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Abstract: Lactobacillus fermentum UCO-979C (Lf979C) beneficially modulates the cytokine response
of gastric epithelial cells and macrophages after Helicobacter pylori infection in vitro. Nevertheless,
no in vivo studies were performed with this strain to confirm its beneficial immunomodulatory
effects. This work evaluated whether Lf979C improves protection against H. pylori infection in mice
by modulating the innate immune response. In addition, we evaluated whether its exopolysaccharide
(EPS) was involved in its beneficial effects. Lf979C significantly reduced TNF-«, IL-8, and MCP-1
and augmented IFN-y and IL-10 in the gastric mucosa of H. pylori-infected mice. The differential
cytokine profile induced by Lf979C in H. pylori-infected mice correlated with an improved reduction
in the pathogen gastric colonization and protection against inflammatory damage. The purified EPS
of Lf979C reduced IL-8 and enhanced IL-10 levels in the gastric mucosa of infected mice, while no
effect was observed for IEN-y. This work demonstrates for the first time the in vivo ability of Lf979C
to increase resistance against H. pylori infection by modulating the gastric innate immune response.
In addition, we advanced knowledge of the mechanisms involved in the beneficial effects of Lf979C
by demonstrating that its EPS is partially responsible for its immunomodulatory effect.
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1. Introduction

Helicobacter pylori (H. pylori) colonizes around 50% of the world population. This bacterium
is able to dominate the gastric microbiota and lead to gastric inflammation (gastritis) in infected
individuals [1,2]. The conventional treatment for H. pylori infection involves the combination of two
antibiotics (amoxicillin/clarithromycin) and a proton pump inhibitor. Although this therapy has been
useful in reducing the pathologies associated with H. pylori, its high cost, patient non-adherence to
treatment, and the appearance of resistant strains, have led to the search for new innocuous, natural
and healthier options, such as probiotics or plant derivatives [3-5].

In recent years, the scientific advances in probiotics have demonstrated their ability to improve
resistance against infectious diseases including those produced by gastrointestinal, respiratory and
urinary pathogens [6-8]. As probiotics have been proven to restore the microbiota balance, inhibit
pathogen’s growth and/or modulate mucosal immune responses, these microorganisms have been
widely used in the development of functional foods aiming to improve resistance against bacterial and
viral pathogens [8-10]. For this reason, the research interest in the characterization of new probiotic
strains with outstanding benefits on human health has been increased in recent years [11].

It is recognized that the gastric microbial community and the mucosal immune responses
determine the outcome of H. pylori infection [12]. Alterations in the microbiota and deregulation of the
inflammatory response during H. pylori infection can led to the development of important diseases such
as peptic ulcer-, gastric cancer- and mucosa-associated lymphoid tissue (MALT) lymphoma [1,2]. Thus,
probiotics have appeared as an alternative to modulate stomach microbiota and/or gastric inflammation
and to reduce the severity and complications of H. pylori infection [13,14]. In this regard, our previous
studies demonstrated the benefits of Lactobacillus fermentum UCO-979C against the pathogenic bacteria
H. pylori, which were related to its capability of forming biofilms [15]. L. fermentum UCO-979C inhibited
bacterial growth, reduced H. pylori urease activity, decreased pathogen adhesion to human gastric
epithelial cells and beneficially regulated the inflammatory response in in vitro model by reducing the
inflammatory chemokine IL-8 [16]. Besides, L. fermentum UCO-979C was able to differentially modulate
the production of TNF-«, IFN-y and IL-10 by gastric epithelial cells and macrophages, which may offer
advantages in the protection against H. pylori infection by improving the clearance of the pathogen
and the protection against inflammatory damage [17]. Futher in vitro studies demonstrated that the
UCO-979C strain is a remarkable immunomodulatory agent due to its ability to differentially modulate
the immune response triggered by Toll- like receptor 4 (TLR4) activation through the modulation of
TLR negative regulators’ expression in epithelial cells [18].

Our previous studies with L. fermentum UCO-979C indicated the potential of this immunobiotic
strain to beneficially modulate the immune response to H. pylori infection. However, the molecules
of the UCO-979C strain involved in its immunomodulatory effect were not investigated in detail.
Moreover, the ability of L. fermentum UCO-979C to modulate the immune response against the gastric
infection in vivo has not been evaluated before. Therefore, the aim of this work was to evaluate the
effect of L. fermentum UCO-979C or its secreted exopolysaccharide (EPS) on the immune response
triggered by the pathogenic bacteria H. pylori in vitro and in vivo in a mouse model.

2. Materials and Methods

2.1. Microorganisms

L. fermentum UCO-979C [16] was obtained from the Bacterial Pathogenicity Laboratory culture
collection at University of Concepcion (Concepcion, Chile). L. fermentum CRL973 was obtained from
the CERELA-CONICET culture collection (Tucuman, Argentina). Lactobacilli strains were grown in
Mann-Rogosa—Sharpe Agar (MRS) (Difco, Lawrence, KS, USA) at 37 °C. After an overnight growth,
bacteria were transferred to MRS broth and cultured at 37 °C until stationary phase [15-17]. Afterwards,
the bacteria were pelleted (3000x g for 10 min), washed twice with phosphate-buffered saline (PBS)
and suspended in specific media for in vivo or in vitro assays.
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Commercially available H. pylori ATCC43504 (American Type Culture Collection, Manassas, VA,
USA) and a mouse-adapted strain H. pylori SS1 [19] were used for cell culture assays and to induce
gastric infection in mice, respectively. Both strains were obtained from the Bacterial Pathogenicity
Laboratory culture collection at University of Concepcion (Concepcion, Chile). Bacteria were cultured
on Columbia blood agar base (Oxoid, Hampshire, UK) supplemented with 5% horse blood and
antibiotics (supplement DENT, Oxoid, Hampshire, UK) in a microaerobic atmosphere (10% CO,,
5% Oy, 85% Nj) at 37 °C for 72 h. The growth form the entire plate was washed twice with PBS and
suspended in PBS enriched with 5% of horse serum (GE Healthcare, Chicago, IL, USA).

2.2. Exopolysaccharide Extraction

The secreted EPS was isolated according to Ferrer et al. [20] with slight modifications. Briefly,
a chemical-defined medium (CDM) was inoculated with (2% v/v) of an overnight culture of selected
lactobacilli (grown as referred in Section 2.1) and incubated for 24 h at 37 °C under microaerobic
conditions. After incubation, media were centrifuged (10,000 g, 30 min, at 4 °C) and the supernatant
treated with trichloroacetic acid (Winkler, Chile) (final concentration 15% v/v) for 2 h under agitation.
Then, proteins were precipitated by centrifugation (10,000 g for 30 min, at 4 °C) and the supernatant
was mixed with 2 volumes of absolute cold ethanol (Merck, Darmstadt, Germany) followed by an
overnight incubation at 4 °C, to enhance the EPS precipitation. Finally, the EPS was harvested by
centrifugation (10,000x g, 30 min, at 4 °C) and the pellet was dissolved in distilled water (1/10 of
the original volume), dialyzed at 4 °C by using dialysis membranes (14 kDa cut-off, Sigma Aldrich,
St. Louis, MO, USA) and finally lyophilized [20]. For in vivo and in vitro assays, the dried EPS was
suspended in PBS.

2.3. Cell Lines

Human gastric adenocarcinoma epithelial cells (AGS, ATCC CRL1739) were provided by the
Bacterial Pathogenicity Laboratory, Department of Microbiology, University of Concepcion (Concepcion,
Chile). Activation, propagation and freezing were carried out according to protocol for AGS cells
(https://www.atcc.org/products/all/CRL-1739). AGS cells were cultured and handled according to
Garcia-Castillo et al. (2018) [17]. After incubation, cells (1 x 10° cells/mL) in a flat-bottom 24-well were
washed with warmed PBS, and fresh culture media without antibiotics was added.

The human monocytic leukemia (THP-1) cell line was provided by the Department of Clinical
Biochemistry and Immunology, University of Concepcion (Concepcion, Chile). Activation, propagation
and freezing were carried out according to protocol for THP-1 cells (https://www.atcc.org/products/
all/TIB-202). For assays, THP-1 cells were handled according to Garcia-Castillo et al. [17]. Cells were
maintained in RPMI-1640 medium (Gibco) supplemented with 10% v/v of heat-inactivated fetal bovine
serum (SFB) (Biological Industries, Cromwell, CT, USA), 100 U/mL of penicillin, and 100 pg/mL of
streptomycin (Corning). THP-1 cells (1 x 10° cells/mL) were incubated with 200 nM of PMA (Phorbol
12-Myristate 13-Acetate) for 24 h, to induce the differentiation of monocytes into macrophages. For
immunomodulation assays, cells were washed and fresh culture media without antibiotics was added.

