an epithelial
to mesenchymal phenotype, enhancing stromal invasion and tumor growth. This
autocrine signaling, which is mediated by VEGFR2 and by neuropilins, could be
necessary for the function of cancer stem cells because it seems to maintain the stem
cell reserve and to sustain self-renewal (Goel and Mercurio 2013).

Recently, next-generation sequencing and large-scale genomics have led to new
molecular classifications of GC (Cancer Genome Atlas Research 2014; Cristescu
et al. 2015). The Cancer Genome Atlas (TCGA) project classified GC into four sub-
types: EBV-positive, MSI, genomically stable, and chromosomally unstable tumors
(Cancer Genome Atlas Research 2014). At the same time, advances in cancer
immunotherapy have opened new frontiers for patient care across a variety of tumors.
Among the GC subtypes, EBV and MSI are the most promising in this regard.
Amplification of CD274 and PDCD1LG2, which encode PD-L1 and PDCD1LG2,
respectively, is often found in EBV-positive tumors with high levels of PD-L1 pro-
tein expression detected on tumor cells (Derks et al. 2016). The interaction of PD-L1
with its receptor PD-1 (commonly found on T cells) inhibits T lymphocyte migra-
tion, proliferation, and secretion of cytotoxic mediators, ultimately favoring tumor
escape from the immune response.

Tumor-immune interactions are increasingly recognized as drivers of the clini-
cal outcome and as potential targets for therapy. Recently, Thorsson and co-workers
(2018) characterized the immune TME of 33 cancer types (more than 10,000 tumors)
into six “immune subtypes”: (1) wound healing, (2) IFNγ, (3) inflammatory, (4) lym-
phocyte depleted, (5) immunologically quiet, and (6) TGF-β dominant. About 80%
of gastric adenocarcinomaswere groupedwithin immune subtypes 1 (wound healing,
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characterized by elevated expression of angiogenic genes, a Th2 cell bias and high
proliferating rate) and 2 (IFNγ dominant, with the highest M1/M2 polarization, a
strong CD8 signal, but also a high proliferating rate). The best overall survival (com-
bining all cancer sites) was observed in the immune subtype 3 (inflammatory, defined
by elevated Th17 and Th1 genes and low/moderate tumor proliferation), while types
1 and 2 had less favorable outcomes despite having a substantial immune component
(Thorsson et al. 2018). This study highlights the importance of the immune interac-
tionswithin the TMEon prognosis and the need for individual tumor characterization
for an effective personalized choice of immune-related therapies. Although the study
by Thorsson and colleagues found that the immune subtype 3 TME (determined by
immunogenetics) had the best overall survival of all cancer types, the situation may
be different in the GC TME. A recent publication investigating the expression of sev-
eral cytokines and their relationship with clinicopathological characteristics in GCs
revealed that IL-17 expression (measured by immunohistochemistry) was associated
with decreased survival (Kim et al. 2017). Taken together, these results indicate a
need for a deeper understanding of T cell cytokines in the TME in GC.

3 Anti-cancer Strategies Targeting the Pro-inflammatory
Mediators in the TME

3.1 Cell Signaling Inhibitors

One way to target several cytokines/inflammatory mediators is to inhibit the tran-
scription factor NF-κB. Several drugs are available to modulate the NF-κB pathway
and thereby reduce expression of IL-8 and other pro-inflammatory cytokines. Many
of these drugs target NF-κB indirectly by reducing ROS production including resver-
atrol, anthocyanin, apigenin, and RK-1-123. Because resveratrol is a member of the
polyphenol flavonoids class of antioxidants producedby a restricted number of plants,
it has received significant attention as a potential treatment/adjunct therapy for GC
patients and several reviews have addressed it directly (Zulueta et al. 2015). Resver-
atrol has been shown to inhibit the proliferation of a number of cancer cell lines,
and it behaves as a chemo-preventive agent in assays that measure the three stages
of carcinogenesis (Holian et al. 2002). While human pilot studies in patients with
colorectal liver metastases have demonstrated that preoperative resveratrol reduced
cancer cell proliferation (Patel et al. 2010) and increased apoptosis in resected tumor
tissues (Howells et al. 2011), there have been no clinical trials with resveratrol in GC.

3.2 Cytokine Antagonists (IL-1, IL-6, IL-18, TNF)

Whilemanyof these cytokines have beendiscussed in detail in other areas of this book
(Chaps. 7–11), here a review will be provided for cytokines that may be candidates
for targeting during cancer therapy.
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IL-1β is expressed by a number of different cell types in vitro in response to H.
pylori, and all of these cells may participate in the inflammatory response in vivo,
including dendritic cells (DCs), monocytes/macrophages, and GECs (Kim et al.
2013; Semper et al. 2014; Pachathundikandi et al. 2016). IL-1β is a cytokine that has
received significant attention because in several studies, polymorphisms associated
with increased expression of IL-1β are significantly associated with the development
of GC (El-Omar et al. 2000; Camargo et al. 2006). Expression is notably correlated
with clinical and pathological features of GC (Yin et al. 2016). Solid tumors in which
IL-1β has been shown to be up-regulated include breast, colon, lung, head, and neck
cancers, and melanomas, and patients with IL-1β-producing tumors have a gener-
ally poor prognosis. IL-1β inhibits acid secretion by downregulating H+/K+ATPase
expression and gastrin expression (Smolka and Backert 2012). Moreover, transgenic
expression of IL-1β in the stomach causes gastritis-associated GC with the recruit-
ment of MDSCs (Tu et al. 2008) and in human xenograph models, elevated levels
of IL-1β are correlated with advanced metastatic disease (Lewis et al. 2006). There
are several possibilities for targeting IL-1β, including approved treatments already
utilized to treat patients with rheumatoid arthritis (Nikfar et al. 2018). IL-1 receptor
antagonist (IL-1RA, anakinra) is a naturally occurring protein that has been shown
to decrease tumor growth, angiogenesis, and metastases in murine xenograft models
(Weinreich et al. 2003). This is the IL-1β-blocking therapy that has received the most
attention.Anakinra iswell absorbed in humans, and its safety iswell documentedwith
few adverse reactions (Sota et al. 2018), making it a candidate to be tested in combi-
nation with standard chemotherapy in GC. Currently, there is only one clinical trial in
the NCI database utilizing anakinra for the treatment of cancer, and it is specifically
focused on early-stage multiple myeloma (clinicaltrials.gov ID# NCT02492750). In
addition to the IL-1RA, there several other agents available to inhibit the inflamma-
tory and tumor-promoting effects of IL-1β including anti-interleukin-1 monoclonal
antibodies, the soluble IL-1 receptor type II, IL-1β-converting enzyme inhibitors,
and IL-1β cytokine traps.

