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Abstract: Helicobacter pylori is a bacterium that selectively infects the gastric epithelium of half
of the world population. The microbiome, community of microorganisms gained major interest
over the last years, due to its modification associated to health and disease states. Even if most
of these descriptions have focused on chronic disorders, this review describes the impact of the
intestinal bacterial microbiome on host response to Helicobacter associated diseases. Microbiome has
a direct impact on host cells, major barrier of the gastro-intestinal tract, but also an indirect impact
on immune system stimulation, by enhancing or decreasing non-specific or adaptive response.
In microbial infections, especially in precancerous lesions induced by Helicobacter pylori infection,
these modifications could lead to different outcome. Associated to data focusing on the microbiome,
transcriptomic analyses of the eukaryote response would lead to a complete understanding of these
complex interactions and will allow to characterize innovative biomarkers and personalized therapies.
Keywords: gastrointestinal tract; bacterial infections; stool microbiome; 16S; whole genome
sequencing; NGS; Helicobacter pylori; gastrointestinal cancer

1. Introduction
1.1. Burden of Helicobacter-Associated Infectious Diseases
Helicobacter pylori (H. pylori) is a Gram-negative bacterium that selectively infects the gastric
epithelium of half of the world population [1]. The prevalence of H. pylori infection is highly
variable among various countries and even within countries, reaching up to 70–90% in developing
countries and in populations originating from high-prevalence countries [2]. Infection by H. pylori
is usually acquired during early childhood with an intrafamilial transmission, and in most cases
persists unless eliminated by antibiotic treatment [3]. Chronic infection by H. pylori leads to local
inflammation of the gastric mucosa (gastritis), without clinical symptoms in most infected subjects.
Although gastric infection with H. pylori induces histological changes in the gastric mucosa in most
infected individuals, only a minority develops severe gastroduodenal diseases (ulcers, precancerous
and cancerous lesions) [4]. Among these infected subjects, approximately 10% develops peptic ulcer
disease, 1 to 3% gastric adenocarcinoma, and less than 0.1% gastric mucosa-associated lymphoid
tissue (MALT) lymphoma. H. pylori is considered as a type I carcinogen (for the International Agency
for Research on Cancer), and gastric cancer is the fifth most common malignancy worldwide [5].
Among these H. pylori induced gastric cancer, intestinal-type adenocarcinoma, the most frequent type,
is initiated by the transition from normal mucosa to chronic superficial gastritis. Progression through a
series of well-defined histological steps from atrophic gastritis is followed by intestinal metaplasia
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leading to dysplasia and adenocarcinoma [6,7]. Except for the carcinogen role, the role of H. pylori
infection on idiopathic thrombocytopenic purpura, sideropenic anemia, and vitamin B12 deficiency
has been established, with a growing interest in other conditions, such as cardiovascular, neurologic,
dermatologic, immunologic, and metabolic diseases [8].
Eradication therapy is recommended for peptic ulcer disease, MALT lymphoma, atrophic gastritis,
as for first-degree relatives of gastric cancer patients, unexplained iron deficiency anemia and chronic
idiopathic thrombocytopenic purpura. Depending on resistance status of the isolated strain (or local
epidemiology), different antibiotic treatment (association mostly) can be proposed, associated with a
proton pump inhibitor and/or bismuth salt [9].
In infected patients, H. pylori is the dominant bacterial species in the gastric microbiota [10].
The cultivable and spiral shape form of H. pylori is present only in the gastric mucosa of the human
stomach. Coccoid forms of the bacteria are present in the feces of infected patients, their DNA can be
detected by PCR, but this form of the bacteria cannot be grown (see parts thereafter). Coccoid form is
considered as viable not-cultivable form of the bacteria by some authors with a role in transmission
and as non-viable degenerative forms of dying bacteria [11].
Following evolution of the molecular technologies, new paradigm and characterization were
developed, including infection by H. pylori in the large field of research of the microbiome.
1.2. The Association between Helicobacter-Associated Disease and the Bacterial Microbiome: A Lot to Learn
The microbiome could be defined as the whole microbial community, present in (and on) the
body of a defined host [12]. Even if this notion is widely used in studies, the precise definition remains
controversial. Considered as a “collection of microbial genome” (genomic definition), the microbiome
could also be enlarged to the “whole ecological niche including the colonized habitat” [12]. If most
studies focused on its bacterial component, in humans, the microbiome is constituted of more viruses
than bacteria and contained also fungi and Archeae [13,14].
Studies in general population have focused on the characterization of bacterial microbiome
depending on the considered niche, bringing important information on structure and variation
over time. It is important to know that the microbiome varies deeply among individuals and that
colonization by a certain type of bacteria could confer protection or susceptibility to disease, especially
in chronic infection as for infection by H. pylori [15].
More than 10,000 articles were associated with the “microbiome” keyword in PubMed in 2018,
a major part focusing on intestinal tract microbiome. Moreover, if most of these publications studied
the gut microbiome, a very small proportion focused on microbiome disturbance associated to
H. pylori diseases (Figure 1). Given that studies mainly described role and composition of the bacterial
microbiome, especially during H. pylori-associated diseases, we will restrain on it in this review.
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The intestinal microbiota could impact outcome of viral or bacterial infection through
bacteriome–bacteriome or bacteriome–virome interactions. Therefore, to ease the understanding
of the subject, this review will be limited to interactions between bacterial microbiota and a single
pathogen, H. pylori. However, how the whole intestinal microbiota is associated with H. pylori infections
severity remains still largely unexplored (Table 1).
Table 1. Modification of gastric bacterial microbiome composition and abundance during
Helicobacter-associated disease.
Analytical Method
Culture method

Pathophysiological
Context
Healthy patient

16S rRNA sequencing

Molecular biology

16S rRNA microarray

Mice models

Chronically infected
patient

Modification in Bacterial Abundance

References

Veillonella sp., Lactobacillus sp., Clostridium sp.
Propionibacterium, Streptococcae and Staphylococcae
Proteobacteria, Firumicutes, Bacteroidetes, Actinobacteria
and Fusobacteria (Streptococcae and Prevotella)