2.4. Effect of EPS on H. pylori Adhesion to AGS Cells

The effect of EPSs isolated from L. fermentum UCO-979C or L. fermentum CRL973 on the adhesion of
H. pylori ATCC 43,504 to AGS cells was evaluated as previously described by Garcia-Castillo et al. [17]
with modifications. Briefly, AGS cells were co-incubated with 100 pg/mL of UCO-979C EPS or
CRL973 EPS for 24 h before the challenge with 107 CFU/mL of H. pylori ATCC43504 for other
24 h. After incubation, AGS cells were washed and detached with 300 pL of Trypsin/EDTA 0.05%
(Corning, Manassas, VA, USA), then 700 uL of DMEM without antibiotics was added. Suspension was
homogenized and 10-fold dilution series were performed in PBS. Serial dilutions of the bacteria/cell
suspension were seeded in selective Columbia agar plates. AGS cells infected with H. pylori without
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prophylactic treatment were considered as 100% adhesion. The UCO-979C EPS concentration was
selected by preliminary experiments.

2.5. Effect of EPS on AGS and THP-1 Cells Cytokines Profiles

In order to evaluate the effect of EPSs on the innate immune response, AGS cells or THP-1
differentiated macrophages were incubated with 100 pg/mL UCO-979C EPS or CRL973 EPS for 24 h,
and supernatants were collected for cytokines analysis. Cells without EPS stimulation were used as
basal controls.

The effect of UCO-979C EPS or CRL973 EPS in the cytokine response to H. pylori infection was
also evaluated. AGS cells or THP-1 differentiated macrophages were incubated with 100 ug/mL of
UCO0-979C EPS or CRL973 EPS and then challenged with 107 CFU/mL of H. pylori ATCC43504 for
24 h. Cells without EPS stimulation and infected with H. pylori were used as infected controls. After
incubation, supernatants were collected and kept at —80 °C to determined cytokines and chemokines by
ELISA (DuoSet R&D Systems, Minneapolis, MN, USA). The levels of TNF-«, IL-6 and IL-8, and MCP-1
(pg/mL) were determined in the supernatant of AGS cells. The levels of TNF-c, IL-6, IL-10 and IFN-y
(pg/mL) were determined in the supernatant of THP-1 cells.

2.6. Animals and Experimental Infection

Female adult Swiss (6-week-old) SPF (specific pathogen free) mice were obtained from the closed
colony kept at CERELA-CONICET (Tucuman, Argentina). They were housed in plastic cages with
controlled room temperature (22 + 2 °C temperature, 55 + 2% humidity) and were fed ad libitum with
a conventional balanced diet. Animal welfare was ensured by researchers and special trained staff in
animal care and handling at CERELA-CONICET. Animal health and behavior were monitored twice a
day. This study was carried out in strict accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the Guidelines for Animal Experimentation of CERELA. The
CERELA Institutional Animal Care and Use Committee prospectively approved this research under
the protocol BIOT-CRL-IBT18.

Mice were treated with viable L. fermentum UCO-979C or L. fermentum CRL973 or their EPSs.
Viable bacteria were administered on two consecutive days at a daily dose of 108 CFU/mouse. Bacteria
were suspended in 5 mL of 10% skimmed milk and added to the drinking water and the consumption
was monitored ensuring each mouse drinks 5-6 mL per day. Lactobacilli viability in drinking water
was assessed after 24 h by plating in MRS and Bactlight® viability kit (Thermofisher, Buenos Aires,
Argentina). UCO-979C EPS or CRL973 EPS were administered by drinking water at a concentration
of 100 pg/mL for two consecutive days. The infection control only received water instead probiotic
or EPS suspension. After two days of lactobacilli or EPSs administration, these mice and untreated
controls were infected with H. pylori SS1 using 100 uL of 6 x 108 CFU/mL of the pathogenic strain by
gavage [21]. Mice were housed individually during the experiments and the assays for each parameter
studied were performed in 5-6 mice per group. Two days post-infection (dpi), blood samples were
collected in heparinized tubes by cardiac puncture under anesthesia. Afterwards, the stomachs were
removed and processed for histological and immunological examination. To assess the gastric damage
after H. pylori infection, stomachs were fixed in 4% (v/v) formalin saline solution, then dehydrated and
embedded in paraffin wax (Leica Microsystems, Mannheim, Germany). Samples were cut in sections
and stained with hematoxylin-eosin. Blind microscopic examination of slides was performed.

2.7. Adhesion of H. pylori to Mouse Gastric Mucosa

In order to evaluate the H. pylori adhesion in presence or absence of lactobacilli or EPS, stomachs
were aseptically excised, weighed and dissected. Each stomach was placed in BHI broth, homogenized
and diluted in PBS (10 fold). Then, dilutions were seeded on selected agar media for H. pylori and
incubated for 72 h at 37 °C under microaerobic conditions [22]. H. pylori presence was confirmed by
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Gram staining and positive urease activity, and the concentration was expressed as CFU per gram
of stomach.

Urease activity was determined in processed stomachs by a modified version of red phenol
method [23,24]. Briefly, stomach samples were placed in a solution containing 0.002% of phenol red,
urea 150 and 100 mM phosphate buffer and urease activity was measured by absorbance (570 nm) after
2 h by using Infinite M200 pro (TECAN) plate reader. H. pylori SS1-infected group mean absorbance
was considered as 100% of urease activity.

2.8. Gastric and Serum Immunological Response

For evaluating the effect of the prophylactic administration of lactobacilli or their EPSs on the
inflammatory response, cytokines and chemokines were measured. Briefly, stomachs from mice were
individually grounded in a mortar with cold 5 mL of PBS and centrifuged [25,26]. Supernatant was
collected and stored at —80 °C until cytokine/chemokine determination. Cytokines (IFN-y, IL-10,
TNF-«) and chemokines (IL-8, MCP-1) were quantified by enzyme-linked immunosorbent assay
(ELISA) Kkits, following the manufacturer’s recommendations (DuoSet R&D Systems, Minneapolis,
MN, USA). The values were expressed as pg per gram of stomach. In addition, to evaluate the effect
of lactobacilli and EPSs treatments and infection on the systemic immune response, blood samples
from mice were collected in heparinized tubes by cardiac puncture. Mouse serum samples were kept
at —80 °C until cytokine/chemokine determination by ELISA kits. Values were expressed as pg/mL
of serum.

2.9. Statistical Analysis

Experiments were performed in triplicate and results were expressed as mean + standard deviation.
After verification of the normal distribution of data, 2-way ANOVA was used. Tukey’s test (for pairwise
comparisons of the means) was used to test for differences between the groups. Differences were
considered significant at p < 0.05 or p < 0.01.

3. Results

3.1. L. fermentum UCO-979C Improves the Resistance Against H. pylori Infection in Mice

Our previous in vitro studies have clearly demonstrated the ability of L. fermentum UCO-979C to
inhibit H. pylori growth and adhesion to human gastric epithelial cells [15] and to beneficially regulate
the inflammatory response triggered by the pathogen in both epithelial cells and macrophages [17]. In
this work, in a first set of experiments, we aimed to confirm the immunomodulatory and anti-H. pylori
effects of L. fermentum UCO-979C in an in vivo animal model. For this purpose, adultimmunocompetent
mice were treated with the UCO-979 strain, as described in detail in materials and methods, and then
challenged with H. pylori. The non-immunomodulatory strain L. fermentum CRL973 [18] was used
for comparison. As shown in Figure 1, mice treated with L. fermentum UCO-979C had lower H. pylori
colony counts associated with the stomachs, as well as reduced urease activity when compared to the
control group. On the contrary, L. fermentum CRL973 was not able to modify the levels of H. pylori
colonization when compared to control mice. Although the urease activity in CRL973-treated mice
was lower than the observed in the H. pylori- infected control group, it was significantly higher when
compared to that observed in UCO-979C-treated animals (Figure 1).