IL-6 is another pleiotropic cytokine which impacts inflammatory T cell biology
as well as tissue regeneration and carcinogenesis. While the findings on associations
between IL-6 polymorphisms and risk of GC are controversial, there is increasing
evidence that levels of IL-6 may be a prognostic marker for spread (Ashizawa et al.
2005). In inflammatory cells, IL-6 is well known for activating STAT3 signaling,
which can induce a pro-carcinogenic, tumorigenic microenvironment. STAT3 sig-
naling leads to the activation of NF-κB in inflammatory cells and drives a positive
feedback loop between immune cells and tumor cells that further stimulates the can-
cer stem cell components and may contribute to metastasis and resistance to cancer
therapies. GC cell lines also express high levels of IL-6 receptor, and IL-6 activation
of GC cells leads to STAT3 activation and VEGF production (Huang et al. 2004;
Lee et al. 2010; Wang et al. 2013); moreover, in ex vivo assays this leads to human
umbilical vein endothelial cell proliferation, tube formation, and vascularization in a
Matrigel plug assay (Huang et al. 2004). IL-6 also inhibits H2O2-induced apoptosis
and blocks repair of oxidative DNA lesions in human GC cells through upregulation
of anti-apoptotic gene,MCL-1 (Lin et al. 2001). Again, methods targeting IL-6 have
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been developed for the treatment of IL-6-associated diseases, such as rheumatoid
arthritis and Castleman disease, but not for cancers. These therapeutics include anti-
IL-6 antibodies (siltuximab and sirukumab), anti-IL-6 receptor antibodies (cilizumab
and tocilizumab), soluble gp130 (also a receptor of IL-6, designed to inhibit IL-6
binding to IL-6R), and some selective small molecules which inhibit JAK/STAT sig-
naling as described above. While the concept to inhibit IL-6 and/or IL-6 signaling is
not new (Jones et al. 2011; Sansone andBromberg 2012), few clinical trials have been
performed with these therapeutics in solid tumors (Ruffell and Coussens 2015), and
at the time of writing this chapter, no clinical trials were published utilizing these
biological treatments in GC. Another way to block IL-6 indirectly is through the
inhibition of STAT3. Napabucasin, an oral inhibitor of cancer stem cells through
STAT3 signaling blocking, is being tested in many gastrointestinal tumors, either
alone or in combination with standard chemotherapy. Currently, there is one clinical
trial evaluating the association between napabucasin and weekly paclitaxel (a first-
line cytotoxic agent) as second-line therapy for patients with GC (NCT01278956).
An interesting strategy in GC would be to investigate the efficacy and safety of
napabucasin combined with an anti-IL-6 antagonist.

TNF is a pro-inflammatory cytokine, which was first recognized for its inhibitory
effect in some tumors when present at high concentrations, but it is also key cytokine
for orchestrating inflammation and the host immune responses. TNF-activated
chemokine gradients recruit immune cells to the sites of infection/inflammation.
TNF is induced during H. pylori infection (Lindholm et al. 1998). The level of TNF
may dictate its functional consequences; for it is thought to be pro-angiogenic in
tumors, but a potent anti-vascular cytokine at higher doses and can be used clinically
to destroy tumor vasculature. Anti-TNF therapy is currently used for rheumatoid
arthritis, Crohn’s disease, and other inflammatory diseases (reviewed by Udalova
et al. 2016), but targeting TNF as an anti-cancer therapy has led to some scrutiny.
One can appreciate why there are two very different hypotheses as to the effect of
anti-TNF therapy on cancer. On the one hand, anti-TNF therapy could inhibit can-
cer development by reducing chronic inflammation, but on the other hand, if TNF
induces apoptosis or has suppressive effects on gene expression, anti-TNF therapies
may enhance the development of certain tumors. There have been many studies to
assess the possibility that existing anti-TNF treatments increase the risk for can-
cer, but because of heterogeneity within these studies, there has been no consensus
(reviewed by Solomon et al. 2012). Interestingly, Fan and colleagues (Chen et al.
2009) investigated the opposing approach of delivering the TNF protein (not anti-
TNF) to gastric tumors. They fused TNF with a peptide (GX-1) known to target the
human GC vasculature and injected the construct into the circulation of nude mice
containing tumors of human GC cells. This targeted approach of delivering TNF
delayed tumor growth and was less toxic than TNF alone. But, administering TNF
has not been tested in clinical trials.

As mentioned earlier, some chronic inflammation is driven by T cell-derived
cytokines including IL-17A and IFNγ. Targeting IFNγ to reduce inflammation or
treat cancer has not been strongly considered, because it has such an important role
for control of infections—both viral and bacterial. The level of immunosuppression
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created by inhibiting this pro-inflammatory pathway would be unacceptable. On the
other hand, targeting IL-17A has been considered both in chronic inflammatory dis-
ease and cancer. There is evidence of increased IL-17A expression in GC compared
to normal gastric tissue (Yamada et al. 2012), and this may contribute to an imbalance
of Th17/Treg cells (Li et al. 2013). On the other hand, there is conflicting evidence
as to whether Th17 cells are increased in the peripheral blood of GC patients and a
goodmarker for tumor progression (Liu et al. 2012a; Zhang et al. 2008; Yamada et al.
2012). IL-17 inhibitors approved by the FDA include secukinumab and ixekizumab.
These were designed to treat inflammatory disorders including psoriasis (Hueber
et al. 2010; Sanford and McKeage 2015; Markham 2016), but they have not been
used in a cancer setting and could be tested in patients with GC.

