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Abstract

During the past year, research on non-Helicobacter pylori species has intensi-

fied. H. valdiviensis was isolated from wild birds, and putative novel species

have been isolated from Bengal tigers and Australian marsupials. Various ge-

nomes have been sequenced: H. bilis, H. canis, H. macacae, H. fennelliae,

H. cetorum, and H. suis. Several studies highlighted the virulence of non-

H. pylori species including H. cinaedi in humans and hyperlipidemic mice or

H. macacae in geriatric rhesus monkeys with intestinal adenocarcinoma. Not

surprisingly, increased attention has been paid to the position of Helicobacter

species in the microbiota of children and animal species (mice, chickens,

penguins, and migrating birds). A large number of experimental studies have

been performed in animal models of Helicobacter induced typhlocolitis,

showing that the gastrointestinal microbial community is involved in modu-

lation of host pathways leading to chronic inflammation. Animal models of

H. suis, H. heilmannii, and H. felis infection have been used to study the

development of severe inflammation-related pathologies, including gastric

MALT lymphoma and adenocarcinoma.

Taxonomy and Phylogeny

In 2014, Helicobacter valdiviensis (type strain WBE14T)

was described as a novel species [1], isolated from wild

bird feces in Southern Chile. The host range of H. valdivi-

ensis, its clinical relevance, and zoonotic potential remain

to be investigated. Putative novel Helicobacter species from

Bengal tigers from Thailand were characterized [2]. Gene

and protein analysis identified them as novel H. acinony-

chis strains closely related to strains of other big cats.

These isolates express homologs of H. pylori urease A/B,

flagellins, BabA, NapA, HtrA, and c-glutamyl transpepti-

dase, but no expression was detected for CagA, VacA,

SabA, DupA, or OipA. Novel Helicobacter species were

detected in the gastrointestinal tract of Australian marsu-

pials [3], and “S”-shaped isolates with bipolar sheathed

flagella were cultivated from ringtail possums. No Heli-

cobacters were cultured from the koalas, while Helicob-

acter DNA was detected in the majority of the animals.

An improved PCR/sequencing of the atpA gene was

reported for the identification of 14 Helicobacter taxa,

“H. winghamensis,” and Wolinella succinogenes [4]. A

PCR–restriction fragment length polymorphism target-

ing the 23S rRNA gene was also reported for the differ-

entiation of 27 non-H. pylori taxa and W. succinogenes

[5]. Using two-dimensional gel electrophoresis of the

whole proteome of Helicobacter strains, it was possible,

based on 66 protein spots, to discriminate between en-

terohepatic and gastric Helicobacters, despite an exten-

sive heterogeneity [6].

Genomics and Genetics

Genome sequencing was performed for two H. suis

strains for which no isolates were available in vitro [7].

Genome analysis revealed genes unique to H. suis, lead-

ing to the development of a new H. suis-specific PCR

assay based on a homolog of the carR gene from

Azospirillum brasilense, involved in the regulation of car-

bohydrate catabolism. Two genomes of H. cetorum

strains, originating from a dolphin and a Beluga whale,

were sequenced [8]. The strains were phylogenetically
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more closely related to H. pylori and H. acinonychis than

to other Helicobacter species. Their genomes are 7–26%

larger than H. pylori genomes and differ markedly from

one another in gene content, sequences, and arrange-

ments of shared genes. They lack the cag pathogenicity

island (cagPAI), but do possess novel alleles of the vacA

gene. In addition, they reveal an extra triplet of

divergent vacA genes, metabolic genes distinct from

H. pylori, and genes encoding an iron and nickel

cofactored urease. Although H. acinonychis is postulated

to descend from the H. pylori hpAfrica2 superlineage

[9], genome sequences from three South African hpAf-

rica2 H. pylori strains were different from H. acinonychis

in their gene arrangement and content [10].