Histopathological analysis of stomach tissue sections was performed in the different groups of mice
in order to evaluate the tissue damage and the inflammatory response (Figure 2). The infection of adult
immunocompetent mice with H. pylori significantly increased the inflammatory cells infiltrating the
stomach mucosa, since control mice displayed no inflammation versus notable inflammatory changes
in the infected control mice. Inflammatory infiltrates consisted of neutrophils and mononuclear cells in
the lamina propria and around the gastric glands, as has been described in previous publications [27,28].
The inflammation of gastric tissue in L. fermentum UCO-979C-treated mice was milder than that in
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controls after infection. There were only mild inflammatory neutrophil and mononuclear-cell infiltrates
in the UCO-979C group (Figure 2). On the other hand, L. fermentum CRL973-treated mice showed
neutrophil and mononuclear-cell infiltration in the gastric tissue that were not different from infected
controls (Figure 2).
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Figure 1. Effect of viable L. fermentum UCO-979C or L. fermentum CRL973 on gastric colonization of
H. pylori SS1. L. fermentum UCO-979C or L. fermentum CRL973 were administered to different groups
of mice for two consecutive days at a dose of 108 UFC/mouse/day, then mice were challenged with
H. pylori SS1. Two days post-infection, mice were euthanized. H. pylori counts (Log CFU/g of tissue)
and Urease activity (% percentage) were determined in gastric explants. Mice infected with H. pylori
were used as controls. The results represent three independent experiments and are expressed as mean
+ SD. Significant differences when compared to the control group: * (p < 0.05),** (p < 0.01). Significant
differences when compared to the indicated group: t (p < 0.05).

NON-INFECTED CONTROL H. pylori INFECTED CONTROL

L. fermentum UCO-979C L. fermentum CRL973
+ H. pylori + H. pylori

Figure 2. Effect of viable L. fermentum UCO-979C or L. fermentum CRL973 in the gastric inflammatory
response of competent adult mice infected with H. pylori SS1. L. fermentum UCO-979C or L. fermentum
CRL973 were administered to different groups of mice for two consecutive days at a dose of 108
CFU/mouse/day, then mice were challenged with H. pylori SS1. Two days post-infection, mice were
euthanized, and histopathological evaluation of gastric samples was performed. Hematoxilin/eosin
stained sections of gastric mucosa. Upper left: Normal appearance of mice gastric mucosa. Upper
right: Control group: Swiss mice infected with H. pylori. Lower left: L. fermentum UCO-979-H. pylori
group. Lower right: L. fermentum CRL 973-H. pylori group. Original magnification 200x.
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3.2. L. fermentum UCO-979C Differentially Modulates the Immune Response Against H. pylori Infection
in Mice

Cytokines and chemokines were measured in the stomach (Figure 3) and serum (Figure 4) samples
of lactobacilli-treated and untreated control groups after the challenge with H. pylori. The infection of
adult immunocompetent mice with H. pylori significantly increased the levels of the inflammatory
factors IFN-y, TNF-o,, MCP-1 and IL-8, as well as the levels of the regulatory cytokine IL-10 when
compared to basal levels in non-infected animals (data not shown). Mice treated with L. fermentum
UCO-979C had significantly higher levels of gastric and serum IFN-y when compared to the control
group (Figures 3 and 4). On the contrary, the UCO-979C-treated group showed significantly lower levels
of gastric and serum TNF-a and IL-8 compared to the control group (Figures 3 and 4). L. fermentum
UCO-979C was also able to reduce the levels of MCP-1 in the gastric mucosa when compared to
controls (Figure 3). In addition to its ability to diminish inflammatory cytokines and chemokines,
it was observed that the UCO-979C strain was capable of inducing a significant increase in IL-10 levels
when compared to controls in both the gastric mucosa (Figure 3) and serum (Figure 4). The group
of animals treated with L. fermentum CRL973 did not exhibit any variation in gastric IFN-y, IL-10,
TNF-«, MCP-1 levels and only gastric IL-8 values were lower than that observed in the control group
(Figure 3). On serum samples, there were not statistically significant differences between L. fermentum
CRL973 and control mice (Figure 4).
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Figure 3. Effect of viable L. fermentum UCO-979C or L. fermentum CRL973 on gastric cytokines and
chemokines in H. pylori SS1-infected mice. Effect of viable L. fermentum UCO-979C or L. fermentum
CRL973 on gastric cytokines and chemokines in adult immunocompetent mice infected with H. pylori
SS1. L. fermentum UCO-979C or L. fermentum CRL973 were administered to different groups of mice for
two consecutive days at a dose of 108 CFU/mouse/day, then mice were challenged with H. pylori SS1.
Two days post infection, gastric concentrations of IFN-y, IL-10, TNF-¢, IL-8 and MCP-1 (pg/mL) were
determined. Mice infected with H. pylori were used as controls. Results are expressed as mean + SD.
Significant differences when compared to the control group: * (p < 0.05),** (p < 0.01). Significant
differences when compared to the indicated group: * (p < 0.05).



Microorganisms 2020, 8, 479 8 of 20

IFN-y IL-10 TNF-o.
i f T
"
600 600 *
* i 250
00 500 *
200
™ ) =
S 2 300 2 10
- - 0
” 0 »
0 0 0
Hopylori L. fermentum L. fermentum H.pylori L. fermentum L. fermentum H.pylori L. fermentum L. fermentum
UC0-979C CRL973 UC0-979C CRL973 UC0-979C CRL973
+H.pylori +H. pylori +H.pylori  +H. pylori +H.pylori +H. pylori
IL-8 MCP-1
700 T 500
600 450
* o
00 0
T S
E) @ 250
= 300 a 200
200 150
100
0
pt
0 >
H.pylori L. fermentum L. fermentum H.pylori L. fermentum L. fermentum
uCco-979C CRL973 UCco-979C CRLY73
+ H. pylori + H. pylori + H. pylori + H. pylori

Figure 4. Effect of viable L. fermentum UCO-979C or L. fermentum CRL973 on serum cytokines in adult
immunocompetent mice infected with H. pylori SS1. L. fermentum UCO-979C or L. fermentum CRL973
were administered to different groups of mice for two consecutive days at a dose of 108 CFU/mouse/day,
then mice were challenged with H. pylori SS1. Two days post-infection, serum concentrations of IFN-vy,
IL-10, TNF-«, IL-8 and MCP-1 (pg/mL) were determined. Mice infected with H. pylori were used as
controls. Results are expressed as mean + SD. Significant differences when compared to the control
group: * (p < 0.05). Significant differences when compared to the indicated group: t (p < 0.05).

3.3. The EPS from L. Fermentum UCO-979C Reduces H. pylori Adhesion to AGS Cells

In a second set of experiments, we evaluated whether the EPS produced by L. fermentum strain
UCO-979C was involved in the in vitro and in vivo abilities to improve resistance against H. pylori and
differentially modulate the immune response. We first evaluated the ability of the EPS produced by the
UCO-979C to modify the adhesion of H. pylori to AGS cells. For this purpose, AGS cells were treated
with UCO-979C EPS prior to H. pylori infection. The EPS isolated from strain L. fermentum CRL973
was used for comparison. As shown in Figure 5, both UCO-979C EPS and CRL973 EPS significantly
reduced H. pylori adherence. However, the protective effect of UCO-979C EPS was greater than that for
CRL973 EPS (Figure 5).

3 &

Percentage
8 8 8 3

1=

H. pylori L. fermentum L. fermentum
UCO-979C EPS CRL973 EPS
+H. pylori + H. pylori

Figure 5. Effect of Lactobacillus fermentum UCO-979C EPS pre-incubation on Helicobacter pylori adhesion
to human gastric epithelial cells (AGS cells) challenged with H. pylori. AGS cells were stimulated
with EPS-979C or EPS-973 for 24 h before the challenge. Results are expressed in percentage, 100%
correspond to infected control and represent data from three independent experiments. Results are
expressed as mean + SD. Significant differences when compared to the control group: * (p < 0.05),
** (p < 0.01). Significant differences when compared to the indicated group: t (p < 0.05).
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3.4. The EPS from L. fermentum UCO-979C Modulates Cytokine Profile in AGS and THP-1 Cells

We next aimed to evaluate whether the EPS produced by the probiotic strain L. fermentum
UCO-979C was able to modify the production of cytokines and chemokines in human gastric epithelial
cells and macrophages. AGS cells were stimulated with UCO-979C EPS and the levels of TNF-«, IL-6
and IL-8 were measured in culture supernatants (Figure 6). Again, the EPS isolated from L. fermentum
CRL973 was used for comparison. The levels of TNF-« and IL-6 were significantly increased in the
presence of UCO-979C EPS or CRL973 EPS. However, CRL973 EPS was more efficient than UCO-979C
EPS to enhance TNF-« production in epithelial cells. On the contrary, IL-8 levels were not affected by
UCO-979C EPS or CRL973 EPS treatments (Figure 6).
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Figure 6. Effect of Lactobacillus fermentum UCO-979C or L. fermentum CRL973 EPS on cytokine and
chemokine production of human gastric epithelial cells (AGS cells). AGS cells were incubated with
100 ug/mL of L. fermentum UCO-979C or L. fermentum CRL973 EPS. The levels of TNF-«, IL-6 and IL-8
(pg/mL) in culture supernatants were determined 24 h after stimulation. The results represent data
from three independent experiments. Results are expressed as mean + standard deviation. Significant
differences when compared to the control group: * (p < 0.05), ** (p < 0.01). Significant differences when
compared to the indicated group: * (p < 0.05).