3.3 Non-steroidal Anti-inflammatory Drugs

Substantial evidence from epidemiological studies suggests that the use of aspirin
and other non-steroidal anti-inflammatory drugs (NSAIDs) is protective against GC
as well as other gastrointestinal tumors (Abnet et al. 2009; Epplein et al. 2009; Algra
and Rothwell 2012; Huang et al. 2017; Kong et al. 2016; Rothwell et al. 2012; Zhang
et al. 2014). Although the mechanisms by which NSAIDs protect GC are not com-
pletely understood, it is recognized that NSAIDs primarily reduce the production of
prostaglandins (PGs) by inhibiting the activity of cyclooxygenase enzymes (Cox1
and/or Cox2). Cox1, encoded by PTGS1, is constitutively expressed and responsible
for the production of prostanoids during basal conditions in the gastrointestinal tract
andother tissues.Cox2, encodedbyPTGS2, is an inducible isoformupregulated at the
sites of inflammation and in some cancers, including GC (Ristimaki et al. 1997). Cox
enzymes participate in the conversion of arachidonic acid into prostanoids, includ-
ing PGs and thromboxane A2 (TxA2) (Wang and DuBois 2018). Besides promoting
inflammation, prostanoids may facilitate tumor progression by several mechanisms,
including stimulation of proliferation and inhibition of apoptosis of cancer cells, stim-
ulation of tumor invasion and angiogenesis, and suppression of immune responses.
A comprehensive review on the role of prostanoids in gastrointestinal cancer was
recently published (Wang and DuBois 2018). Among prostanoids, PGE2 is the most
abundant in human GC (Uefuji et al. 2000), and the measurement of its metabolite
(PGE-M) levels in urine has shown that PGE-M could be used as a biomarker for
predicting GC risk and prognosis (Wang et al. 2017).

In the context of colorectal cancer, a Cox2 selective inhibitor, celecoxib, was
the first approved agent for patients with familial adenomatous polyposis. How-
ever, due to the cardiovascular side effects (Bresalier et al. 2005), long-term use of
Cox2-selective inhibitors for cancer chemoprevention is no longer recommended.
In contrast, long-term regular use of aspirin has proven beneficial for the prevention
of both cancer and cardiovascular diseases. Based on the evidence suggesting that
aspirin therapy reduces the incidence of colorectal cancer after 5–10 years of use,
the U. S. Preventive Services Task Force now recommends low-dose aspirin use for
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the primary prevention of colorectal cancer in adults aged 50–59 who meet certain
criteria (Bibbins-Domingo and Force 2016; Chubak et al. 2016). Regarding GC, the
evidence on the role of aspirin on prevention has been more limited, and there is no
current recommendation as a chemopreventive agent. Consistent with previous evi-
dence, however, a recent meta-analysis (Huang et al. 2017) and a longitudinal study
covering the whole population of South Korea concluded that long-term aspirin use
was associated with a reduction in GC risk (Kim et al. 2018). In this high GC risk
population, the protective effect was significant in those individuals with cumulative
aspirin daily dose use for at least three years. The evidence on the use of non-aspirin
NSAIDs has shown less consistent results in protection against GC across studies
(Kim et al. 2018; Abnet et al. 2009; Epplein et al. 2009; Huang et al. 2017). A
recent study aimed to evaluate the protective effects of low-dose aspirin use after GC
diagnosis found no association with GC-specific mortality after one year of follow-
up (Spence et al. 2018). Currently, a phase III clinical trial assessing the long-term
effects of regular aspirin use on recurrence and survival in various types of cancer is
ongoing (Add-aspirin, NCT02804815). For the use of aspirin on GC prevention, the
well-known risks, including renal and platelet dysfunction, gastric ulceration, and
gastrointestinal bleeding (Lanas et al. 2011), should be considered. Nevertheless, the
strength of the associations consistently seen in observational studies, along with
the high GC mortality rate, supports the need for further research on the potential of
NSAID chemoprevention trials, especially aspirin, among select high-risk popula-
tions.

Overall, blocking the inflammatory response in GC through the inhibition of pro-
inflammatory cytokines comprises an attractive approach for clinical trials. A list
of selected ongoing studies assessing therapeutic agents targeting cancer-promoting
inflammation in patients with GC (excluding antiangiogenic agents) is presented in
Table 1. However, it is unlikely that the blockade of a single cytokine would result in
dramatic clinical effect. Rather, there is a good rationale to combine targeted agents
directed to different cytokines in GC, including systemic chemotherapy. Yet, like
most of the new clinical trials of advanced cancer, trials in GC should enroll molec-
ularl selected patients. In the context of cytokines, well-conducted studies should be
undertaken to identify predictive biomarkers; with that information, patients would
have their GC tissues tested for the biomarker in order to enroll into a specific “anti-
inflammatory” trial.
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4 Strategies Targeting Growth Factors Involved
in Angiogenesis