Li et al. 2009 [20]
Bik et al. 2006 [21]

Zilberstein et al. 2007 [19]

Increase in Clostridia, Bacteroides/Prevotella spp.,
Eubacterium spp., Ruminococcus spp., Streptococci and
Escherichia coli
Decrease in Lactobacilli

Aebischer et al. 2006 [24]

Decrease of Actinobacteriae, Bacteroidetes and
Firmicutes
Increase of Spirochetes, acidobacteriae and
Proteobacteriae

Moldonado-Contreras et al.
2011 [10]

Culture method

Under-therapies patients

Decrease of Bifidobacteria or Clostridia.
Increase of Enterococci, Enterobacteria
and Peptostreptococci

Adamson et al. 2000 [25]

16S rRNA sequencing

Under-therapies patients

Increase of Bacteroidetes
Decrease Actinobacteria, Bifidobacteriales
No modification of Lactobacillus

Gotoda et al. 2018 [26]

16S rRNA sequencing

Gastritis

Decrease of Proteobacteria (phyla) and of Prevotella
(level)
Increase of Firmicutes (phyla) and of
Streptococcus (genera)

Li et al. 2009 [20]

16S rRNA microarray

Invasive gastric cancer

Decrease in Porphyromonas, Neisseria and
Streptococcus sinensis
Increase in Lactobacillus L. coleohomonis
and Lachnospiraceae

Aviles-Jimenez et al. 2014 [27]