When the effect of EPSs on THP-1 cells was analyzed, it was observed that both UCO-979C EPS
and CRL973 EPS significantly increased the levels of IL-6 and IL-10 (Figure 7). However, UCO-979C
EPS was more efficient than CRL973 EPS to enhance IL-10 production in macrophages. The levels of
TNEF-o were not affected by UCO-979C EPS or CRL973 EPS treatments, while only the EPS produced
by the probiotic strain L. fermentum UCO-979C was able to increase the production of IFN-y (Figure 7).

We also evaluated whether the EPS of L. fermentum UCO-979C was able to modify the production
of cytokines and chemokines in human gastric epithelial cells and macrophages in the context of
H. pylori infection. It was observed that after the infection with H. pylori, secretion of TNF-«, IL-6
and IL-8 increased considerably in AGS cells (Figure 8) compared to basal levels (Figure 6). Likewise,
TNF-«, IL-6, IFN-y and IL-10 significantly increased in THP-1 cells (Figure 9) when compared to basal
levels (Figure 7).

AGS cells stimulated with UCO-979C EPS showed a significant decrease in the levels of the
inflammatory cytokines TNF-«, IL-6 and IL-8 when compared with H. pylori-infected controls (Figure 8).
In addition, it was observed that the levels of TNF-a and IL-8 decreased significantly in AGS cell
treated with CRL973 EPS than in the control group (Figure 8). However, it should be noted that TNF-«
was significantly lower in UCO-979C EPS-treated AGS cells than in those stimulated with CRL973 EPS.

On the other hand, the treatment of THP-1 cells with UCO-979C EPS previous to infection with
H. pylori did not exert any effect on the levels of IFN-y and IL-10, since the concentrations of both
cytokines were not different from the control infected THP-1 cells (Figure 9). In addition, a modest
but significant decrease in the levels of TNF-« and IL-6 was observed in THP-1 cells treated with
UCO-979C EPS when compared to the infected controls (Figure 9). There were not statistical differences
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in the levels of TNF-«, IL-6, IFN-y or IL-10 when cells treated with the EPS from L. fermentum CRL973
and infected control cells were compared (Figure 9).
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Figure 7. Effect of Lactobacillus fermentum UCO-979C or L. fermentum CRL973 EPS on cytokine and
chemokine production of human macrophages (THP-1 cells). THP-1 cells were incubated with
100 pg/mL of L. fermentum UCO-979C or L. fermentum CRL973 EPS. The levels of TNF-«, IL-6, IFN-y and
IL-10 (pg/mL) in culture supernatants were determined 24 h after stimulation. The results represent data
from three independent experiments. Results are expressed as mean + standard deviation. Significant

differences when compared to the control group: * (p < 0.05), ** (p < 0.01). Significant differences when
compared to the indicated group: 1 (p < 0.05).
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Figure 8. Effect of Lactobacillus fermentum UCO-979C or L. fermentum CRL973 EPS on the cytokine and
chemokine production of human gastric epithelial cells (AGS cells) after Helicobacter pylori challenge.
AGS cells were incubated with 100 ug/mL of L. fermentum UCO-979C or L. fermentum CRL973 EPS for
24 h. Then, cells were challenged with H. pylori 43504. The levels of TNF-«, IL-6, IFN-y and IL-10
(pg/mL) in culture supernatants were determined 24 h after infection. Results represent data from three
independent experiments. Results are expressed as mean =+ standard deviation. Significant differences

when compared to the control group: * (p < 0.05), ** (p < 0.01). Significant differences when compared
to the indicated group: t (p < 0.05).
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Figure 9. Effect of Lactobacillus fermentum UCO-979C or L. fermentum CRL973 EPS on cytokine and
chemokine production of human macrophages (THP-1 cells) after Helicobacter pylori challenge. THP-1
cells were incubated with 100 pug/mL of L. fermentum UCO-979C or L. fermentum CRL973 EPS for 24 h.
Then, cells were challenged with H. pylori 43504. The levels of TNF-«, IL-6, IFN-y and IL-10 (pg/mL)
in culture supernatants were determined 24 h after infection. The results represent data from three
independent experiments. Results are expressed as mean =+ standard deviation. Significant differences
when compared to the control group: * (p < 0.05), ** (p < 0.01). Significant differences when compared
to the indicated group: t (p < 0.05).

3.5. The EPS from L. fermentum UCO-979C Modulates the Inflammatory Response Triggered by H. pylori
Infection in Mice

Finally, we aimed to determine whether the EPS from L. fermentum UCO-979C was able to exert
beneficial effects in vivo. For this purpose, mice were orally treated with an aqueous suspension of
the lyophilized UCO-979C EPS and then challenged with H. pylori. Mice treated with CRL973 EPS
were used for comparisons. As shown in Figure 10, it was observed that the treatment of mice with
UCO-979C EPS did not induce significant differences in the counting of pathogenic bacteria in stomach
samples. However, a significant reduction in the urease activity in UCO-979C EPS mice was detected
when compared to controls (Figure 10). As expected, there were not statistical differences in H. pylori
counts or urease activity when mice treated with the EPS from L. fermentum CRL973 and infected
controls were compared (Figure 10).

In order to determine the impact of UCO-979C EPS on the innate immune response, we measured
gastric (Figure 11) and systemic (Figure 12) cytokines and chemokines in infected mice. It was observed
that the administration of UCO-979C EPS was capable of reducing the levels of serum and gastric
IL-8 as well as serum TNF-« in H. pylori-infected mice. In addition, UCO-979C EPS-treated mice had
significantly higher levels of gastric (Figure 11) and serum (Figure 12) IL-10 than infected controls. No
differences were detected in the levels of IFN-y and MCP-1 when UCO-979C EPS and control mice
were compared. The CRL973 EPS did not exert any significant effects in the levels of gastric or serum
cytokines and chemokines during H. pylori infection (Figures 11 and 12).
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Figure 10. Effect of L. fermentum UCO-979C or L. fermentum CRL973 EPS on gastric colonization of H.
pylori SS1. L. fermentum UCO-979C or L. fermentum CRL973 EPS were administered to different groups
of mice for two consecutive days at a dose of 10% 100pg/mI/mouse/day, then mice were challenged with
H. pylori SS1. Two days post-infection, mice were euthanized, H. pylori counts (Log CFU/g of tissue) and
Urease activity (% percentage) were determined in gastric explants. Mice infected with H. pylori were
used as controls. Results are expressed as mean + standard deviation. Significant differences when
compared to the control group: * (p < 0.05). Significant differences when compared to the indicated
group: t (p < 0.05).

IFN-y IL-10 TNF-a
250 350 * 300
200 0 250
250
200
— 150 — 200 =
E g £ 150
2 100 2 150 2
100 100
50 0 50
0 0 0
H. pylori L. fermentum L. fermentum H. pylori L. fermentum L. fermentum H. pylori L. fermentum L. fermentum
UCO-979C EPS CRLY73 EPS UCO0-979C EPS CRL973 EPS UCO-979C EPS CRL973 EPS
+ H. pylori + H. pylori + H. pylori + H. pylori + H. pylori + H. pylori
IL-8 MCP-1
400 T 400
350 350
300 % 300
—= 250 — 250
E €
200 2200
150 150
100 100
50 50
0 0
H. pylori L. fermentum L. fermentum H. pylori L. fermentum L. fermentum
UCO-979C EPS CRL973 EPS UCO-979C EPS CRL9Y73 EPS
+H. pylori +H. pylori + H. pylori +H. pylori

Figure 11. Effect of L. fermentum UCO-979C or L. fermentum CRL973 EPS on gastric cytokines and
chemokines in adult immunocompetent mice infected with H. pylori SS1. L. fermentum UCO-979C or
L. fermentum CRL973 EPS were administered to different groups of mice for two consecutive days at a
dose of 100pug/mL mouse/day, then mice were challenged with H. pylori SS1. Two days post-infection,
gastric concentrations of IFN-y, IL-10, TNF-«, IL-8 and MCP-1 (pg/mL) were determined. Mice infected
with H. pylori were used as controls. Results are expressed as mean + standard deviation. Significant
differences when compared to the control group: * (p < 0.05). Significant differences when compared to
the indicated group: t (p < 0.05).
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Figure 12. Effect of L. fermentum UCO-979C or L. fermentum CRL973 EPS on serum cytokines and
chemokines in adult immunocompetent mice infected with H. pylori SS1. L. fermentum UCO-979C or
L. fermentum CRL973 EPS were administered to different groups of mice for two consecutive days at a
dose of 100 pg/mL mouse/day, then mice were challenged with H. pylori SS1. Two days post-infection,
serum concentrations of IFN-y, IL-10, TNF-«, IL-8 and MCP-1 (pg/mL) were determined. Mice infected
with H. pylori were used as controls. Results are expressed as mean + standard deviation. Significant
differences when compared to the control group: * (p < 0.05). Significant differences when compared to
the indicated group: t (p < 0.05).