H. bilis strain WiWa isolated from the cecum of a

mouse (Iowa, USA), H. canis strain A805/92 isolated

from a boy’s stool sample [11], and H. macacae type

strain MIT 99-5501 isolated from the intestine of a rhe-

sus monkey with chronic idiopathic colitis [12,13] were

sequenced (GenBank accession numbers: AQFW0

1000000, AZJJ01000002, and AZJI01000005, respec-

tively). The draft genome sequence [14] of an H. fennel-

liae strain isolated from the blood of a female patient

with non-Hodgkin lymphoma [15] is also available

(GenBank accession number: BASD00000000). The

genome of this strain MRY12-0050 is 2.15 Mb in size,

has a G+C content of 37.9%, and contains 2507 genes

(2467 protein-coding genes and 40 structural RNAs).

No cytolethal distending toxin (CDT) cluster was

identified in contrast to its closest neighbors H. cinaedi

and H. hepaticus [15].

Genomic analysis of a metronidazole-resistant

human-derived H. bizzozeronii strain revealed a frame

length extension of a simple sequence cytosine repeat

in the 30 region of the oxygen-insensitive NADPH nitro-

reductase rdxA [16]. This extension was the only muta-

tion, acquired at a high rate, observed in spontaneous

H. bizzozeronii metronidazole-resistant mutants. The

H. bizzozeronii rdxA appears to be a contingency gene

undergoing phase variation, in contrast to its counter-

part in H. pylori.

Non-H. pylori Helicobacters in humans

Contact with animals is believed to be a risk factor for

H. suis infection, but consumption of contaminated

pork is now also considered to be a possible transmis-

sion route [17]. Indeed, viable H. suis bacteria were

detected in retail pork samples and persisted for days in

experimentally contaminated pork. Reports in the

literature describe an increased proportional mortality

from Parkinson’s disease among livestock farmers. In

patients (n = 60) with idiopathic parkinsonism, and

compared with control patients (n = 256), the relative

risk of harboring H. suis was 10 times greater than that

of having H. pylori [18]. This higher frequency was

even exaggerated following H. pylori eradication

therapy.

A 62-year-old Japanese woman, suffering from gas-

tritis and multiple gastric ulcers, was shown to be

infected with H. heilmannii sensu stricto, which was

subsequently eradicated with classic triple therapy [19].

The microaerophilic microbiota was evaluated in colo-

nic biopsies from children presenting for the first time

with inflammatory bowel disease (IBD) [20]. The preva-

lence of Helicobacter species (H. pylori, W. succinogenes,

H. brantae, and H. hepaticus), detected by PCR was 11%

in 44 patients with treatment na€ıve de novo IBD vs 12%

in 42 children with normal colons, suggesting that Heli-

cobacters may not be associated with IBD in children.

It was proposed that enterohepatic Helicobacters

could act as a facilitating agent in the initial infection

and progression of Chlamydia trachomatis-induced

proctitis [21]. A meta-analysis including 10 case–control

studies supports the possible association between Heli-

cobacter species infection and cholangiocarcinoma [22].

H. hepaticus infection may be involved in the pro-

gression of primary hepatocellular carcinoma (HCC)

[23]. The anti-H. hepaticus IgG detection rate was

50.0% in HCC patients (n = 50), while this rate

reached only 7.7 and 6.3% in control groups (patients

with benign liver tumor and normal liver tissue, respec-

tively). The H. hepaticus 16S rRNA gene was detected in

36% of HCC samples positive by serology of which

44.4% were positive for the cdtB gene, while these

genes were virtually not detected in control groups.

The fourth clinical case of H. canis bacteraemia was

reported in a 41-year-old woman, 11 months after kid-

ney transplantation [24]. The patient was fully cured

after cefuroxime and ciprofloxacin treatment.