2.1. How to Analyze Bacterial Intestinal Microbiota
Before giving information about the impact of intestinal microbiota disturbance on pathologies,
this review will give some information on the analysis itself. Most of the microbiome studies used
amplicons sequencing, focusing on 16S rRNA-coding gene. This gene exists in all bacterial reign,
containing ten constants (C1 to C10) and nine variable (V1 to V9) regions. These latter are used
for taxonomic analyses [28,29]. At first analyzed by Restriction Fragment Length Polymorphisms
analyses (RFLP), the emergence of next-generation sequencing (NGS) was responsible for a true
revolution in microbial ecology studies (“16S analysis”) [30]. These technologies allow classifying
reads into Operative Taxonomic Units (OTU), by using different software such as mother, QIIME2,
or UPARSE [31–33]. Nevertheless, some studies have demonstrated that this approach, compared to
whole genome sequencing, underestimates the bacterial diversity [34].
Moreover, it is important to keep in mind that 16S analysis does not bring information
on the viability of the detected bacteria. To analyze this parameter, a shotgun sequencing of
bacterial mRNA has to be performed [16]. For the rest of this review, we will distinguish targeted
metagenomic (16S analysis approach), shotgun metagenomic (complete sequencing of a sample),
and meta-transcriptomic (sequencing of all transcribed gene in a sample), key for the understanding of
their impact.
2.2. Gut Microbiota Structure and Evolution
Bacterial concentration increases all along the gastrointestinal tract (GIT) with the lowest bacterial
concentration in the stomach (102 bacteria per gram content) and the highest concentration in the
distal colon (1012 bacteria per gram content) [35]. This difference in bacterial concentration could be
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A difference between epithelium and intestinal lumen is added to this level-specific variation.
This difference could be explained by the production of mucus by the goblets cells, limiting adherence
and invasion capability to the “specialized” bacteria. For these bacteria, including Clostridium,
Lactobacillus, or Enterococcus, glycosylated proteins (constituting the mucus) are a nutrient tank, used
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before accessing to the intestinal cells [38]. These mucosa-associated bacteria are less studied than
bacteria found in the feces, due to the difficulty to sample biopsies compared to stool samples.
Differences have been demonstrated between diversity and compositions of biopsies or stool [35].
Finally, close contact of these bacteria with host intestinal cells may be essential to understand their
impact on immune system, justifying the need to study these bacteria [39].
2.3. Bacterial Microbiota Direct Interaction with the Intestinal Tract Environment: The Mucosal Interface
Intestinal tract contains cells and a glycoproteic layer, thicker in the distal GIT than in the proximal
GIT. This mucus is a highly effective and a specific mechanism of defense against micro-organisms.
Certainly, its structure limits penetration of bacteria and destruction of the epithelium from the very
important number of bacteria in the GIT. The glycosylation structure, highly conserved between
humans, demonstrates its important role in the selection of intestinal microbiome. Indeed, only some
rare microorganisms possessing lectins could adhere to mucus layer [38]. If these bacteria could
be beneficial (as for Lactobacillus reuteri, plantarum, or rhamnosus), pathogenic ones have also been
identified (as Helicobacter pylori or Campylobacter jejuni) and have shown the capacity to bind blood
group antigens present in this mucus layer [38].
Difference in mucine-binding and/or mucine-degrading bacteria (as Akkermansia muciniphila),
maintaining intestinal integrity, were observed between “healthy” and “inflammatory” GIT.
Higher concentration of these bacteria has been found in healthy individuals [40]. Furthermore,
germ-free mice models demonstrated that microbiota could be necessary to form the mucus layer,
by enhancing the number of goblet cells, the cells responsible for mucine production [36]. It is to note
that an important impact on the global immune response has also been shown, as these mice presented
altered immune responses with limited cytokine and immunoglobulin concentrations [41]. Only some
rare microorganisms possessing lectins could adhere to the mucus layer [38]. If these bacteria could be
beneficial (as for L. reuteri, L. plantarum, or L. rhamnosus), pathogenic ones have also been identified
(as H. pylori or Campylobacter jejuni) and have shown the capacity to bind blood group antigens present
in this mucus layer [38].
This information highlights that more than just an interaction element with intestinal frontier,
microbial communities, constituting the gastrointestinal microbiome represent a true component of
this barrier. The intestinal epithelium represents a real interface between intestinal lumen (superficial)
and muscular structure (deep). It is mainly constituted of enterocytes and non-epithelial cells, and tight
junctions play a dramatic role in this protection [42].
During Crohn’s disease, injured regions have been associated with modification of the associated
microbiome, with and increased proportion of Proteobacteriae (mainly Escherichia), and a reduced
proportion of Firmicutes (including Lachnospira, Faecalibacterium, and Blautia), favoring deep lesions to
the endothelial cells [43]. Similarly, dysbiosis and bacterial invasion have been described in the gut of
a patient with inflammatory rheumatisms, as in ankylosing spondylitis [44].
Globally, these data highlight the interplay between microbiota and host epithelial cells,
an interaction that must be explored deeply to improve understanding of these changing conditions
during autoinflammatory or cancerous diseases.
2.4. Bacterial Microbiota Interaction with Innate and Adaptive Immune Systems
GIT interacts deeply with immune system, as lymphoid tissue could be localized all over the
intestinal tract, leading to maturation of the host defense and to gut homeostasis maintenance. Indeed,
this immune system is constantly stimulated by microbial antigens (invasive or not, commensal or
not). Paneth cells, deep inside the intestinal crypts, were implicated in the secretion of antimicrobial
peptides (such as lectins, lysozyme, or defensins) implicated in bacterial regulation to preserve gut
integrity [45].
Intestinal and dendritic cells, present in high numbers in the GIT, could be stimulated by Pattern
Recognition Receptors, such as Toll-like receptor-4 (detecting lipopolysaccharide for Gram-negative
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bacteria or nucleic acids for viruses) or TLR-2 (detecting peptidoglycan or lipoteichoic acids for
Gram-positive bacteria). This stimulation leads to the recruitment of immune cells implicated in both
native and adaptive systems (T cells, B cells, macrophages) but also to the secretion of enzymes and
chemical mediators [46]. Moreover, dendritic cells, present in the mucosal structure of the GIT, capture
bacteria and keep them alive to stimulate mesenteric lymph nodes’ plasmocytic cells, with stimulation
leading to the secretion of bacteria-specific immunoglobulin A. This adaptive response is implicated
in the inhibition of growth and penetration of bacteria, limiting bacterial sepsis [47,48]. Because they
are recognized in a similar way to pathogenic bacteria, bacteria constituting a healthy microbiome
could modulate inflammatory responses. Some constituents, such as Bacteroides fragilis, are responsible
for a tolerogenic response (activating regulatory T cells, secreting interleukin-10) [46,49]. Similarly,
other commensal GIT bacteria, including E. coli, Enteroccocci, or Bacteroides, induce the maturation of
dendritic cells, and provokes the secretion of both pro- and anti-inflammatory cytokines, highlighting
their impact on the maturation of the immune system [50].
It has been demonstrated for years that host immunity can inhibit or promote tumor formation.
In a mice model, Fusobacterium nucleatum enhanced neoplasia development by limiting antitumor T
cell-mediated immunity [51]. More than just host immunity, inflammation is a key factor associated to
cancer development. It has been shown in inflammatory bowel diseases that gut microbial structure
is modified. These modifications are associated with cancer development (mutation of tumor p53
protein, activation of β-catenin, Wnt pathways, cytokines or DNA alteration) [52,53].
Altogether, these data highlight the dramatic impact of bacterial microbiome structure on different
aspect of innate and adaptive immune system, especially in a rich and complex microbiome as the
intestinal microbiome.
2.5. Relationship between Helicobacter pylori and the Gastric Microbiome
If culture-based studies have suggested that stomach is physiologically a sterile niche, recent
advances have shown that gastric microbiome is exceedingly rich and complex (102 to 104
colony forming units per gram content). This microbiota, in healthy individuals, is mainly
composed by Veillonella sp., Lactobacillus sp. and Clostridium sp. and/or Propionibacterium,
Streptococcae, and Staphylococcae, depending on the isolation methods, independently to the anatomical
site of sampling [19]. Using 16S analysis, studies have shown that major phyla to compose
microbial communities of the stomach were Proteobacteria, Firumicutes, Bacteroidetes, Actinobacteria,
and Fusobacteria [20]. At the genus level Streptococcae and Prevotella are the most abundant genus in
healthy patients [21].
This microbiome could be modified during chronic Helicobacter pylori infection, likely due to the
change in gastric physiology. It has been observed a reduced gastric acidity, an alteration in innate
response and a modification of nutrient availability [54]. If this effect remains incompletely understood,
it has already been shown that colonization by Helicobacter pylori could modify relative abundance
of Lactobacillus spp.; Firmicutes and Bacteroidetes [24,55]. Maldonado-Contreras et al. have shown that
chronically infected patients have a higher abundance of Spirochetes, Acidobacteriae, and Proteobacteriae,
associated to a decrease of Actinobacteriae, Bacteroidetes, and Firmicutes [10]. At contrary, clearing of
Helicobacter pylori by antibiotics have shown (by culture method and not high-throughput sequencing)
a significant increase of Enterococci, Enterobacteria, and Peptostreptococci. In the same time, anaerobic
bacteria (as Bifidobacteria or Clostridia) were slightly suppressed [25].
During evolution, inflammation results in gastritis. Compared to Helicobacter-negative patients,
microbiota of these patients shows a decrease of Proteobacteria (Prevotella) and an increase of Firmicutes
(Streptococcus) [22,56]. It is to note that no difference could be shown between anatomical sites
of the stomach in terms of bacterial microbiome. Finally, during gastric transformation to an
invasive cancer, bacterial diversity tends to decrease with a major decrease in Porphyromonas, Neisseria,
and Streptococcus sinensis, associated to an important increase in L. coleohomonis and Lachnospiraceae.
The genus Pseudomonas is one of the most abundant taxa constituting microbiome of gastric cancer [27].
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optimization of the clinical management of infected patients. In a manuscript in preparation, our team
preparation, our team has observed modification of the stool microbiome of Helicobacter-infected
has observed modification of the stool microbiome of Helicobacter-infected patients, allowing a complete
non-invasive diagnosis of Helicobacter infection (with stratification depending on the histological state
of the gastric disease).
Moreover, Helicobacter antigen detection in the stool has been used for years to diagnose
Helicobacter infection when invasive samples (gastric biopsies for example) [57]. Using ultra-deep
sequencing of the stool microbiome, the performance of detection could be impressive and optimize
clinical management dramatically. A need correlate bacterial detection/quantification in stool remain
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to be set up before applying this method to specific cases. This approach could be considered, for now,
too expensive, except for specific situation as for patients with risk factor or associated to prognostic
determination of H. pylori-associated diseases.
3.2. Could Characterization of the Stool Microbiome Be Used as a Prognostic Biomarker to Detect
Helicobacter-Associated Complications?
As described in the first part of this review, Helicobacter pylori presents a dramatic association
with carcinogenesis of gastric cancers. Other oral microbiota, also found in the gastric microbiota
could be associated with this pathogenic development (as for F. nucleatum, Parvimonas micra or
Peptostreptococcus stomatis, Streptococcus anginosus, Dialister pneumosintes, Slackia exigua, C. colicanis) [58,
59]. This modified gastric microbiome could be used as a predictive biomarker [60].
Present in massive quantity in the gut, it is easily understandable that some bacteria could be
associated with cancer development. For example, Bacteroides fragilis, secreting multiples toxins,
present some precancerous capacities [61–63]. Moreover, studies have demonstrated that the
modification of the GIT microbiota (in diversity and composition) during or after colon cancer
development could be used for identification of cancerous patients [64,65]. Indeed, this pathological
state demonstrated for example, a decrease of Lactobacillus or Bifidobacterium and an increase of
Fusobabacterium, Peptostreptococcus, or Staphylococci. In parallel, several studies support a protective
role of bacteria, as C. butyricum, Bifidobacterium, L. casei and Bacillus subtilis to inhibit tumor dysbiosis
in mice [66–69].
These different modifications could be, after important technical development, used in routine
practice to detect variation associated with severe diseases as cancerous states.
3.3. Could Stool Microbiome Characterization be Used to Predict Therapeutic Effect of Anticancer
Chemotherapies?
Gastric cancer could be treated using cyclophosphamide and immunotherapies (as anti-PD-1
antibodies). Considering that it has been shown since 2013 that the gut microbiome could modify
therapeutic response to the adapted anticancer chemotherapies, its deep impact for carcinogenesis
is clear, but could be also considered as impacting cancer therapy efficiency [70]. For example, it has
been shown that two bacteria (E. hirae, Barnesiella intestihominis) have demonstrated the capacity to
potentiate the effect of cyclophosphamide. Administration of anti-Gram-positive antibiotics prior
or concomitantly to anti-cancerous cure has also shown a detrimental effect on the response to
therapeutics [71]. Similarly, abundance of Akkermansia is positively correlated with the efficacy of
anti-PD-1 antibodies. In front of these data, authors have suggested that the susceptibility to this
treatment can be transmitted by transfer of a responder microbiota [72].
Altogether, these data highlight the benefit to clearly identify beneficial and detrimental bacteria
in a stool microbiome, to predict therapeutic issue. This approach could be applied in gastric cancer
management, to potentially optimize therapies.
3.4. Could Stool Microbiome Characterization Be Used to Modify Response to Therapies?
As a clear suspicion of the implication of a well-adapted microbial structure and repartition
in pathophysiological development, lots of studies aimed to identify bacterial that could enhance
therapeutics effects. That is the reason of a sudden gain of attention for prebiotics and probiotics.
Prebiotics, mainly constituted of oligosaccharides, could help probiotics to settle and multiple.
They could also reduce the concentration of pathogens and toxins, or increase production of energy
source for enterocytes [73,74]. Probiotics, defined as “organisms with a potential beneficial effect onto
disease development and impact” contain mostly Lactobacillus or Bifidobacterium sp. Their beneficial
effects include production of defensins and/or vitamins and modification in gut permeability [73].
There has been demonstrated in inflammatory bowel diseases (IBD) as for ulcerative colitis or Crohn’s
disease [74].