4.1 Growth Factors as Target (VEGF/VEGFR2,
CSF1/CSF1R, EGF/EGFR)

Vascular endothelial growth factor A (VEGFA, often referred to as VEGF) is a vas-
cular permeability factor and the main regulator of tumor angiogenesis (Senger et al.
1983; Ferrara 2002). VEGF is a member of a family of growth factors and primar-
ily binds to tyrosine kinase receptors VEGFR2 and VEGFR1 (Chung et al. 2010).
VEGF is secreted by both tumor and non-tumor cells, such asmacrophages, endothe-
lial cells, and fibroblasts (Goel andMercurio 2013). VEGFR2 is mainly expressed by
endothelial cells, but also by a variety of cells, including tumor cells. The binding of
VEGF to VEGFR2 is considered critical for the regulation of tumor angiogenesis, by
promoting the proliferation and migration of endothelial cells, as well as the degra-
dation and remodeling of the extracellular matrix. Independent of the role of VEGF
in tumor development, a large body of evidence supports a role for VEGF in the
pathogenesis and maintenance of chronic inflammatory disorders. Notably, immune
cells can express VEGF receptors, and the functions of these cells can be regulated
by VEGF signaling. VEGF promotes the adherence of leukocytes to the vascular
endothelium and the release of pro-inflammatory cytokines, such as IL-6 and TNF,
which support tumor development in chronic inflammatory diseases (Waldner and
Neurath 2012). The role of VEGF signaling in cancer-associated inflammation was
demonstrated byWaldner and co-workers (Waldner et al. 2010). Patients with inflam-
matory bowel disease or with colitis-associated cancer showed increased expression
ofVEGFR2on intestinal epithelial cells.Results from invivo and invitro experiments
demonstrated that chronic inflammation induces VEGFR2 expression on intestinal
epithelial cells and that VEGFR2 signaling is necessary for tumor growth (Waldner
et al. 2010). There is also significant evidence that VEGF/VEGFR2 signaling has an
important role in GC pathogenesis (Lieto et al. 2008; Murukesh et al. 2010; Suzuki
et al. 2010), and the inhibition of this interaction is the main target of anti-VEGF
therapeutics (Ferrara 2009).

The monoclonal anti-VEGF antibody bevacizumab was the first agent developed
targeting the VEGF pathway. Bevacizumab is now approved for first- and/or second-
line treatment of a variety of tumors including colorectal cancer, but clinical trials in
GChave not obtained encouraging results (Ohtsu et al. 2011; Shen et al. 2015).Ramu-
cirumab, a humanmonoclonal antibody that targets VEGFR2 (Spratlin et al. 2010), is
the first drug targeting angiogenesis that showed to prolong survival in patients with
previously treated advanced GC or gastroesophageal junction carcinomas (GEJC) in
phase III clinical trials (Fuchs et al. 2014;Wilke et al. 2014). Currently, ramucirumab
is indicated as a single agent or in combination with paclitaxel, for the treatment of
patients with advanced or metastatic, GC or GEJC with disease progression on or
after fluoropyrimidine- or platinum-containing chemotherapy (Ajani et al. 2016).
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Apatinib, a selective VEGFR2 tyrosine kinase inhibitor, was tested in Asian
patients with previously treated, advanced GC and showed prolonged overall and
progression-free survival (Li et al. 2016). Apatinib was approved by the FDA in
2017 as third-line therapy for refractory GC or GEJC. Experimental studies have
suggested that apatinib not only has anti-angiogenesis effects, but also possesses
substantial angiogenesis-independent effects, inhibiting cell proliferation in vitro
and delaying xenograph tumor growth in vivo (Lin et al. 2017). A large number
of clinical trials that include apatinib treatment for patients with GC are currently
underway, including phase III and IV trials (NCT03042611 and NCT02426034).
Regorafenib, a multikinase inhibitor that targets VEGFR2 and is used for refractory
colorectal cancer (Wilhelm et al. 2011; Riechelmann and Grothey 2017), is currently
being tested in clinical trials for GC and has provided promising results (Pavlakis
et al. 2016).

Colony-stimulating factor 1 (CSF1 or also known as MCSF) is a hematopoietic
growth factor constitutively expressed by many cell types (Hamilton et al. 2016).
CSF1 is the major lineage regulator of most populations of macrophages, but it is
also a chemotactic factor for macrophages. CSF1 exerts its effects through a tyro-
sine kinase receptor (CSF1R), which is expressed on monocytes and macrophages,
but also on other myeloid cells within the TME (Cannarile et al. 2017). In human
GC, elevated expression of CSF1 or CSF1R significantly correlated with disease
progression and also with poor overall survival and disease-free survival (Okugawa
et al. 2018). Targeting TAMs by the inhibition of CSF1/CSF1R has shown encour-
aging results in preclinical cancer models in a variety of tumors, not only decreasing
the number of TAMs, but also reprogramming remaining TAMs to support antigen
presentation and bolster T cell activation (Ries et al. 2014; Zhu et al. 2014; Pyon-
teck et al. 2013; Quail et al. 2016; DeNardo et al. 2011). Experimental evidence
has shown that macrophages can mediate chemotherapy resistance by providing sur-
vival factors or activating anti-apoptotic pathways in cancer cells. In a mouse model
of breast cancer, cytotoxic therapy showed to induce CSF1-dependent macrophage
recruitment (DeNardo et al. 2011). In this model, blockade of macrophage recruit-
ment with CSF1R-signaling antagonists, in combination with paclitaxel, showed the
promotion of Th1 responses and improved mouse survival by a reduction in primary
and metastatic tumors.

In human tumors, the most promising evidence targeting the CSF1/CSF1R axis
has been documented in patientswith the diffuse type of tenosynovial giant cell tumor
(TGCT). TGCT is a rare neoplasm associated with inflammation and joint destruc-
tion, in part due to infiltration of CSFR1-bearing macrophages (Gelhorn et al. 2016).
Because TGCT is associated with overexpression of CSF1, therapies targeting the
CSF1/CSF1R axis have been tested in patients with locally advanced or relapsed
TGCT (Brahmi et al. 2016). Studies have shown significant clinical improvement
with emactuzumab (RG-7155), a recombinant humanized monoclonal antibody tar-
geting CSF1R (Ries et al. 2014; Cassier et al. 2015), and with the small molecule
CSF1R inhibitor pexidartinib (PLX3397) (Tap et al. 2015). In the context of GC, a
large number of clinical trials assessing the potential of various CSFR1 inhibitors
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(emactuzumab, pexidartinib, DCC-3014, and others) either as monotherapies or in
combination with other therapeutic modalities are underway (see Table 1).