4. Discussion

H. pylori triggers mucosal and systemic immune responses in infected individuals. However,
these immune responses are not always efficient for eradicating the pathogen [29,30]. Moreover,
the aggressive and persistent proinflammatory response induced by this pathogen can contribute to
the development of gastritis, preceding a series of morphological changes that may lead to gastric
cancer. An enhanced modification in DNA methylation in the gastric mucosa, which is considered as a
preliminary stage of tumor transformation, has been reported after H. pylori infection [31]. Moreover,
the infection-associated inflammatory response rather than H. pylori itself has been associated to
DNA methylation [31,32]. Then, mediators of inflammation including cytokines and chemokines,
are considered as important therapeutic targets to prevent gastritis and gastric cancer associated to
H. pylori infection [33]. In this regard, the beneficial effect of probiotics for the protection against
H. pylori infection and inflammation is supported by a large amount of scientific evidence [13,14,34].
Earlier studies reported that L. salivarius WB 1004 [35], L. rhamnosus R0011 and L. acidophilus R0052 [36]
were able to differentially modulate immune responses and diminish H. pylori colonization in mice.
The beneficial modulation of the inflammatory immune response and the reduction of H. pylori
adhesion has been also reported in in vitro experiments for probiotic strains such as L. bulgaricus [37]
and L. rhamnosus UCO-25A [38]. Moreover, studies have proposed the inactivation of Smad?7 and
NEF-«B signaling pathways [39] and the activation of SOCS-2/SOCS-3 signaling through STAT1/STAT3
activation and JAK2 inactivation [40] as the molecular mechanisms of action for the beneficial effects of
probiotics. Then, these and other in vitro and in vivo studies have clearly demonstrated the potential
of probiotics for the protection against H. pylori colonization as well as in the regulation of the
associated inflammation.

We have carried out studies to evaluate the ability of probiotics to protect against H. pylori infection
using mainly the strain L. fermentum UCO-979C. This probiotic strain was selected between other
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of lactic acid bacteria isolated from human gastric tissue because of its remarkable anti-H. pylori
properties [41]. The UCO-979C strain strongly inhibited the adhesion, growth and urease activity
of H. pylori in AGS cells and Mongolian gerbils [16,42]. Moreover, L. fermentum UCO-979C was able
to beneficially modulate the cytokine response of AGS cells and THP-1 macrophages after H. pylori
challenge [17]. Here, we extend those previous findings by demonstrating, for the first time, the ability
of L. fermentum UCO-979C to beneficially modulate the innate immune response triggered by H. pylori
in vivo.

Cytokines variations during the H. pylori infection have a significant impact on the evolution of
the gastric pathology due to their vast and pleiothropic effects on immune and epithelial cells [43].
The increased production of proinflammatory cytokines and chemokines, including TNF-c, IL-6,
IL-8 and MCP-1, during H. pylori gastric mucosal inflammation, has been well documented. Those
inflammatory factors can be secreted by gastric epithelial cells and play a major role in triggering the
mucosal inflammatory damage caused by H. pylori [44,45]. In addition, H. pylori and its virulence
factors are capable of increasing the production of the inflammatory mediators TNF-c, IL-6, and IFN-y
by macrophages, which contribute to the amplification of the inflammatory response in the gastric
mucosa [46,47]. In our previous study [17], we demonstrated that L. fermentum UCO-979C significantly
reduced the production of IL-8, TNF-¢, IL-6, and MCP-1 in AGS cells and macrophages challenged
with H. pylori. The results presented here confirm those in vitro findings, by demonstrating that
the UCO-979C strain reduced the levels of TNF-«, IL-8, and MCP-1 in the gastric mucosa of H.
pylori-infected mice. In addition, our previous in vitro studies also revealed the ability of the UCO-979C
strain to improve the levels of IL-10 in H. pylori-infected macrophages [17], which is in line with
the increased concentrations of IL-10 found in gastric and serum samples of H. pylori-infected mice.
Increased levels of IL-10 may contribute to the chronicity of gastritis, however, this regulatory cytokine
is of fundamental importance to prevent mucosal injury mediated by the inflammatory response [47-50].
Then, the balance in the inflammatory and regulatory cytokine production induced by L. fermentum
UCO-979C could offer advantages in the protection against H. pylori infection, since a reduced
inflammatory damage was observed in the histopathological analysis of gastric samples of mice.

The differential cytokine profile induced by L. fermentum UCO-979C treatment in H. pylori-infected
mice could also explain the reduction in the pathogen gastric colonization. The generation of a Thl
response with the subsequent increase in the mucosal and systemic levels of IFN-y have been described
in both experimental animal models and human clinical trials [51,52]. The production of appropriate
levels of IFN-y has been associated to the protection against H. pylori infection. Peek et al. [53]
demonstrated that mice that are deficient in IFN-y have an increased susceptibility to H. pylori
colonization. It was also reported that the virulence factor cytotoxin-associated gene A (cagA) can be
translocated into the cytoplasm of dendritic cells, reducing the secretion of IL-12p40 and impairing
the generation of the Thl response, which would favor the replication of H. pylori [54,55]. Then,
the increase in gastric IFN-y induced by probiotics such as L. fermentum UCO-979C could reduce the
initial replication of H. pylori in the initial steps of the infection.

Some studies have demonstrated that probiotic strains may exert beneficial effects on H. pylori
infection and inflammation through the molecules produced and secreted by bacterial cells [56].
Interestingly, it was reported that L. rhamnosus GG-conditioned media was able to antagonize TNF-«
secretion induced by H. pylori or LPS in murine macrophages [57]. In addition, the supernatant of L.
plantarum B7 administered to rats infected with H. pylori showed the ability to reduce gastric pathology
and apoptotic cells rate, as well as to decrease serum TNF-oc and MDA levels [58]. Among the functional
molecules produced by probiotics, are EPSs macromolecules, which were proposed to be involved
in host-microbe interactions [59]. In that regard, a polysaccharide produced by Bacteroides fragilis
can suppress IL-17 and increase IL-10 production by intestinal immune cells and in a rodent model
of Helicobacter hepaticus infection [60]. In addition, it was described that polysaccharides produced
by L. salivarius B37 and L. salivarius B60 suppressed H. pylori-induced IL-8 production and mRNA
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expression in gastric epithelial cells [61]. To our knowledge, no other studies have demonstrated the
anti-H. pylori inhibitory and immunomodulatory effects of EPS obtained from a probiotic strain.

We have reported that L. fermentum UCO-979C produces large amount of EPS and is able to form
biofilms on AGS and Caco-2 cell lines, inhibiting the colonization by H. pylori by up to 80% [15]. Thus,
it was concluded that the EPS was a key molecule in the ability of L. fermentum UCO-979C to inhibit
H. pylori colonization. In this work, we hypothesized that UCO-979C EPS is also involved in the
immunomodulatory effects of this probiotic strains in the context of H. pylori infection. We confirmed
that the UCO-979C EPS was capable of inducing a significant reduction in H. pylori adhesion (~30%)
to AGS cells, which was comparable with the inhibitory activity of viable L. fermentum UCO-979C
(~44%) reported previously [17]. In addition, the UCO-979C EPS was able to differentially modulate
the cytokine profile of AGS and THP-1 cells in response to the challenge with H. pylori. Similar to
our previous studies with L. fermentum UCO-979C [17], the UCO-979C EPS reduced the production
of TNF-¢, IL-6 and IL-8 in H. pylori-infected AGS cells while it diminished the production of TNF-«
in H. pylori-infected THP-1 cells. Moreover, the in vivo studies of this work demonstrated that both
L. fermentum UCO-979C and its EPS were able to reduce IL-8 and enhance IL-10 levels in the gastric
mucosa of infected mice. It should be noted, however, that the immunological changes induced by
UCO-979C EPS in our in vitro and in vivo experiments did not completely resemble those observed
for the viable UCO-979C strain. The UCO-979C EPS was not able to improve the levels of IFN-y in
infected mice, as observed for the viable bacterium. The lack of ability of UCO-979C EPS to increase
IFN-y could be related to its inability to reduce H. pylori counts in vivo. In this sense, it would be of
great value to evaluate alternative treatments with UCO-979C EPS, varying concentrations and periods
of administration, to conclusively rule out its ability to increase gastric IFN-y in vivo.