Healthcare 2019, 7, 34

10 of 14

A general consensus exists that IBD is associated with compositional and metabolic changes in the
intestinal microbiota [75]. H. pylori infection is negatively associated with IBD regardless of ethnicity,
age, and H. pylori detection methods [76]. Antibiotics used to treat IBD appear to amplify this negative
association [76]. Conversely, the use of antibiotics for H. pylori eradication therapy (association of two
or three antibiotics) could trigger a recurrence or exacerbation of IBD, even if limited published data
support this hypothesis [77]. Three cases of Crohn’s diseases exacerbation after H. pylori eradication
have been already described [78,79]. At contrary, eradication of the bacteria did not significantly
change disease activity measures or the presence of gastro-duodenitis in a small cohort study of six
patients with quiescent Crohn’s disease [80]. Further studies are needed to reveal the relationship
between H. pylori eradication and IBD onset or progression.
For sure, after extensive demonstration and clinical studies, use of these innovative
molecules/strains will be of interest to optimize therapies, especially therapies targeting chronic
inflammatory diseases, as Helicobacter-associated diseases.
4. Conclusions
Since the first descriptions of the Koch’s paradigm and the description of the impact of
H. pylori infection, optimization in the management of infected patients benefited of the bacteria
deep characterization. If the development of ultra-deep sequencing allowed precise studies of the
pathogen genome describing resistance- or virulence-associated mutations, we have highlighted herein
that the microbiome could be strongly implicated in the H. pylori-associated diseases pathogenicity.
Furthermore, the implication of host immunity in the development of cancerous or inflammatory
diseases is well described, justifying the study of the cellular response. An integrative approach,
including data focusing on the pathogen, the microbiome and the host response, must be considered
to fully understand a disease, especially infectious one [81]. After completion of a mechanistic
understanding on animal models, microbiome information will open a new field of research for
clinical management.
Author Contributions: M.P. and C.B. have been involved in draft preparation, writing and editing.
Funding: This research received no external funding.
Conflicts of Interest: M.P. and C.B. declare no conflict of interest associated to this study.

References
1.
2.
3.

4.
5.
6.
7.
8.