Typing of 46 H. cinaedi strains isolated from blood of

patients from the same hospital revealed that most iso-

lates exhibited the clonal complex 9 and were mainly

isolated from immunocompromised patients in the

same ward [14]. Three related H. fennelliae isolates were

also obtained from the same ward. Antimicrobial

susceptibilities of the isolates were similar, although

mutations conferring clarithromycin resistance in

H. fennelliae differed from those in H. cinaedi. This study

highlights that H. cinaedi and H. fennelliae must be

carefully monitored to prevent nosocomial infection in

immunocompromised patients [14]. Among 126 H. ci-

naedi-positive sets of blood cultures isolated from 66

bacteremic patients from two hospitals [25], the time

for blood cultures to become positive was ≤5 and

>5 days for 55% and 45% of sets, respectively,
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confirming that H. cinaedi is a fastidious, slow-growing

organism, hampering its microbiological diagnosis. All

patients except one had an underlying disease. The 30-

day mortality rate of H. cinaedi bacteremia was 6.3%.

H. cinaedi is rarely encountered in immunocompetent

individuals. A case of prosthetic (axillobifemoral bypass)

graft infection with H. cinaedi was reported in an 85-

year-old man [26]. The patient was successfully treated

by removal of the infected graft and subsequent antibio-

therapy (sulbactam/ampicillin for 2 weeks). A case of

H. cinaedi-associated meningitis was reported in an

immunocompetent 34-year-old woman who had daily

contact with a kitten for a month, suggesting that the pet

served as a reservoir of transmission [27]. A course of

1 week with ceftriaxone and vancomycin combined

antibiotherapy, followed by 2 weeks of meropenem,

eliminated the symptoms of H. cinaedi meningitis.

Matrix-assisted laser desorption ionization–time-of-

flight mass spectrometry was shown to be useful for

the identification and subtyping of H. cinaedi [28]. As

for hsp60 gene-based phylogeny, human isolates formed

a single cluster distinct from animal isolates, suggesting

that animal strains may not be a major source of infec-

tion in humans [28].

Sequencing of an H. pylori strain isolated from a

patient with gastric cancer in China revealed a new

gene sharing 93% identity with a hypothetical protein

of H. cinaedi, suggesting a possible horizontal gene

transfer to H. pylori [29].

Natural Infection with Non-H. pylori
Helicobacters in Animals

Davison et al. [30] described the first isolation of

H. cetorum from a striped dolphin and they showed that

Atlantic white-sided dolphins and short-beaked com-

mon dolphins from European waters are also infected

with this Helicobacter species. In these wild stranded ani-

mals, mucosal hemorrhages were present in the pyloric

stomach, as well as an ulcerative gastritis resembling

previously described gastritis in H. cetorum-infected dol-

phins [31].

H. canis has been associated with digestive diseases

in dogs, cats, and humans. Recently, the bacterium was

isolated from sheep feces [32], suggesting that sheep

could act as H. canis reservoirs for zoonotic or food-

borne transmission. H. canis, H. bizzozeroni, H. bilis,

H. felis, and H. salomonis were detected by PCR in the

crypts of the cecum and colon of healthy and symp-

tomatic stray dogs [33]. Colonization levels of

Helicobacter-like bacteria correlated with the level of

mucosal fibrosis/atrophy and were highest in younger

dogs. In another study, gastric mucosal glycosylation

profiles were evaluated in Helicobacter-free dogs [34].

The canine gastric mucosa was shown to lack expres-

sion of type 1 Lewis antigens, while a broad expression

of type 2 structures and the A antigen was observed.

Lewis X (Lex) revealed a variable expression in the

body, whereas expression was detected in the antrum

of all animals. Expression of sialylated Lex, involved in

SabA-mediated adherence of H. pylori, was mainly

observed in the body. Of known canine non-H. pylori

Helicobacter species, H. heilmannii sensu stricto presented

the highest adherence scores to the antral mucosa in

canine paraffin-embedded sections.