Additional recent studies have implicated several other potential master regulators
of macrophage function and polarization in the context of H. pylori infection and
gastric carcinogenesis. We recently reported (Hardbower et al. 2016) that epidermal
growth factor receptor (EGFR) signaling is a crucial component of the response of
macrophages to bacterial infections, with H. pylori a prototypical example. While
EGFR signaling in GECs has been documented and related to both ligand-dependent
(EGF) and independent (TNF) responses (Yan et al. 2009), the response ofmouse and
humanmacrophage cell lines andmouse bonemarrow-derived primarymacrophages
was ligand-independent and involved both tyrosine 1068 and serine 1046/7 phospho-
rylation sites (Hardbower et al. 2016). Importantly, human gastric tissues exhibited
marked phosphorylation of EGFR in gastric macrophages along the entire cascade
from gastritis to gastric adenocarcinoma, and mice with myeloid-specific deletion
of Egfr, exhibited attenuated gastric inflammation scores, increased H. pylori colo-
nization, and reduction in M1 macrophage and Th1/Th17 responses.

It should be noted that these studies were in a model of chronic infection, not
cancer. However, in the azoxymethane-dextran sulfate sodium model of colitis-
associated colon carcinogenesis, mice with myeloid deletion of Egfr showed a
marked reduction in tumor development (Hardbower et al. 2017). Moreover, these
findings were associated with attenuation of M2 responses and angiogenesis and
associated signaling. Surprisingly, mice with epithelial deletion of Egfr did not show
protection from colon tumorigenesis. There are a series of studies from other groups
similarly showing that deletion of Egfr in myeloid cells reduces liver cancer (Lanaya
et al. 2014) and other colon cancer models (Srivatsa et al. 2017). There are also
studies related to pancreatic cancer implicating macrophage EGFR signaling in M2
macrophage polarization (Ma et al. 2016).

The addition of the EGFR inhibitor, gefitinib, was very effective in rodent models
ofGC (Sierra et al. 2018). Specifically, when added to the diet, this agent significantly
reduced the development of dysplasia and intramucosal carcinoma in H. pylori-
infected INS-GASmice and dysplasia and invasive GCs in infected gerbils. Gefitinib
treatment reduced PMN infiltration and chemokine expression, as well as epithelial
DNAdamage in both rodentmodels. Gefitinibwas effective if given as a pretreatment
before the infection or if administered after infection and inflammation was already
established, and still had a benefit if given to animals after antibiotic eradication of
the H. pylori (Sierra et al. 2018). It should be noted that the use of a pharmacologic
approach does not distinguish the offending cellular source of EGFR signaling. To
this end, the effect of GEC-specific deletion of Egfr was investigated; this resulted
in less gastric inflammation, DNA damage, and chemokine expression. Thus, the
Wilson laboratory is generating mice with myeloid- and epithelial-specific deletion
of Egfr on the cancer-prone FVB/N INS-GAS mouse and will be determining the
effect on GC during H. pylori infection.

Despite the strong scientific rationale of antiangiogenic agents in GC and other
solid tumors, the overall results of clinical trials with these agents have been quite
modest, with survival improvements generally measured in weeks. Likewise, despite
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the promising preclinical data with anti-EGFR agents in GC, randomized trials with
these agents, with the exception of trastuzumab for HER2-positive GC (Song et al.
2016), were not effective in patients with molecularly unselected metastatic GC.
Therefore, their future in the drug development process in GC is likely to be under-
mined by more innovative agents, such as immunotherapy.

4.2 Strategies Inhibiting M1 to M2 Transitions
and Promoting M1 Phenotype

Besides the mentioned effects of targeting the CSF1/CSF1R axis on macrophage
polarization, reprogramming TAMs into M1-phenotype macrophages can be
achieved through a variety of other therapeutic modalities including chemotherapy,
immunotherapy, and radiotherapy (Ruffell et al. 2012; Genard et al. 2017). One of
the modalities under investigation is based on the use of CD40 agonists. CD40 is
a member of the TNF receptor superfamily that is present on a variety of immune
cell types. CD40 activation plays a critical role in triggering T and B cell immu-
nity, by activation of antigen-presenting cells, resulting in an enhanced anti-tumor
immune response (Vonderheide 2018). By stimulating CD40, monoclonal antibodies
against CD40 similarly have shown to reprogram TAMs from M2 phenotype to M1
macrophages. In a mouse model of pancreatic cancer, CD40-activated macrophages
rapidly infiltrated tumors, showed anti-tumor properties, and facilitated the deple-
tion of tumor stroma (Beatty et al. 2011). In addition, the activation of CD40 present
on the surfaces of some solid tumor cells leads to direct tumor cell apoptosis and
decreased tumor growth. In the context ofGC, several clinical trials involving patients
with a variety of advanced solid tumors are underway (Table 1). Some evidence has
indicated that it is also possible to re-educate TAMs by exposure to specific immuno-
logical mediators which may promote M1 macrophage development, such as IFNγ

(Duluc et al. 2009; De Palma et al. 2008).
Having evidenced that loss ofODCenhances host defense againstH. pylori (Hard-

bower et al. 2017), a related question is the potential to inhibit ODC in vivo. Efficacy
of the pharmacologic agent α-difluoromethylornithine (DFMO), which blocks ODC
activity, has been demonstrated in clinical trials related to the prevention of colon
polyps (Meyskens et al. 2008; Zell et al. 2010) and has also been used for the treat-
ment of neuroblastoma (Bassiri et al. 2015; Evageliou et al. 2016; Saulnier Sholler
et al. 2015). The mechanism of action is unproven, but has been conceptually related
to reduction of epithelial cell growth and DNA replication. The downstream enzyme,
spermine oxidase (SMOX), which generates oxidative stress during the back con-
version of spermine to spermidine, is upregulated by H. pylori in both macrophages
(Chaturvedi et al. 2004) and GECs (Chaturvedi et al. 2014; Chaturvedi et al. 2011).
Moreover, this generation of ROS leads to oxidative DNA damage in the gastric
epithelium (Chaturvedi et al. 2014; Chaturvedi et al. 2011), which is especially
notable in the presence of gastric intestinal metaplasia (Chaturvedi et al. 2015). Inhi-
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bition of ODC with DFMO or inhibition of SMOX reduces DNA damage and GC
development in gerbils infected with a gerbil-adaptedH. pylori strain derived from a
patient with gastric dysplasia from the Andean mountain region of Colombia, where
GC risk is high (Chaturvedi et al. 2015).