Atherton, J.C.; Blaser, M.J. Coadaptation of Helicobacter pylori and humans: Ancient history, modern
implications. J. Clin. Investig. 2009, 119, 2475–2487. [CrossRef] [PubMed]
Burucoa, C.; Axon, A. Epidemiology of Helicobacter pylori infection. Helicobacter 2017, 22 (Suppl. 1), 1–5.
[CrossRef]
Raymond, J.; Thiberge, J.-M.; Kalach, N.; Bergeret, M.; Dupont, C.; Labigne, A.; Dauga, C. Using macro-arrays
to study routes of infection of Helicobacter pylori in three families. PLoS ONE 2008, 3, e2259. [CrossRef]
[PubMed]
Sgouras, D.N.; Trang, T.T.H.; Yamaoka, Y. Pathogenesis of Helicobacter pylori infection. Helicobacter 2015, 20
(Suppl. 1), 8–16. [CrossRef]
White, J.R.; Winter, J.A.; Robinson, K. Differential inflammatory response to Helicobacter pylori infection:
Etiology and clinical outcomes. J. Inflamm. Res. 2015, 8, 137–147. [PubMed]
Correa, P. A human model of gastric carcinogenesis. Cancer Res. 1988, 48, 3554–3560. [PubMed]
Correa, P. Human gastric carcinogenesis: A multistep and multifactorial process—First American Cancer
Society Award Lecture on Cancer Epidemiology and Prevention. Cancer Res. 1992, 52, 6735–6740.
Ražuka-Ebela, D.; Giupponi, B.; Franceschi, F. Helicobacter pylori and extragastric diseases. Helicobacter 2018,
23 (Suppl. 1), e12520.

Healthcare 2019, 7, 34

9.

10.

11.
12.
13.
14.
15.
16.

17.
18.
19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

11 of 14

Malfertheiner, P.; Megraud, F.; O’Morain, C.A.; Gisbert, J.P.; Kuipers, E.J.; Axon, A.T.; Bazzoli, F.;
Gasbarrini, A.; Atherton, J.; Graham, D.Y.; et al. Management of Helicobacter pylori infection-the Maastricht
V/Florence Consensus Report. Gut 2017, 66, 6–30. [CrossRef]
Maldonado-Contreras, A.; Goldfarb, K.C.; Godoy-Vitorino, F.; Karaoz, U.; Contreras, M.; Blaser, M.J.;
Brodie, E.L.; Dominguez-Bello, M.G. Structure of the human gastric bacterial community in relation to
Helicobacter pylori status. ISME J. 2011, 5, 574–579. [CrossRef]
Andersen, L.; Rasmussen, L. Helicobacter pylori-coccoid forms and biofilm formation. FEMS Immunol.
Med. Microbiol. 2009, 56, 112–115. [CrossRef] [PubMed]
Lederberg, J. ‘Ome Sweet’ Omics—A Genealogical Treasury of Words. Scientist 2001, 15, 8.
Moustafa, A.; Xie, C.; Kirkness, E.; Biggs, W.; Wong, E.; Turpaz, Y.; Bloom, K.; Delwart, E.; Nelson, K.E.;
Venter, J.C.; et al. The blood DNA virome in 8000 humans. PLOS Pathog. 2017, 13, e1006292.
Sender, R.; Fuchs, S.; Milo, R. Revised estimates for the number of human and bacteria cells in the body.
PLOS Biol. 2016, 14, e1002533. [CrossRef] [PubMed]
Garud, N.R.; Good, B.H.; Hallatschek, O.; Pollard, K.S. Evolutionary dynamics of bacteria in the gut
microbiome within and across hosts. PLOS Pathog. 2018. [CrossRef] [PubMed]
Erb-Downward, J.R.; Thompson, D.L.; Han, M.K.; Freeman, C.M.; McCloskey, L.; Schmidt, L.A.; Young, V.B.;
Toews, G.B.; Curtis, J.L.; Sundaram, B.; et al. Analysis of the lung microbiome in the “healthy” smoker and
in COPD. PLoS ONE 2011, 6, e16384. [CrossRef] [PubMed]
Huse, S.M.; Ye, Y.; Zhou, Y.; Fodor, A.A. A core human microbiome as viewed through 16S rRNA sequence
clusters. PLoS ONE 2012, 7, e34242. [CrossRef]
De Paepe, M.; Leclerc, M.; Tinsley, C.R.; Petit, M.-A. Bacteriophages: An underestimated role in human and
animal health? Front. Cell. Infect. Microbiol. 2014, 4, 39. [CrossRef]
Zilberstein, B.; Quintanilha, A.G.; Santos, M.A.A.; Pajecki, D.; Moura, E.G.; Alves, P.R.A.; Maluf Filho, F.;
de Souza, J.A.U.; Gama-Rodrigues, J. Digestive tract microbiota in healthy volunteers. Clin. Sao Paulo Braz.
2007, 62, 47–54. [CrossRef]
Li, X.-X.; Wong, G.-H.; To, K.-F.; Wong, V.-S.; Lai, L.H.; Chow, D.-L.; Lau, J.-W.; Sung, J.-Y.;
Ding, C. Bacterial microbiota profiling in gastritis without Helicobacter pylori infection or non-steroidal
anti-inflammatory drug use. PLoS ONE 2009, 4, e7985. [CrossRef]
Bik, E.M.; Eckburg, P.B.; Gill, S.R.; Nelson, K.E.; Purdom, E.A.; Francois, F.; Perez-Perez, G.; Blaser, M.J.;
Relman, D.A. Molecular analysis of the bacterial microbiota in the human stomach. Proc. Natl. Acad. Sci. USA
2006, 103, 732–737. [CrossRef] [PubMed]
Zhang, X.; Ning, Z.; Mayne, J.; Moore, J.I.; Li, J.; Butcher, J.; Deeke, S.A.; Chen, R.; Chiang, C.-K.; Wen, M.;
et al. MetaPro-IQ: A universal metaproteomic approach to studying human and mouse gut microbiota.
Microbiome 2016, 4, 31. [CrossRef] [PubMed]
Barr, J.J.; Auro, R.; Furlan, M.; Whiteson, K.L.; Erb, M.L.; Pogliano, J.; Stotland, A.; Wolkowicz, R.;
Cutting, A.S.; Doran, K.S.; et al. Bacteriophage adhering to mucus provide a non-host-derived immunity.
Proc. Natl. Acad. Sci. USA 2013, 110, 10771–10776. [CrossRef] [PubMed]
Aebischer, T.; Fischer, A.; Walduck, A.; Schlötelburg, C.; Lindig, M.; Schreiber, S.; Meyer, T.F.; Bereswill, S.;
Göbel, U.B. Vaccination prevents Helicobacter pylori-induced alterations of the gastric flora in mice.
FEMS Immunol. Med. Microbiol. 2006, 46, 221–229. [CrossRef] [PubMed]
Adamsson, I.; Edlund, C.; Nord, C.E. Impact of treatment of Helicobacter pylori on the normal gastrointestinal
microflora. CMI 2000, 6, 175–177. [CrossRef] [PubMed]
Gotoda, T.; Takano, C.; Kusano, C.; Suzuki, S.; Ikehara, H.; Hayakawa, S.; Andoh, A. Gut microbiome can be
restored without adverse events after Helicobacter pylori eradication therapy in teenagers. Helicobacter 2018,
23, e12541. [CrossRef] [PubMed]
Aviles-Jimenez, F.; Vazquez-Jimenez, F.; Medrano-Guzman, R.; Mantilla, A.; Torres, J. Stomach microbiota
composition varies between patients with non-atrophic gastritis and patients with intestinal type of gastric
cancer. Sci. Rep. 2014, 4, 4202. [CrossRef] [PubMed]
Muyzer, G.; Smalla, K. Application of denaturing gradient gel electrophoresis (DGGE) and temperature
gradient gel electrophoresis (TGGE) in microbial ecology. Antonie Van Leeuwenhoek 1998, 73, 127–141.
[CrossRef]