The relationship between pet ownership or frequent

exposure to dogs and infection with different gastric

Helicobacter species was assessed [35]. A significant cor-

relation was found between human and canine infec-

tion for H. felis and to a lesser extent for H. bizzozeronii.

The poultry gut microbiota was little studied, while

chickens are a major meat source worldwide and are

considered as important reservoirs for foodborne patho-

gens. High abundance of Campylobacter species H.

pullorum and Megamonas species was found in the cecal

microbiome of Ross broiler chickens housed indoors

under standard commercial conditions [36]. The gastro-

intestinal tract microbiota was characterized in king,

gentoo, macaroni, and little penguin species [37]. 16S

rRNA gene pyrosequencing revealed that Helicobacteri-

aceae was the third dominant family in king penguins

(8%) in contrast to other penguin species. In the Prote-

obacteria phylum, Helicobacter species ranged from 1 to

11% in these four marine seabird species. Of 3889 16S

rRNA sequences analyzed from the feces of migrating

birds (migratory stopover, Delaware Bay, USA), 6.5%

corresponded to Epsilonproteobacteria, that is, Campylo-

bacter (82.3%) and Helicobacter (17.7%) species. Most

Helicobacter-like sequences were closely related to

H. pametensis and H. anseris, while the low percentage

of sequence identity (92%) with H. anseris suggests a

different Helicobacter species [38]. Helicobacters were

detected at low frequence in feces and intestinal tissues

of tropical terrestrial wild birds (Venezuela) by molecu-

lar methods [39], suggesting that these bacteria may be

uncommon in the populations studied.

PCR arrays for commonly reported rodent infectious

agents were used in naturally infected index mice and

sentinel mice exposed by contact and soiled-bedding

transfer [40]. Helicobacters and pinworms were

detected in fewer than half of the soiled-bedding senti-

nels. Of the four Helicobacter species identified in index

mice, only H. ganmani was found in soiled-bedding and

contact sentinels.

The prevalence of enterohepatic Helicobacter (EHH)

infection was determined in a study on old rhesus
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monkeys [41]. Helicobacter infection (PCR, culture) was

present in 97% of the monkeys; 13 of 14 monkeys diag-

nosed with intestinal adenocarcinoma were infected.

H. macacae and “Helicobacter sp. rhesus monkey” taxons 2

and 4 were detected on the epithelial colonic surface. In

vitro experiments showed bacterial adherence to epithe-

lia, invasion as well as induction of proinflammatory

gene expression, while genes involved in the inflamma-

some were downregulated. These results suggest that

EHH may mediate diarrhea, chronic inflammation, and

intestinal cancer in nonhuman primates. Downregula-

tion of inflammasome function by Helicobacter may

represent a strategy for long-term persistence in the host.

The impact of H. pylori challenge upon the preexist-

ing gastric microbial community members in rhesus

macaques was assessed [42]. When comparing non-He-

licobacter taxa before and after H. pylori inoculation, no

significant changes in the microflora were observed.

Most animals were naturally infected with H. suis prior

to H. pylori inoculation. After H. pylori challenge, only

one of two gastric Helicobacter species was dominant,

revealing potential competitive inhibition/exclusion.

Interestingly, the proportions of both species were

shown to be highly variable in individual animals.

Natural Helicobacter Infection of Mice in
Animal Facilities

Helicobacters were shown to be among the dominant

organisms in the intestinal tract of mice [43]. H. ganmani

and an unidentified Helicobacter strain (MIT 01-6451) are

the predominant Helicobacter species infecting specific

pathogen-free mice in Japanese animal facilities [44] and

lateral gene transfer probably occurs among Helicobacter

species during coinfection. The prevalence of Helicobacter

infection in the feces/cecum of laboratory mice in Thai-

land reached a level of 78–98% [45]. H. rodentium

(67.0%) and Helicobacter strain MIT 01-6451 (15.4%)

were the most common Helicobacter species, while some

species remained unidentified (14.1%).