The molecular mechanisms by which L. fermentum UCO-979C or its EPS modulate the secretion
of inflammatory cytokines and chemokines in H. pylori-infected AGS cells are not known. Some
studies have described the ability of probiotic lactobacilli to differentially modulate the expression of
inflammatory factors in gastric epithelial cells through the suppression of NF-«B activation [39,62].
Recently, we described the ability of L. fermentum UCO-979C to modify the expression of negative
regulators of TLR4 signaling in intestinal epithelial cells [18]. The UCO-979C strain diminished the
expression of MKP-1 and Tollip in intestinal epithelial cells after the activation of TLR4, conducting the
down-regulation in the expression of inflammatory factors such as IL-§, CXCL9, CXCL10, CXCL11,
and C3. Then, it is tempting to speculate that L. fermentum UCO-979C or its EPS are able to interact with
pattern recognition receptors expressed in gastric epithelial cells, inducing the upregulation of negative
regulators and thereby modifying the activation of signaling pathways such as the NF-«B pathway,
and reducing the production of inflammatory mediators. The detailed molecular investigation of this
hypothesis is an interesting topic for future research.

In order to evaluate whether the immunomodulatory effects of L. fermentum UCO-979C or its EPS
in the context of H. pylori infection were a strain-specific property, the in vitro and in vivo experiments
conducted in this work were performed in comparison with a strain of the same species, which
is also able to produce EPS. Although CRL973 EPS was able to slightly reduce H. pylori adhesion
to AGS cells and diminish the production of IL-8 and TNF-a by the gastric epithelial cells in vitro,
neither the CRL973 strain nor its EPS were able to induce changes in H. pylori colonization or protect
against inflammatory damage in infected mice. Interestingly, CRL973 EPS was not able to induce any
significant effect in the cytokine profiles of THP-1 cells or gastric samples of infected mice. These results
allow us to arrive at two conclusions. First, the modulation of immune cells (such as macrophages)
would be of great relevance to achieve an optimal protective effect in vivo. This implies that the in vitro
selection and characterization of immunomodulatory bacteria or their functional molecules for their
application in the prevention of H. pylori infection should not only be limited to the use of epithelial
cells but also include specialized cells of the immune system. Secondly, our results indicate that the
EPS produced by L. fermentum UCO-979C would have unique functional characteristics that deserve
to be studied in depth. Chemical, structural, genetic and genomic studies comparing the EPS of the
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UCO-979C and CRL973 strains as well as their ability to interact with different pattern recognition
receptors would be of great importance to advance the knowledge of the molecular mechanisms
involved in the effect of beneficial microorganisms against H. pylori infection.

The stomach mucosa is protected against pathogenic microbes by the low gastric pH, the secretion
of antimicrobial peptides and mucins by epithelial cells [63], as well as by the presence of an associated
microbiota [64]. Disbyosis of gastric microbiota and inefficient production of antimicrobial peptides
such as 3-defensins have been implicated in an increased susceptibility to H. pylori infection [63,64].
Taking into consideration that the probiotic strain L. fermentum UCO-979C was originally isolated
from the healthy human gastric mucosa, it would be of value to investigate its influence on the gastric
microbiota, the production of antimicrobial peptides as well as the interaction among them, to further
characterize the mechanisms involved in its beneficial effects.

In conclusion, this work demonstrates for the first time the in vivo ability of the probiotic
strain L. fermentum UCO-979C to improve the resistance against H. pylori infection by modulating
the gastric innate immune response. In addition, our results demonstrate that the EPS expressed
by L. fermentum UCO-979C is partially responsible for its immunomodulatory effect, impacting its
anti-inflammatory activity.

Author Contributions: A.G.-C., HK. and J.V. designed the study. V.G.-C., G.M. and P.C. performed the in vivo
studies. V.G.-C., L.A., and M.T. performed the in vitro studies. V.G.-C. and L.A. did the statistical analysis. A.G.-C.,
H.T.,, HK. and ].V. analyzed the data. V.G.-C., G.M. and ].V. wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by ANPCyT-FONCyT Grant PICT-2016-0410 to Julio Villena. This study was
supported by a Grant-in-Aid for Scientific Research (A) (19H00965) from the Japan Society for the Promotion
of Science (JSPS), and by Japan Racing Association to Haruki Kitazawa. This research was supported by grants
from the project of NARO Bio-oriented Technology Research Advancement Institution (Research Program on
development of innovation technology, No. 01002A) to Haruki Kitazawa. This work was also supported by
JSPS Core-to-Core Program, A. Advanced Research Networks entitled Establishment of international agricultural
immunology research-core for a quantum improvement in food safety. This study was also supported by grants for
Scientific Research on Innovative Areas from the Ministry of Education, Culture, Science, Sports, and Technology
(MEXT) of Japan (16H06429, 16K21723, and 16H06435) to Hideki Takahashi. This study was also supported by
CONICYT National Doctorate Grant 21,150,603 to Valeria Garcia.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Martin, M.E.; Solnick, J.V. The gastric microbial community, Helicobacter pylori colonization, and disease.
Gut Microbes 2014, 5, 345-350. [CrossRef] [PubMed]

2. Martin, M.E.; Bhatnagar, S.; George, M.D.; Paster, B.J.; Canfield, D.R.; Eisen, J.A.; Solnick, J.V. The Impact of
Helicobacter pylori Infection on the Gastric Microbiota of the Rhesus Macaque. PLoS ONE 2013, 8, e76375.
[CrossRef]

3. Hunt, R.H,; Camilleri, M.; Crowe, S.E.; EI-Omar, E.M.; Fox, ].G.; Kuipers, E.].; Malfertheiner, P.; McColl, K.E.L.;
Pritchard, D.M.; Rugge, M.; et al. The stomach in health and disease. Gut 2015, 64, 1650-1668. [CrossRef]
[PubMed]

4. Minalyan, A.; Gabrielyan, L.; Scott, D.; Jacobs, J.; Pisegna, ].R. The Gastric and Intestinal Microbiome: Role of
Proton Pump Inhibitors. Curr. Gastroenterol. Rep. 2017, 19, 42. [CrossRef] [PubMed]

5. Ayala, G.; Escobedo-Hinojosa, W.L; de la Cruz-Herrera, C.F.; Romero, I. Exploring alternative treatments for
Helicobacter pylori infection. World ]. Gastroenterol. 2014, 20, 1450-1469. [CrossRef]

6. Isolauri, E.; Kirjavainen, P.V.; Salminen, S. Probiotics: A role in the treatment of intestinal infection and
inflammation? J. Rheumatol. 2002, 50, 54-59. [CrossRef]

7. Macfarlane, G.T.; Cummings, J.H. Probiotics, infection and immunity. Curr. Opin. Infect. Dis. 2002, 15,
501-506. [CrossRef]

8. Zelaya, H.; Alvarez, S.; Kitazawa, H.; Villena, J. Respiratory Antiviral Immunity and Immunobiotics:
Beneficial Effects on Inflammation-Coagulation Interaction during Influenza Virus Infection. Front. Immunol.
2016, 7, 1-16. [CrossRef]



Microorganisms 2020, 8, 479 17 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hemarajata, P.; Versalovic, J. Effects of probiotics on gut microbiota: Mechanisms of intestinal
immunomodulation and neuromodulation. Ther. Adv. Gastroenterol. 2013, 6, 39-51. [CrossRef]

Villena, J.; Vizoso-Pinto, M.G.; Kitazawa, H. Intestinal Innate Antiviral Immunity and Immunobiotics:
Beneficial Effects against Rotavirus Infection. Front. Immunol. 2016, 7, 1-10. [CrossRef]

Azad, M.A K,; Sarker, M; Li, T.; Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview.
Biomed Res. Int. 2018, 2018, 1-8. [CrossRef] [PubMed]

Rolig, A.S.; Cech, C.; Ahler, E.; Carter, ].E.; Ottemann, K.M. The degree of Helicobacter pylori-triggered
inflammation is manipulated by preinfection host microbiota. Infect. Immun. 2013, 81, 1382-1389. [CrossRef]
[PubMed]

Delgado, S.; Leite, A.M.O.; Ruas-Madiedo, P.; Mayo, B. Probiotic and technological properties of Lactobacillus
spp. Strains from the human stomach in the search for potential candidates against gastric microbial
dysbiosis. Front. Microbiol. 2014, 5, 766. [CrossRef]