Based on these studies, we are currently conducting a phase II clinical trial using
DFMO (eflornithine, 500 mg po per day) versus placebo in Latin American sites
(Honduras and Puerto Rico, NCT02794428) in patients with precancerous gastric
lesions (i.e., intestinalmetaplasia). Theprimary endpoint isDNAdamage at 6months
of treatment,with secondary endpoints ofDNAdamage at 18months andhistopathol-
ogy at 18 months. The trial is ongoing, but final results will not be expected until
2020. An additional goal of the study is to determine the effects of DFMOon immune
cells versus epithelial cells.

4.3 Inhibition of Myeloid-derived Suppressor Cells (MDSCs)

MDSCs, a heterogeneous group of immaturemyeloid cells that inhibit the anti-tumor
activity of T lymphocytes and NK cells and which are absent in physiologic con-
ditions, make an important component of TME. Studies in mice have demonstrated
that the depletion of MDSCs is associated with delayed tumor growth (Schroder
et al. 2017; Davis et al. 2017). Based on such findings, MDSCs have been investi-
gated as therapeutic targets in GC. The Dickkopf-related protein 1 (DKK-1), a Wnt
regulator, promotes immunosuppression in TME through the stimulation of MDSCs
(Moehler et al. 2018). Two DKK-1-directed antibodies (BHQ880 and DKN-01) are
currently being tested in several tumor types; an ongoing phase I trial is testing a
DKK-1 monoclonal antibody in monotherapy or in combination with paclitaxel or
pembrolizumab for patients with heavily pre-treated GC or GEJC (NCT02013154).
Another strategy to inhibit the functionality ofMDSCs is through the blockade of the
glucocorticoid-induced TNFR-related protein (GITR). This protein is expressed in
normalmonocytes,MDSCs, andmacrophages, and its suppression has led to reduced
tumor progression and increased T-cell infiltration in an animal model of pancreatic
cancer (Moehler et al. 2018). Interestingly, the inhibition ofGITRwas associatedwith
upregulation of cytotoxic T lymphocyte-associated antigen 4 (CTLA4) on T cells
and PD-L1 on tumor cells, proposing that a combination with checkpoint inhibitors
may be required for this treatment to be effective.

4.4 Targeting Chemokines and Their Receptors

The TME can also be targeted through the disruption of chemokine networks.
Chemokines, small proteins normally involved in immune cell migration and lym-
phoid tissue expansion, are implicated in the TME immunosuppression through com-
plex mechanisms, including the stimulation of MDSCs (Nagarsheth et al. 2017).
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Because chemokines and their receptors participate in major roles in inflammation
and related inflammatory diseases, research has been conducted to explore the mod-
ulation of certain chemokines as a form of cancer- (and TME-) directed therapy.
Chemokine inhibitors, mostly in combination with immune checkpoint inhibitors,
are undergoing clinical testing in different tumor types.

The overexpression of chemokine CCL2, the monocyte chemoattractant pro-
tein (MCP1), induces angiogenesis and tumorigenesis of GC in nude mice via
macrophage recruitment (Kuroda et al. 2005). An elevated level of CCL2 has been
reported in patients with GC, was correlated with lymph node metastasis, and was
associated with lower overall survival rate (Tonouchi et al. 2002; Futagami et al.
2008; Tao et al. 2014). However, while the inhibition of the CCL2-CCR2 (CCL2
main receptor) signaling pathway represented an attractive approach in GC, clinical
trials have shown disappointing results. Carlumab, also known as CNTO888, is a
human IgG1k monoclonal antibody that binds CCL2 with high affinity and which
has been tested in two different phase I trials in patients with solid tumors. In the
first trial, carlumab was administered in monotherapy; it offered modest anti-tumor
activity, with the best responses observed being tumor stabilization in ovarian can-
cer, ocular melanoma, and neuroendocrine tumor (Sandhu et al. 2013). In the second
phase I trial, where carlumab was combined with different standard chemothera-
peutic agents, only one out of 19 patients experienced a partial response (Brana
et al. 2015). Another approach to CCL2/CCR2 interference is to inhibit the CCR2
receptor. A humanized IgG1 antibody, MLN1202, has been successful in several
inflammation-related diseases such as multiple sclerosis and atherosclerosis. How-
ever, a phase II trial with this agent in patients with bone metastases did not show
efficacy (Vela et al. 2015). Given the above results, further trials with CCL2/CCR2
inhibitors are on hold.