The beneficial effects of a 4-drug medicated diet,

aimed at Helicobacter eradication, were demonstrated

in mice with altered adaptive immunity and naturally

infected with H. hepaticus and H. typhlonius [46]. How-

ever, mice that were fed a medicated diet developed

severe side effects that improved or were resolved after

resuming the control diet.

Experimental Infection with non-H. pylori
Helicobacters

The involvement of the chemokine CXCL-13 in gastric

MALT lymphoma development in H. suis-infected mice

was confirmed by administration of an anti-CXCL-13

antibody, which was able to reduce the formation of

lymphoid follicles and germinal centers [47]. Similar

results were obtained by administering VEGF receptor

antibodies to infected mice [48].

Mongolian gerbils were infected with nine H. heil-

mannii sensu stricto strains [49]. Seven strains caused

an antrum-dominant chronic active gastritis after

9 weeks of infection. High colonization levels were

observed for four strains, while colonization of four

other strains was more restricted and one strain did not

colonize the stomach of these animals. A strong IL-1b
expression was observed in infected animals, in contrast

to IFN-c expression.

The importance of Th1-mediated immunity in pro-

tecting mice against H. felis infection was examined

[50]. In IL-23p19 KO mice, IL-17 levels remained low

but IFN-c levels were shown to be increased, resulting

in colonization levels similar to those in wild-type (WT)

mice. In addition, treatment of H. felis-infected Balb/c

mice with Th1-promoting IL-12 resulted in increased

gastric inflammation and even eradication of bacteria in

most mice. Infection of mice with H. felis was shown to

induce expression of the dual oxidase enzyme complex

Duox2/Duoxa2 [51]. Higher colonization rates were

observed in Duoxa�/� mice infected with H. felis, com-

pared with WT mice, highlighting the importance of

epithelial production of H2O2 as a line of defense

against Helicobacter infection.

Nfkb1�/� mice developed more pronounced gastric

atrophy upon H. felis infection compared with WT mice,

while nfkb2�/� mice developed minimal gastric epithe-

lial pathology, and c-Rel-mediated signaling appeared

to modulate the risk of lymphomagenesis [52]. Mesen-

chymal stem cells were shown to promote an acceler-

ated form of H. felis-induced gastric cancer [53] and

their engraftment in chronic inflammation was shown

to be only partially dependent on the CXCR4 receptor.

In H. felis-infected C57BL/6 mice, gastric metaplasia

coincides with the appearance of CD45+MHCII+

CD11b+CD11c+ myeloid cells, which were indeed

absent in mice suffering from chronic gastritis without

concurrent metaplasia [54]. Deletion in mice of Gli1

inhibited expression of markers of metaplasia, clearly

showing that Gli1-dependent myeloid cell differentia-

tion plays a role in the appearance of myeloid cell sub-

types required for the development of mucous neck cell

metaplasia. In another study, diet-induced obesity in

mice was shown to cause an increase in bone marrow-

derived immature myeloid cells in blood and gastric tis-

sue of H. felis-infected mice, as well as increased expres-

sion of IL-17A, GM-CSF, and STAT3 activation [55].

Not only did obesity promote a protumorigenic gastric
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microenvironment, but H. felis-induced gastric inflam-

mation also augmented obesity-induced adipose

inflammation. Besides an increased intake of fat leading

to obesity, other dietary factors are increasingly recog-

nized as being important factors in modulating progres-

sion of Helicobacter-induced gastric pathologies [56].

Partially in contrast to previously published experi-

ments, Yang et al. [57] postulate that bone marrow-

derived cells might not be the direct source of gastroin-

testinal tumor cells induced by H. felis infection.