Goderska, K.; Agudo Pena, S.; Alarcon, T. Helicobacter pylori treatment: Antibiotics or probiotics.
Appl. Microbiol. Biotechnol. 2018, 102, 1-7. [CrossRef]

Salas-Jara, M.].; Sanhueza, E.A.; Retamal-Diaz, A.; Gonzalez, C.; Urrutia, H.; Garcia, A. Probiotic Lactobacillus
fermentum UCO-979C biofilm formation on AGS and Caco-2 cells and Helicobacter pylori inhibition.
Biofouling 2016, 32, 1245-1257. [CrossRef] [PubMed]

Garcia, A.; Navarro, K.; Sanhueza, E.; Pineda, S.; Pastene, E.; Quezada, M.; Henriquez, K.; Karlyshev, A.;
Villena, J.; Gonzalez, C. Characterization of Lactobacillus fermentum UCO-979C, a probiotic strain with a
potent anti-Helicobacter pylori activity. Electron. ]. Biotechnol. 2017, 25, 75-83. [CrossRef]

Garcia-Castillo, V.; Zelaya, H.; Ilabaca, A.; Espinoza-Monje, M.; Komatsu, R.; Albarracin, L.; Kitazawa, H.;
Garcia-Cancino, A.; Villena, J. Lactobacillus fermentum UCO-979C beneficially modulates the innate immune
response triggered by Helicobacter pylori infection in vitro. Benef. Microbes 2018, 9, 829-841. [CrossRef]
Garcia-Castillo, V.; Komatsu, R.; Clua, P; Indo, Y.; Takagi, M.; Salva, S.; Islam, M.A.; Alvarez, S.; Takahashi, H.;
Garcia-Cancino, A.; et al. Evaluation of the Immunomodulatory Activities of the Probiotic Strain Lactobacillus
fermentum UCO-979C. Front. Immunol. 2019, 10, 1-14. [CrossRef]

Lee, A.; O'Rourke, J.; De Ungria, M.C.; Robertson, B.; Daskalopoulos, G.; Dixon, M.F. A standardized mouse
model of Helicobacter pylori infection: Introducing the Sydney strain. Gastroenterology 1997, 112, 1386-1397.
[CrossRef]

Ferrer, J.; Pinuer, L.; Garcia, A.; Bérquez, R. Effect of pH and dilution rate on specific production rate of extra
cellular metabolites by Lactobacillus salivarius UCO_979C in continuous culture. Appl. Microbiol. Biotechnol.
2015, 99, 6417-6429.

Sgouras, D.; Maragkoudakis, P.; Petraki, K.; Eriotou, E.; Michopoulos, S.; Tsakalidou, E.; Mentis, A. In Vitro
and In Vivo Inhibition of Helicobacter pylori by Lactobacillus casei Strain Shirota. Society 2004, 70, 518-526.
[CrossRef] [PubMed]

Herbert, R.A. Methods for Enumerating Microorganisms and Determining Biomass in Natural Environments.
Methods Microbiol. 1990, 22, 1-39.

Coconnier, M.H.; Lievin, V.; Hemery, E.; Servin, A.L. Antagonistic activity against Helicobacter infection
in vitro and in vivo by the human Lactobacillus acidophilus strain LB. Appl. Environ. Microbiol. 1998, 64,
4573-4580. [CrossRef] [PubMed]

Hazell, S.L.; Borody, T.].; Gal, A.; Lee, A. Campylobacter pyloridis Gastritis I: Detection of Urease as a Marker
of Bacterial Colonization and Gastritis. Am. . Gastroenterol. 1987, 82, 292-296.

Zhang, L.; Su, P; Henriksson, A.; O'Rourke, J.; Mitchell, H. Investigation of the immunomodulatory effects of
Lactobacillus casei and Bifidobacterium lactis on Helicobacter pylori infection. Helicobacter 2008, 13, 183-190.
[CrossRef]

Ghosh, N.; Ghosh, P; Kesh, K.; Mukhopadhyay, A.K.; Swarnakar, S. Attenuation of Helicobacter
pylori-induced gastric inflammation by prior cag—Strain (AM1) infection in C57BL/6 mice. Gut Pathog. 2017,
9, 14. [CrossRef]

Li, B.; Chen, L.; Sun, H.; Yang, W.; Hu, J.; He, Y,; Wei, S.; Zhao, Z.; Zhang, J.; Li, H.; et al. Immunodominant
epitope-specific Th1 but not Th17 responses mediate protection against Helicobacter pylori infection following
UreB vaccination of BALB/c mice. Sci. Rep. 2015, 5, 14793. [CrossRef]



Microorganisms 2020, 8, 479 18 of 20

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Kienesberger, S.; Cox, L.M.; Livanos, A.; Zhang, X.S.; Chung, J.; Perez-Perez, G.I.; Gorkiewicz, G.; Zechner, E.L.;
Blaser, M.]. Gastric Helicobacter pylori Infection Affects Local and Distant Microbial Populations and Host
Responses. Cell Rep. 2016, 14, 1395-1407. [CrossRef]

Kao, J.Y.; Rathinavelu, S.; Eaton, K.A.; Bai, L.; Zavros, Y.; Takami, M.; Pierzchala, A.; Merchant, J.L.
Helicobacter pylori-secreted factors inhibit dendritic cell IL-12 secretion: A mechanism of ineffective host
defense. Am. J. Physiol. Gastrointest. Liver Physiol. 2006, 291, G73-G81. [CrossRef]

Walduck, A.; Andersen, L.P,; Raghavan, S. Inflammation, Immunity, and Vaccines for Helicobacter pylori
Infection. Helicobacter 2015, 20, 17-25. [CrossRef]

Niwa, T.; Tsukamoto, T; Toyoda, T.; Mori, A.; Tanaka, H.; Maekita, T; Ichinose, M.; Tatematsu, M.; Ushijima, T.
Inflammatory processes triggered by Helicobacter pylori infection cause aberrant DNA methylation in
gastric epithelial cells. Cancer Res. 2010, 70, 1430-1440. [CrossRef]

Pero, R.; Angrisano, T.; Brancaccio, M.; Falanga, A.; Lombardi, L.; Natale, F.; Laneri, S.; Lombardo, B.;
Galdiero, S.; Scudiero, O. Beta-defensins and analogs in Helicobacter pylori infections: mRNA expression
levels, DNA methylation, and antibacterial activity. PLoS ONE 2019, 14, €0222295. [CrossRef] [PubMed]
Fox, J.G.; Wang, T.C. Inflammation, atrophy, and gastric cancer. . Clin. Investig. 2007, 117, 60-69. [CrossRef]
[PubMed]

Chakravarty, K.; Gaur, S. Role of Probiotics in Prophylaxis of Helicobacter pylori Infection.
Curr. Pharm. Biotechnol. 2019, 20, 137-145. [CrossRef] [PubMed]

Kabir, AM.; Aiba, Y.; Takagi, A.; Kamiya, S.; Miwa, T.; Koga, Y. Prevention of Helicobacter pylori infection
by lactobacilli in a gnotobiotic murine model. Gut 1997, 41, 49-55. [CrossRef] [PubMed]

Johnson-Henry, K.C.; Mitchell, D.J.; Avitzur, Y.; Galindo-Mata, E.; Jones, N.L.; Sherman, P.M. Probiotics
reduce bacterial colonization and gastric inflammation in H. pylori-infected mice. Dig. Dis. Sci. 2004, 49,
1095-1102. [CrossRef] [PubMed]

Zhou, C.; Ma, EZ.; Deng, X.J.; Yuan, H.; Ma, H.S. Lactobacilli inhibit interleukin-8 production induced
by Helicobacter pylori lipopolysaccharide-activated Toll-like receptor 4. World |. Gastroenterol. 2008, 14,
5090-5095. [CrossRef]

Garcia-Castillo, V.; Marin-Vega, A.M.; llabaca, A.; Albarracin, L.; Marcial, G.; Kitazawa, H.; Garcia-Cancino, A.;
Villena, J. Characterization of the immunomodulatory and anti-Helicobacter pylori properties of the human
gastric isolate Lactobacillus rhamnosus UCO-25A. Biofouling 2019, 35, 922-937. [CrossRef]

Yang, Y.-J.; Chuang, C.-C.; Yang, H.-B.; Lu, C.-C.; Sheu, B.-S. Lactobacillus acidophilus ameliorates H.
pylori-induced gastric inflammation by inactivating the Smad7 and NF«kB pathways. BMC Microbiol. 2012,
12, 38. [CrossRef]

Lee, J.S.; Paek, N.S.; Kwon, O.S.; Hahm, K.B. Anti-inflammatory actions of probiotics through activating
suppressor of cytokine signaling (SOCS) expression and signaling in Helicobacter pylori infection: A novel
mechanism. J. Gastroenterol. Hepatol. 2010, 25, 194-202. [CrossRef]

Garcia, C.A.; Henriquez, A.P.; Retamal, R.C.; Pineda, C.S.; Delgado Sch, C.; Gonzalez, C.C. Probiotic
properties of Lactobacillus spp isolated from gastric biopsies of Helicobacter pylori infected and non-infected
individuals. Rev. Med. Chile 2009, 137, 369-376.