CXCR4 and CXCL12, its ligand, are immunohistochemically overexpressed in
GC by comparison with normal gastric tissue and associated with survival, prolif-
eration, angiogenesis, and migration of cancer cells. Studies have demonstrated that
such chemokine expression patterns are prognostic factors for survival and metas-
tases (Xue et al. 2017). Also, overexpression of CXCL12 in gastric mucosa con-
tributes to carcinogenesis in the presence of inflammatory stimuli such as H. pylori
(Shibata et al. 2013). CXCL12 also activates the PI3K/mTOR and MAPK/ERK sig-
naling pathways (Rubie et al. 2016). The blockade of the CXCL12-CXCR4 axis is
the target of drugs used to treat the human immunodeficiency virus (HIV) infec-
tion or to help with the mobilization and collection of CD34-positive hematopoietic
stem cells for transplantation in patients with certain hematological malignancies.
Recently several pre-clinical studies in different tumor types, including GC, report
encouraging anti-tumor effects from this biological class (Xue et al. 2017). However,
clinical trials with CXCL12-CXCR4 inhibitors have just begun. A phase I trial of
LY2510924, a peptide antagonist, which blocks stromal cell-derived factor-1 from
CXCR4binding,was conducted in patientswith advanced and refractory solid tumors
(although there were not any patients with GC in the study); while the safety profile
was good, the best response observed was tumor stabilization in 20% of patients and
the median duration of treatment was only 1.9 months (Galsky et al. 2014). Both
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randomized phase II trials in non-small cell lung cancer and renal cell carcinoma
were negative for their primary endpoints of progression-free survival (Salgia et al.
2017; Hainsworth et al. 2016). Despite these preliminary negative results, there are
a number of ongoing clinical trials in multiple tumor types, but at the time of this
publication, there are no trials in GC. An interesting approach in GC is to combine
CXCL12-CXCR4 inhibitors with other targeted agents that block the same pathways
(e.g., mTOR inhibitors and MEK inhibitors) or with other chemokine inhibitors.

Interleukin-8 (IL-8) is a potent neutrophil chemotactic cytokine with potential
impact on the tumor microenvironment. In chronic H. pylori-associated gastritis,
GECs express increased levels of IL-8 within the lamina propria (Crabtree et al.
1994b). IL-8 is the single most up-regulated gene in whole-genome profiling of H.
pylori exposed GECs (Eftang et al. 2012). Moreover, IL-8 expression is correlated
with the functional cagPAI status ofH. pylori strains (Crabtree et al. 1994a, 1995), but
IL-8 can also be strongly induced by IL-17 responses. The result of IL-8 expression
is the recruitment of PMNs to the tissue for higher degrees of PMN infiltration, which
is correlated with an increase in the secretion of TNF, IL-1β, IL-6, and IL-8 (Bauditz
et al. 1999). In a study out of northern India, circulating levels of IL-8 were higher
among patients with GC compared to healthy controls, but levels were comparable
to patients with functional dyspepsia (Kumar et al. 2015). The expression of IL-8
directly correlates with a poor prognosis in GC (Yamada et al. 2013; Lee et al. 2004).

In addition to its potent neutrophilic chemotactic activity, IL-8 can induce prolif-
eration and migration of cancer cells (Wilson et al. 1999; Brew et al. 2000). For this
reason, there has been interest in targeting it as a cancer therapy. IL-8 increases the
proliferation, migration, and survival of endothelial cells, and enhances epithelial-
mesenchymal transition (EMT) and survival of cancer cells (Fernando et al. 2011).
Moreover, there is evidence that IL-8 may enhance macrophage activity in tumors
through activating VEGF expression, a potent angiogenic factor (Martin et al. 2009).
IL-8 may modulate invasiveness and/or extracellular matrix remodeling through
enhancement of matrix metalloprotease expression (MMP2/MMP9) (Inoue et al.
2000; Kim et al. 2001; Li et al. 2005). In addition to general mechanisms to blockNF-
κB signaling and IL-8 induction discussed above, small molecule inhibitors targeting
IL-8 receptors (CXCR1 and CXCR2) have been developed. G31P and SCH-527123
were initially developed for use in prostate and colon cancers, respectively, with
the intention of reducing cell migration and increasing apoptosis of cancer cells (Liu
et al. 2012b; Ning et al. 2012). Repertaxin, another inhibitor of CXCR1 and CXCR2,
has shown to decrease tumor proliferation in the GC cell line MKN45 (Wang et al.
2016). These inhibitors have only been tested in vitro on GC cells and no clinical
trials have been performed with them in GC.

Meanwhile, there is also interest in directly blocking IL-8, especially since the
findings that high serum IL-8 levels correlate with poor prognosis in various tumors
(Sanmamed et al. 2014). Moreover, IL-8 was found to stimulate recruitment of
MDSCs and promote EMT in tumors conferring resistance to immune-mediated
killing (reviewed by David et al. 2016). An IL-8-specific monoclonal antibody,
known as HuMax-IL8, has been shown to reduce mesenchymal features in can-
cer cells leading to enhanced susceptibility to NK and T cell-mediated lysis and to
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decrease the frequency of granulocytic MDSCs in xenograft models (Collins et al.
2018). The HuMax-IL8 drug (BMS-986253) is also designed to inhibit IL-8 and
thus far the only clinical trial utilizing this drug is to test it in combination with
nivolumab in patients with advanced solid tumors, but no results have been pub-
lished yet (NCT03400332).

5 Enhancing Anti-tumor Immunity (Therapy-Induced
Inflammation)

Another form of targeting inflammation as an anti-cancer strategy is to modulate the
immunosuppressive TME through therapies that stimulate the anti-tumor immune
response. The immune checkpoint inhibitors, currently the monoclonal antibod-
ies against PD-1/PD-L1 and CTLA4, represent a successful class and have been
approved to treat numerous solid tumors and hematological malignancies. The use
of immunotherapy in GC has just started and will be discussed below.

5.1 Checkpoint Inhibitors (Anti-PD-1/L1, Anti-CTLA4)

Currently, two immune checkpoint inhibitors (ICPi), pembrolizumab and nivolumab,
have been approved in many countries for advanced/metastatic GC and both are
anti-PD-1 monoclonal antibodies. The landmark phase II trial by Le and co-
workers (2017) demonstrated dramatic tumor shrinkage and significantly prolonged
progression-free survival with pembrolizumab for patients with heavily pre-treated
MSI solid tumors, mostly Lynch syndrome-associated colorectal cancer. These
results led to the FDA’s first-ever site-agnostic approval. Given that tumor lym-
phocytic infiltration is one of the hallmarks of MSI tumors, it was conceived that
ICPi would work mostly in “inflamed” tumors. This has proven to be true; larger
magnitudes of benefit have been observed in inflammation-associated tumors with
higher mutation burden, such as lung cancer, melanoma, and Merkel cell carcinoma.
In GC, the overall benefit of immunotherapy has been modest. However, in spe-
cific subgroups where cancer-associated inflammation is present, i.e., MSI, higher
response rates and prolonged disease control have been reported.While EBV-positive
nasopharyngeal carcinoma patients are more likely to benefit from ICPi (Kao et al.
2015), clinical data in GC have not been published, but are eagerly awaited. Cur-
rently, it is unknownwhether concurrent or priorH. pylori infection predicts response
and survival in GC.