Infection of spontaneously hyperlipidemic mice with

H. cinaedi was shown to significantly enhance the

development of atherosclerosis [58], with increased

expression of proinflammatory genes, accumulation of

neutrophils, and induction of macrophage-derived foam

cell formation in aortic root lesions. Although infection

was asymptomatic, detection of CDT RNA of H. cinaedi

indicated an aortic infection. In vitro, H. cinaedi infec-

tion altered expression of cholesterol receptors and

transporters in macrophages and induced foam cell for-

mation and differentiation of THP-1 monocytes.

p16ink4a and p19arf genes are two distinct tumor

suppressors located at the Ink4a/Arf locus. Methylation

of p16ink4a and APC genes is increased in colorectal car-

cinoma after X-ray radiotherapy, and inactivation of

p16ink4a and p19arf/p14arf by hypermethylation of pro-

moter CpG islands also occurs frequently in various

tumors and is implicated in murine carcinogenesis. The

small intestine of mice is the most sensitive organ for

ink4a/arf methylation induced by X-radiation, the

chemical carcinogen N-nitrosomethylurea, and H. felis

infection [59], suggesting that abdomen radiotherapy

could be carcinogenic for patients with acute H. pylori

infection. Young adult mice harbored either conven-

tional intestinal microbiota or intestinal microbiota with

a restricted microbial composition. After exposure of

mice to irradiation, acute chromosomal DNA lesions

were observed in mice with a restricted microbial com-

position, but not in those with conventional intestinal

microbiota [60]. H. hepaticus and Bacteroides stercoris

were more abundant in mice with conventional intesti-

nal microbiota than in those with a restricted intestinal

microbiota, suggesting that the intestinal microbiota

can influence genotoxic endpoints induced by high-

energy protons.

The intestinal microbiota structure was shown to be

essential for the development of typhlocolitis in H. hep-

aticus-infected IL-10-deficient mice, and disease can be

initiated and progress in the presence of different

microbial communities [61]. While the severity of the

disease appears to be independent of the microbial

community structure, the specific structure of the

microbiota may modulate host pathways leading to

H. hepaticus-induced chronic inflammation. Discrepant

results have nevertheless been published. Using the

same model, it was shown that mice kept under specific

pathogen-free conditions in two different facilities

displayed strong differences with respect to their sus-

ceptibility to H. hepaticus-induced typhlocolitis [62].

This was associated with a different composition of the

microbiota. H. trogontum infection also induced typhlo-

colitis in IL-10-deficient mice [63]. Disease is associated

with significant intestinal barrier dysfunction character-

ized by a decreased transepithelial electrical resistance

and mRNA expression of tight junction proteins and an

increased short-circuit current, myosin light chain

kinase mRNA, paracellular permeability, and tumor

necrosis factor (TNF)-a and myeloperoxidase plasma

levels. Exclusive enteral nutrition, a well-established

approach for the management of Crohn’s disease, met-

ronidazole treatment or a combination of both, restored

barrier function and reversed inflammatory changes

along with an H. trogontum load reduction, while

hydrocortisone treatment did not. These findings

provide an explanation as to the observation that

patients with Crohn’s disease achieve mucosal healing

more readily following exclusive enteral nutrition than

following corticosteroid treatment.

Dietary vitamin B6 modulates colonic inflammation

in IL-10-deficient mice naturally colonized by H. hepati-

cus, suggesting that vitamin B6 supplementation may

offer an additional tool for the management of IBD

[64].

Patients with IBD are at increased risk for bone loss

and fractures. A significant trabecular bone loss was

observed in infected IL-10-deficient male mice but not

in females [65]. Moreover, H. hepaticus infection sup-

pressed osteoblast markers only in male mice. The latter

suffered from more severe colitis and presented higher

levels of H. hepaticus colonization than females.

IL-10 receptor-blocking antibody treatment during

chronic H. hepaticus infection of mice lacking inducible

expression of major histocompatibility complex class II

(MHCII) molecules led to colitis associated with

increased innate effector cell infiltration and expression

of proinflammatory cytokines [66]. Moreover, exacer-

bated colitis correlated with the inability of intestinal

epithelial cells to upregulate MHCII expression.