Healthcare 2019, 7, 34

29.

30.
31.
32.

33.

34.
35.
36.
37.

38.
39.
40.
41.
42.
43.

44.

45.
46.

47.
48.
49.
50.

12 of 14

Liu, W.T.; Marsh, T.L.; Cheng, H.; Forney, L.J. Characterization of microbial diversity by determining terminal
restriction fragment length polymorphisms of genes encoding 16S rRNA. Appl. Environ. Microbiol. 1997, 63,
4516–4522. [PubMed]
Woese, C.R.; Fox, G.E. Phylogenetic structure of the prokaryotic domain: The primary kingdoms. Proc. Natl.
Acad. Sci. USA 1977, 74, 5088–5090. [CrossRef]
Hamady, M.; Walker, J.J.; Harris, J.K.; Gold, N.J.; Knight, R. Error-correcting barcoded primers for
pyrosequencing hundreds of samples in multiplex. Nat. Methods 2008, 5, 235–237. [CrossRef] [PubMed]
Schloss, P.D.; Westcott, S.L.; Ryabin, T.; Hall, J.R.; Hartmann, M.; Hollister, E.B.; Lesniewski, R.A.;
Oakley, B.B.; Parks, D.H.; Robinson, C.J.; et al. Introducing mothur: Open-source, platform-independent,
community-supported software for describing and comparing microbial communities.
Appl. Environ. Microbiol. 2009, 75, 7537–7541. [CrossRef] [PubMed]
Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Peña, A.G.;
Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.
Nat. Methods 2010, 7, 335–336. [CrossRef] [PubMed]
Engel, P.; Stepanauskas, R.; Moran, N.A. Hidden diversity in honey bee gut symbionts detected by single-cell
genomics. PLoS Genet. 2014, 10, e1004596. [CrossRef]
Sekirov, I.; Russell, S.L.; Antunes, L.C.M.; Finlay, B.B. Gut microbiota in health and disease. Physiol. Rev.
2010, 90, 859–904. [CrossRef] [PubMed]
Sommer, F.; Bäckhed, F. The gut microbiota-masters of host development and physiology. Nat. Rev. Microbiol.
2013, 11, 227–238. [CrossRef] [PubMed]
Dieterich, W.; Schuppan, D.; Schink, M.; Schwappacher, R.; Wirtz, S.; Agaimy, A.; Neurath, M.F.; Zopf, Y.
Influence of low FODMAP and gluten-free diets on disease activity and intestinal microbiota in patients
with non-celiac gluten sensitivity. Clin. Nutr. 2018. [CrossRef] [PubMed]
Juge, N. Microbial adhesins to gastrointestinal mucus. Trends Microbiol. 2012, 20, 30–39. [CrossRef]
Forbes, J.D.; Van Domselaar, G.; Bernstein, C.N. The gut microbiota in immune-mediated inflammatory
diseases. Front. Microbiol. 2016, 7, 1081. [CrossRef]
Geerlings, S.Y.; Kostopoulos, I.; de Vos, W.M.; Belzer, C. Akkermansia muciniphila in the human gastrointestinal
tract: When, where, and how? Microorganisms 2018, 6, 75. [CrossRef]
Shanahan, F. The host-microbe interface within the gut. Best Pract. Res. Clin. Gastroenterol. 2002, 16, 915–931.
[CrossRef] [PubMed]
Chelakkot, C.; Ghim, J.; Ryu, S.H. Mechanisms regulating intestinal barrier integrity and its pathological
implications. Exp. Mol. Med. 2018, 50, 103. [CrossRef] [PubMed]
Libertucci, J.; Dutta, U.; Kaur, S.; Jury, J.; Rossi, L.; Fontes, M.E.; Shajib, M.S.; Khan, W.I.; Surette, M.G.;
Verdu, E.F.; et al. Inflammation-related differences in mucosa-associated microbiota and intestinal barrier
function in colonic Crohn’s disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2018, 315, G420–G431.
[CrossRef] [PubMed]
Ciccia, F.; Guggino, G.; Rizzo, A.; Alessandro, R.; Luchetti, M.M.; Milling, S.; Saieva, L.; Cypers, H.;
Stampone, T.; Di Benedetto, P.; et al. Dysbiosis and zonulin upregulation alter gut epithelial and vascular
barriers in patients with ankylosing spondylitis. Ann. Rheum. Dis. 2017, 76, 1123–1132. [CrossRef] [PubMed]
Geuking, M.B.; Köller, Y.; Rupp, S.; McCoy, K.D. The interplay between the gut microbiota and the immune
system. Gut Microbes 2014, 5, 411–418. [CrossRef] [PubMed]
Magrone, T.; Jirillo, E. The interplay between the gut immune system and microbiota in health and disease:
Nutraceutical intervention for restoring intestinal homeostasis. Curr. Pharm. Des. 2013, 19, 1329–1342.
[PubMed]
O’Hara, A.M.; Shanahan, F. The gut flora as a forgotten organ. EMBO Rep. 2006, 7, 688–693. [CrossRef]
Macpherson, A.J.; Uhr, T. Induction of protective IgA by intestinal dendritic cells carrying commensal
bacteria. Science 2004, 303, 1662–1665. [CrossRef]
Cohen-Poradosu, R.; McLoughlin, R.M.; Lee, J.C.; Kasper, D.L. Bacteroides fragilis-stimulated interleukin-10
contains expanding disease. JID 2011, 204, 363–371. [CrossRef]
Manuzak, J.; Dillon, S.; Wilson, C. Differential interleukin-10 (IL-10) and IL-23 production by human blood
monocytes and dendritic cells in response to commensal enteric bacteria. Clin. Vaccine Immunol. 2012, 19,
1207–1217. [CrossRef]