Merino, ].S.; Garcia, A.; Pastene, E.; Salas, A.; Saez, K.; Gonzalez, C.L. Lactobacillus fermentum UCO-979C
strongly inhibited Helicobacter pylori SS1 in Meriones unguiculatus. Benef. Microbes 2018, 9, 625-627.
[CrossRef] [PubMed]

Bockerstett, K.A.; DiPaolo, R.J. Regulation of Gastric Carcinogenesis by Inflammatory Cytokines. CMGH
2017, 4, 47-53. [CrossRef] [PubMed]

Brandt, S.; Kwok, T.; Hartig, R.; Konig, W.; Backert, S. NF- B activation and potentiation of proinflammatory
responses by the Helicobacter pylori CagA protein. Proc. Natl. Acad. Sci. USA 2005, 102, 9300-9305.
[CrossRef] [PubMed]

Yamada, S.; Kato, S.; Matsuhisa, T.; Makonkawkeyoon, L.; Yoshida, M.; Chakrabandhu, T.; Lertprasertsuk, N.;
Suttharat, P.; Chakrabandhu, B.; Nishiumi, S.; et al. Predominant mucosal IL-8 mRNA expression in non-cagA
Thais is risk for gastric cancer. World . Gastroenterol. 2013, 19, 2941-2949. [CrossRef] [PubMed]

Ansari, S.A.; Devi, S.; Tenguria, S.; Kumar, A.; Ahmed, N. Helicobacter pylori protein HP0986 (TieA)
interacts with mouse TNFR1 and triggers proinflammatory and proapoptotic signaling pathways in cultured
macrophage cells (RAW 264.7). Cytokine 2014, 68, 110-117. [CrossRef]



Microorganisms 2020, 8, 479 19 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Wang, F.; Mao, Z; Liu, D.; Yu, J.; Wang, Y.; Ye, W.; Lin, D.; Zhou, N.; Xie, Y. Overexpression of Tim-3 reduces
Helicobacter pylori-associated inflammation through TLR4/NF«B signaling in vitro. Mol. Med. Rep. 2017, 15,
3252-3258. [CrossRef]

Bauditz, J.; Ortner, M.; Bierbaum, M.; Niedobitek, G.; Lochs, H.; Schreiber, S. Production of IL-12 in gastritis
relates to infection with Helicobacter pylori. Clin. Exp. Immunol. 1999, 117, 316-323. [CrossRef]

Zhang, Y.; Sun, H.; Li, J.; Rong, Q.; Ji, X.; Li, B. The leukocyte-associated immunoglobulin (Ig)-like receptor-1
modulating cell apoptosis and inflammatory cytokines secretion in THP-1 cells after Helicobacter pylori
infection. Microb. Pathog. 2017, 109, 292-299. [CrossRef]

Viladomiu, M.; Bassaganya-Riera, J.; Tubau-Juni, N.; Kronsteiner, B.; Leber, A.; Philipson, C.W,;
Zoccoli-Rodriguez, V.; Hontecillas, R. Cooperation of Gastric Mononuclear Phagocytes with Helicobacter
pylori during Colonization. J. Immunol. 2017, 198, 3195-3204. [CrossRef]

Serrano, C.; Diaz, M.I; Valdivia, A.; Godoy, A.; Pefia, A.; Rollan, A.; Kirberg, A.; Hebel, E.; Fierro, J.; Klapp, G.;
et al. Relationship between Helicobacter pylori virulence factors and regulatory cytokines as predictors of
clinical outcome. Microbes Infect. 2007, 9, 428-434. [CrossRef] [PubMed]

Straubinger, R.K.; Greiter, A.; McDonough, S.P; Gerold, A.; Scanziani, E.; Soldati, S.; Dailidiene, D.; Dailide, G.;
Berg, D.E.; Simpson, K.W. Quantitative evaluation of inflammatory and immune responses in the early
stages of chronic Helicobacter pylori infection. Infect. Immun. 2003, 71, 2693-2703. [CrossRef]

Peek, R M.; Fiske, C.; Wilson, K.T. Role of innate immunity in Helicobacter pylori-induced gastric malignancy.
Physiol. Rev. 2010, 90, 831-858. [CrossRef] [PubMed]

Tanaka, H.; Yoshida, M.; Nishiumi, S.; Ohnishi, N.; Kobayashi, K.; Yamamoto, K.; Fujita, T.; Hatakeyama, M.;
Azuma, T. The CagA protein of Helicobacter pylori suppresses the functions of dendritic cell in mice.
Arch. Biochem. Biophys. 2010, 498, 35-42. [CrossRef] [PubMed]

Eskandari-Nasab, E.; Sepanjnia, A., Moghadampour, M., Hadadi-Fishani, M., Rezaeifar, A.;
Asadi-Saghandi, A.; Sadeghi-Kalani, B.; Manshadi, M.D.; Pourrajab, E; Pourmasoumi, H. Circulating
levels of interleukin (IL)-12 and IL-13 in Helicobacter pylori-infected patients, and their associations with
bacterial CagA and VacA virulence factors. Scand. J. Infect. Dis. 2013, 45, 342-349. [CrossRef] [PubMed]
Indira, M.; Venkateswarulu, T.C.; Abraham Peele, K.; Nazneen Bobby, M.; Krupanidhi, S. Bioactive molecules
of probiotic bacteria and their mechanism of action: A review. 3 Biotech 2019, 9, 306. [CrossRef]

Pena, J.A.,; Versalovic, ]J. Lactobacillus rhamnosus GG decreases TNF-a production in
lipopolysaccharide-activated murine macrophages by a contact-independent mechanism. Cell. Microbiol.
2003, 5, 277-285. [CrossRef]

Sunanliganon, C.; Thong-Ngam, D.; Tumwasorn, S.; Klaikeaw, N. Lactobacillus plantarum B7 inhibits
Helicobacter pylori growth and attenuates gastric inflammation. World . Gastroenterol. 2012, 18, 2472-2480.
[CrossRef]

Castro-Bravo, N.; Wells, ] M.; Margolles, A.; Ruas-Madiedo, P. Interactions of surface exopolysaccharides
from bifidobacteriumand lactobacilluswithin the intestinal environment. Front. Microbiol. 2018, 9, 2426.
[CrossRef]

Hidalgo-Cantabrana, C.; Lopez, P.; Gueimonde, M.; de los Reyes-Gavilan, C.G.; Suarez, A.; Margolles, A.;
Ruas-Madiedo, P. Inmune Modulation Capability of Exopolysaccharides Synthesised by Lactic Acid Bacteria
and Bifidobacteria. Probiotics Antimicrob. Proteins 2012, 4, 227-237. [CrossRef]

Panpetch, W.; Spinler, ].K.; Versalovic, J.; Tumwasorn, S. Characterization of Lactobacillus salivarius strains
B37 and B60 capable of inhibiting IL-8 production in Helicobacter pylori—Stimulated gastric epithelial cells.
BMC Microbiol. 2016, 16, 1-10. [CrossRef] [PubMed]

Thiraworawong, T.; Spinler, ].K.; Werawatganon, D.; Klaikeaw, N.; Venable, S.E,; Versalovic, J.; Tumwasorn, S.
Anti-inflammatory Properties of Gastric-derived Lactobacillus plantarum XB7 in the Context of Helicobacter
pylori Infection. Helicobacter 2014, 19, 144-155. [CrossRef] [PubMed]

Pero, R.; Coretti, L.; Nigro, E.; Lembo, F,; Laneri, S.; Lombardo, B.; Daniele, A.; Scudiero, O. 3-defensins in
the fight against Helicobacter pylori. Molecules 2017, 22, 424. [CrossRef]



Microorganisms 2020, 8, 479 20 of 20

64. Pero, R.; Brancaccio, M.; Laneri, S.; De Biasi, M.G.; Lombardo, B.; Scudiero, O. A novel view of human
Helicobacter pylori infections: Interplay between microbiota and beta-defensins. Biomolecules 2019, 9, 237.
[CrossRef] [PubMed]

@ © 2020 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/).