In the KEYNOTE-059 multi-cohort trial, pembrolizumab was administered in
different settings of patients with advanced GC or GEJC (Wainberg et al. 2017).
Cohort 1 enrolled 259 patients with at least two prior lines of therapy and 57% of
the patients had PD-L1 positive tumors (defined as positive immunohistochemistry
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expression in at least 1% in tumor cells); in this cohort, pembrolizumabmonotherapy
offered an overall objective response rate of 12% (16% in PD-L1 positive and 6%
in PD-L1 negative, respectively), with 3% of patients achieving complete response,
regardless of PD-L1 status. As expected, among the 4% of patients withMSI tumors,
the objective response rate was 57.1% (Fuchs et al. 2017). This uncontrolled phase
II trial led to the approval of this drug in the third line setting of PD-L1-positive GC.
Recently, a phase III trial of pembrolizumab versus paclitaxel in second line was
negative for its primary endpoint, overall survival, for patientswith combined positive
score ≥1 tumors—the number of PD-L1 positive staining tumor, lymphocytes, or
macrophages divided by the total number of viable tumor cells andmultiplied by 100
(Fuchs et al. 2018b). Interestingly, the study showed that the higher the combined
positive score, the higher the benefit of pembrolizumabwhen compared to paclitaxel,
reinforcing that the more intense the tumor inflammation, the higher the likelihood
of anti-tumor activity from treatment with an ICPi.

In the phase III trial named ATTRACTION-2, 493 Asian patients with advanced
GC or GEJC previously treated with chemotherapy were randomized to receive
nivolumabor placebo until disease progression (Kang et al. 2017). Similar to the over-
all clinically irrelevant, albeit statistically significant, results with pembrolizumab,
this trial demonstrated a modest gain (measured in days) in the overall survival. In
contrast to the pembrolizumab trial, PD-L1 expression was not predictive of a sur-
vival benefit with nivolumab. Based on these results, nivolumab was approved in
Japan for GC.

Overall clinical trials in GCwith anti-CTLA4monoclonal antibodies have shown
discouraging results, with limited efficacy signals (Bang et al. 2017; Ralph et al.
2010). Similarly, the results with the combination of anti-PD-L1 and anti-CTLA4
agents were disappointing. In two cohorts of the CheckMate 032 phase I/phase II trial
where one-quarter to one-third of patients had PD-L1-positive tumors, nivolumab in
combination with ipilimumab was delivered on two different dose schedules (Jan-
jigian et al. 2017). These treatments led to an overall objective response in 8% and
24% of patients, respectively, but with median overall survival times of only 6.9 and
4.8months. These results clearly demonstrate that although immunotherapy is one of
the greatest advances inmodern oncology, it does not work inmolecularly unselected
GC cancer patients. The molecularly distinct subtypes of GC (Cancer Genome Atlas
Research 2014; Cristescu et al. 2015) should be explored for predictive biomarkers
to ICPi responsiveness.

5.2 Other Immunotherapies—Immunoconjugates

A new class of immunotherapeutic agents, immunoconjugates, is being tested and
demonstrated promising results in certain tumor types. An carcinoembryonic antigen
(CEA)-anti-CD3 bispecific antibody (CEA-TCB) has shown impressive results in
phase I trials in colorectal cancer (Parkhurst et al. 2011). The CEA-TCBRO6958688
was given as monotherapy or in combination with atezolizumab, an anti-PD-L1
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monoclonal antibody, to patients with advanced solid tumors, the majority with col-
orectal cancer, with positive immunohistochemistry expression of CEA (Tabernero
et al. 2017); tumor inflammation was evidenced in computerized tomographies (CT)
scans within a few days of administration in the higher dose levels cohorts, and
after 4 weeks, metabolic response by 18-FDG PET scan was observed in 28% of
patients in the monotherapy group and in 60% of those in the combination arm.
Interestingly, the most common adverse events were inflammation-related, such as
pyrexia (56.3%), and dose-limiting toxicities were associated with inflammation in
metastatic lesions. Although preliminary, the CEA-TCBRO6958688 could be tested
in a great variety of CEA + tumors (NCT02324257, NCT02650713). Indeed, phase
III trials are planned in advanced colorectal and GC.

6 Concluding Remarks

In this chapter, we have provided insights into inflammation-related factors that pro-
mote H. pylori-associated GC initiation and growth. Strategies for immune therapy
could fall into threemajor classifications including targeting pro-cancer inflammation
and reprogramming or depleting immune cells in the TAM to increase anti-cancer
immune responses. Some of these strategies will likely bemost successful when ther-
apy is provided as an adjunct to current chemotherapy, whereas others may prove
to be more effective as monotherapy. For example, anti-VEGF agents provide some
benefit when combined with chemotherapy, but offer limited efficacy as monother-
apy. On the other hand, immunoconjugates and immune checkpoint inhibitors seem
to offer anti-tumor activity alone or combined among them, while the addition of
chemotherapy does not appear to improve outcomes in GC. Moreover, because of
the diversity of the microenvironments (gastritis to tumor), which have been reported
and the array of potential targets, it is clear that immune subtyping and tumor char-
acterization are crucial for the field to move to more successful immune therapies
to treat persons at risk of GC and/or to treat existing cancer. And lastly, the drug
development process, including pharma and academia, should concentrate efforts
to identify predictive biomarkers in GC and to design clinical trials with enriched
populations so we can offer GC patients treatments that make a significant difference
in their lives.
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