The Wiskott–Aldrich syndrome protein (WASP) is a

hematopoietic cell-specific intracellular signaling mole-

cule that regulates the actin cytoskeleton. WASP defi-

ciency is associated with IBD. Helicobacter species were

detected in feces of WASP-deficient mice [67]. After

Helicobacter eradication, these mice did not develop

spontaneous colitis, and reinfection with H. bilis led to

typhlitis and colitis which, in several cases, evolved
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toward dysplasia with 10% demonstrating colon carci-

noma. In addition, a T-cell transfer model of colitis

dependent on WAPS-deficient innate immune cells also

required Helicobacter colonization.

H. hepaticus-infected Rag2-deficient mice emulate

many aspects of human IBD, and infected mice develop

severe colitis progressing into colon carcinoma. A trans-

lational comparison of protein expression and protein

damage products in tissues of H. hepaticus-infected Rag2-

deficient mice and patients with human IBD assessed

the validity of this animal model for human IBD [68].

The study determined some systemic inflammatory

markers in serum that were most closely associated with

disease activity and were common to human IBD and

H. hepaticus-associated colitis in Rag2-deficient mice.

Necrotizing enterocolitis (NEC) is the second most

common cause of morbidity in premature infants, and

dysbiosis is thought to play an important role in dis-

ease onset. H. hepaticus infection of premature formula-

fed rats (model of NEC) induced inflammation,

increased levels of TLR4 receptor, altered activation of

autophagy, and increased the incidence and severity of

NEC in rats exposed to asphyxia and cold stress [69].

These results are consistent with observations in neo-

nates of blooms of proinflammatory microbes just

before the onset of NEC and support dysbiosis in the

incidence of NEC.

H. hepaticus infection is sufficient to enhance

prostate intra-epithelial neoplasia and microinvasive

carcinoma in mice with a genetic predilection for

dysregulation of wnt signaling (ApcMin/+ mutant), in an

inflammation-dependent manner [70]. Intraperitoneal

injection of mesenteric lymph node cells from H. hepati-

cus-infected mice to noninfected mice is sufficient to

transmit early neoplasia to uninfected mice. Transmissi-

bility of neoplasia could be prevented by prior neutral-

ization of inflammation using anti-TNF-a antibody in

infected mesenteric lymph node donor mice.

A study evaluating the effects of fish oil on mouse

gut microbiota showed that fish oil can suppress the

Helicobacter growth [71].

Virulence Factors

Similar to H. pylori, the gamma glutamyl transpeptidase

globulin transferase (GGT) from H. suis was shown to

impair lymphocyte function [72] and this effect could

be modulated by supplementation with glutamine and

reduced glutathione, two known GGT substrates. H. suis

outer membrane vesicles were identified as a possible

delivery route of GGT to lymphocytes residing in dee-

per mucosal layers. GGT is also a virulence factor for

H. bilis that enhances inflammatory stress response via

oxidative stress in colon epithelial cells [73]. IL-8 secre-

tion was upregulated in a GGT-dependent manner, but

can be lowered by glutamine supplementation.

The CdtB of H. pullorum induces an atypical

delocalization of vinculin from focal adhesions to the

perinuclear region, formation of cortical actin-rich large

lamellipodia with an upregulation of cortactin, and

decreased cellular adherence [74].

The CdtB of H. hepaticus alone is necessary and suffi-

cient for epithelial cell genotoxicity [75]. As for

H. pylori, the cholesterol-a-glucosyltransferase of H. hep-

aticus is essential for establishing colonization of the

intestine and liver in male A/JCr mice [76]. The PAI of

H. hepaticus encodes components of a type VI secretion

system (T6SS) whose sequence and organization

resemble those of the T6SS in C. coli and C. jejuni [77].
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