Healthcare 2019, 7, 34

51.

52.
53.
54.
55.

56.
57.

58.

59.

60.
61.
62.

63.

64.

65.

66.

67.
68.

69.
70.

13 of 14

Mima, K.; Sukawa, Y.; Nishihara, R.; Qian, Z.R.; Yamauchi, M.; Inamura, K.; Kim, S.A.; Masuda, A.;
Nowak, J.A.; Nosho, K.; et al. Fusobacterium nucleatum and T Cells in Colorectal Carcinoma. JAMA Oncol.
2015, 1, 653–661. [CrossRef] [PubMed]
Bellaguarda, E.; Chang, E.B. IBD and the gut microbiota—From bench to personalized medicine.
Curr. Gastroenterol. Rep. 2015, 17, 15. [CrossRef] [PubMed]
Irrazábal, T.; Belcheva, A.; Girardin, S.E.; Martin, A.; Philpott, D.J. The multifaceted role of the intestinal
microbiota in colon cancer. Mol. Cell 2014, 54, 309–320. [CrossRef]
Brawner, K.M.; Morrow, C.D.; Smith, P.D. Gastric microbiome and gastric cancer. Cancer J. 2014, 20, 211–216.
[CrossRef] [PubMed]
Lofgren, J.L.; Whary, M.T.; Ge, Z.; Muthupalani, S.; Taylor, N.S.; Mobley, M.; Potter, A.; Varro, A.; Eibach, D.;
Suerbaum, S.; et al. Lack of commensal flora in Helicobacter pylori-infected INS-GAS mice reduces gastritis
and delays intraepithelial neoplasia. Gastroenterology 2011, 140, 210–220. [CrossRef] [PubMed]
Engstrand, L.; Lindberg, M. Helicobacter pylori and the gastric microbiota. Best Pract. Res. Clin. Gastroenterol.
2013, 27, 39–45. [CrossRef] [PubMed]
Wang, Y.-K.; Kuo, F.-C.; Liu, C.-J.; Wu, M.-C.; Shih, H.-Y.; Wang, S.S.W.; Wu, J.-Y.; Kuo, C.-H.; Huang, Y.-K.;
Wu, D.-C. Diagnosis of Helicobacter pylori infection: Current options and developments. World J. Gastroenterol.
2015, 21, 11221–11235. [CrossRef]
Dias-Jácome, E.; Libânio, D.; Borges-Canha, M.; Galaghar, A.; Pimentel-Nunes, P. Gastric microbiota and
carcinogenesis: The role of non-Helicobacter pylori bacteria—A systematic review. Rev. Esp. Enferm. Dig. 2016,
108, 530–540. [CrossRef] [PubMed]
Hsieh, Y.-Y.; Tung, S.-Y.; Pan, H.-Y.; Yen, C.-W.; Xu, H.-W.; Lin, Y.-J.; Deng, Y.-F.; Hsu, W.-T.; Wu, C.-S.; Li, C.
Increased abundance of Clostridium and Fusobacterium in Gastric microbiota of patients with Gastric cancer
in Taiwan. Sci. Rep. 2018, 8, 158. [CrossRef] [PubMed]
Shah, M.A. Gastric cancer: The gastric microbiota—Bacterial diversity and implications. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 692–693. [CrossRef] [PubMed]
Toprak, N.U.; Yagci, A.; Gulluoglu, B.M.; Akin, M.L.; Demirkalem, P.; Celenk, T.; Soyletir, G. A possible role
of Bacteroides fragilis enterotoxin in the aetiology of colorectal cancer. CMI 2006, 12, 782–786. [PubMed]
Wu, S.; Powell, J.; Mathioudakis, N.; Kane, S.; Fernandez, E.; Sears, C.L. Bacteroides fragilis enterotoxin
induces intestinal epithelial cell secretion of interleukin-8 through mitogen-activated protein kinases and a
tyrosine kinase-regulated nuclear factor-kappaB pathway. Infect. Immuniy 2004, 72, 5832–5839. [CrossRef]
[PubMed]
Wu, S.; Rhee, K.-J.; Albesiano, E.; Rabizadeh, S.; Wu, X.; Yen, H.-R.; Huso, D.L.; Brancati, F.L.; Wick, E.;
McAllister, F.; et al. A human colonic commensal promotes colon tumorigenesis via activation of T helper
type 17 T cell responses. Nat. Med. 2009, 15, 1016–1022. [CrossRef] [PubMed]
Tsoi, H.; Chu, E.S.H.; Zhang, X.; Sheng, J.; Nakatsu, G.; Ng, S.C.; Chan, A.W.H.; Chan, F.K.L.; Sung, J.J.Y.;
Yu, J. Peptostreptococcus anaerobius induces intracellular cholesterol biosynthesis in colon cells to induce
proliferation and causes dysplasia in mice. Gastroenterology 2017, 152, 1419–1433.e5. [CrossRef] [PubMed]
Yu, J.; Feng, Q.; Wong, S.H.; Zhang, D.; Liang, Q.Y.; Qin, Y.; Tang, L.; Zhao, H.; Stenvang, J.; Li, Y.; et al.
Metagenomic analysis of faecal microbiome as a tool towards targeted non-invasive biomarkers for colorectal
cancer. Gut 2017, 66, 70–78. [CrossRef] [PubMed]
Chen, Z.-F.; Ai, L.-Y.; Wang, J.-L.; Ren, L.-L.; Yu, Y.-N.; Xu, J.; Chen, H.-N.; Yu, J.; Li, M.; Qin, W.-X.; et al.
Probiotics Clostridium butyricum and Bacillus subtilis ameliorate intestinal tumorigenesis. Future Microbiol.
2015, 10, 1433–1445. [CrossRef] [PubMed]
Jacouton, E.; Chain, F.; Sokol, H.; Langella, P.; Bermúdez-Humarán, L.G. Probiotic strain Lactobacillus casei
BL23 prevents colitis-associated colorectal cancer. Front. Immunol. 2017, 8, 1553. [CrossRef] [PubMed]
Zhang, J.-W.; Du, P.; Gao, J.; Yang, B.-R.; Fang, W.-R.; Ying, C.-M. Preoperative probiotics decrease
postoperative infectious complications of colorectal cancer. Am. J. Med. Sci. 2012, 343, 199–205. [CrossRef]
[PubMed]
Liang, S.; Xu, L.; Zhang, D.; Wu, Z. Effect of probiotics on small intestinal bacterial overgrowth in patients
with gastric and colorectal cancer. Turk. J. Gastroenterol. 2016, 27, 227–232. [CrossRef] [PubMed]
Viaud, S.; Saccheri, F.; Mignot, G.; Yamazaki, T.; Daillère, R.; Hannani, D.; Enot, D.P.; Pfirschke, C.;
Engblom, C.; Pittet, M.J.; et al. The intestinal microbiota modulates the anticancer immune effects of
cyclophosphamide. Science 2013, 342, 971–976. [CrossRef]

Healthcare 2019, 7, 34

71.

72.

73.

74.
75.
76.
77.
78.

79.
80.

81.

14 of 14

Daillère, R.; Vétizou, M.; Waldschmitt, N.; Yamazaki, T.; Isnard, C.; Poirier-Colame, V.; Duong, C.P.M.;
Flament, C.; Lepage, P.; Roberti, M.P.; et al. Enterococcus hirae and Barnesiella intestinihominis facilitate
cyclophosphamide-induced therapeutic immunomodulatory effects. Immunity 2016, 45, 931–943. [CrossRef]
[PubMed]
Routy, B.; Le Chatelier, E.; Derosa, L.; Duong, C.P.M.; Alou, M.T.; Daillère, R.; Fluckiger, A.; Messaoudene, M.;
Rauber, C.; Roberti, M.P.; et al. Gut microbiome influences efficacy of PD-1-based immunotherapy against
epithelial tumors. Science 2018, 359, 91–97. [CrossRef] [PubMed]
Rivière, A.; Selak, M.; Lantin, D.; Leroy, F.; De Vuyst, L. Bifidobacteria and Butyrate-producing colon bacteria:
Importance and strategies for their stimulation in the human gut. Front. Microbiol. 2016, 7, 979. [CrossRef]
[PubMed]
Ganji-Arjenaki, M.; Rafieian-Kopaei, M. Probiotics are a good choice in remission of inflammatory bowel
diseases: A meta analysis and systematic review. J. Cell. Physiol. 2018, 233, 2091–2103. [CrossRef] [PubMed]
Sartor, R.B.; Wu, G.D. Roles for intestinal bacteria, viruses, and fungi in pathogenesis of inflammatory bowel
diseases and therapeutic approaches. Gastroenterology 2017, 152, 327–339.e4. [CrossRef] [PubMed]
Castaño-Rodríguez, N.; Kaakoush, N.O.; Lee, W.S.; Mitchell, H.M. Dual role of Helicobacter and Campylobacter
species in IBD: A systematic review and meta-analysis. Gut 2017, 66, 235–249. [CrossRef] [PubMed]
Murad, H.A. Does Helicobacter pylori eradication therapy trigger or protect against Crohn’s disease?
Acta Gastro-Enterol. Belg. 2016, 79, 349–354.
Jovanovic, I.R.; Milosavjevic, T.N.; Jankovic, G.P.; Micev, M.M.; Dugalic, P.D.; Saranovic, D.; Ugljesic, M.M.;
Popovic, D.V.; Bulajic, M.M. Clinical onset of the Crohn’s disease after eradication therapy of
Helicobacter pylori infection. Does Helicobacter pylori infection interact with natural history of inflammatory
bowel diseases? Med. Sci. Monit. 2001, 7, 137–141.
Tursi, A. Onset of Crohn’s disease after Helicobacter pylori eradication. Inflamm. Bowel Dis. 2006, 12, 1008–1009.
[CrossRef]
Lahat, A.; Neuman, S.; Levhar, N.; Yablecovitch, D.; Avidan, B.; Weiss, B.; Ben-Horin, S.; Eliakim, R.
Helicobacter pylori prevalence and clinical significance in patients with quiescent Crohn’s disease.
BMC Gastroenterol. 2017, 17, 27. [CrossRef]
Pichon, M.; Lina, B.; Josset, L. Impact of the respiratory microbiome on host responses to respiratory viral
infection. Vaccines 2017, 5, 40. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

