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Abstract

Helicobacter pylori, the dominant member of the human gastric microbiota, elicits
immunoregulatory responses implicated in protective versus pathological outcomes. To evaluate
the role of macrophages during infection, we employed a system with a shifted pro-inflammatory
macrophage phenotype by deleting PPAR~y in myeloid cells, and found a 5 to 10-fold decrease in
gastric bacterial loads. Higher levels of colonization in wild-type (WT) mice were associated with
increased presence of mononuclear phagocytes (MNPs) and in particular with the accumulation of
CD11b*F4/80MCD64*CX3CR1* macrophages in the gastric lamina propria. Depletion of
phagocytic cells by clodronate liposomes in WT resulted in a reduction of gastric H. pylori
colonization compared to non-treated mice. PPARy-deficient and macrophage-depleted mice
presented decreased IL-10-mediated myeloid and T cell regulatory responses early post-infection.
IL-10 neutralization during H. py/oriinfection led to increased IL-17-mediated responses and
increased neutrophil accumulation at the gastric mucosa. In conclusion, we report the induction of
IL-10-driven regulatory responses mediated by CD11b*F4/80MNCD64*CX3CR1* MNPs that
contribute to maintaining high levels of H pyloriloads in the stomach by modulating effector T
cell responses at the gastric mucosa.

Introduction

Helicobacter pyloriis a microaerophilic, Gram-negative, spiral-shaped bacterium that
selectively establishes lifelong colonization of the gastric mucosa in over 50% of the human
population (1, 2). Approximately 10-15% of H. pylori-infected individuals will eventually
develop gastro-duodenal ulcers and H. pylori carriers have over a two-fold greater risk of
developing gastric cancer in the form of B-cell lymphoma of mucosal-associated lymphoid
tissue (MALT) lymphoma or adenocarcinoma (3, 4). In spite of the reported links between
gut pathologies and H. pylori, its role as a beneficial and dominant member of the human
gastric microbiota is emerging through epidemiological, clinical and experimental data
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illustrating that it might actually protect from esophageal cancer, asthma, obesity-induced
insulin resistance and inflammatory bowel disease (IBD) (5-10). This dual role of H. pylori
as commensal and pathogenic organism denotes a complex, context-dependent interaction
with its host and provides a means to tracking the induction of mucosal effector or
regulatory responses to a single organism.

H. pyloriis mainly found free-floating on the thick mucus layer of the stomach or on the
apical side of epithelial cells. However, a small fraction of the H. py/ori population can
invade the lamina propria (LP) following disruption of tight junctions. While effector
immune mechanisms of elimination have not been dissected in depth, the type of immune
response elicited may depend on the location and kind of cell that first comes in contact with
H. pylori. Colonization of the gastric mucosa by H. py/loriinduces mixed effector and
regulatory immune responses (11). However, its chronic persistence in the host suggests that
the regulatory immune responses might predominate over effector mechanisms (12-20).
Computational modeling of immune responses to H. py/oripredicted that macrophages are
central regulators of the mucosal immune response (21-23). Interestingly, in line with our
computational prediction, the loss of protein-activated receptor 1, MMP7 or hemoxygenase
results in lower rates of colonization, more severe pathology and changes in macrophages
towards a pro-inflammatory or classically activated state (24—26). Thus, macrophages could
be critical in tipping the balance between pro-inflammatory/effector and regulatory
responses and significantly affect the outcome of this bacteria-host interaction. Macrophages
and dendritic cells (DC) belong to the mononuclear phagocytic compartment, which
comprises a heterogeneous class of cells that perform functions ranging from tissue
development, remodeling and repair, to pathogen recognition and initiation of inflammation
and antigen-specific immune responses (27, 28). Functional characterization based on
phenotypic traits and the establishment of a clear division of labor among mononuclear
phagocytes (MNPs) has been challenging because these cells arise from common
progenitors and undergo radical reprogramming in the presence of danger signals (29-31).
Here, we show that during H. py/oriinfection phagocytic cells promote high H. pyloriloads
rather than contributing to bacterial clearance. However, disruption of MNPs phenotype
through either genetic ablation of PPARy or depletion via clodronate liposomes results in
more efficient bacterial elimination although not complete clearance. By performing a
detailed immunological profiling of MNPs in the stomach of H. py/lori-infected mice, we
have identified and traced a subset of CD11b*F4/80MNCD64*CX3CR1* macrophages that
begin to accumulate in the gastric LP between days 21 and 24 post-infection in WT but not
in mice lacking PPAR-y in myeloid cells. These cells produce IL-10 and thus could be
responsible for establishing a microenvironment that facilitates H. py/ori colonization of the
stomach. We also show that IL-10 deficiency leads to low colonization and significant
infiltration by neutrophils. Our studies demonstrate the presence of a very complex system
of MNPs associated with the gastric mucosa that is predominantly regulatory and highly
susceptible to modulation by environmental changes. Furthermore, the state of the gastric
MNP system can also impact the microbial composition by facilitating colonization by
certain bacterial species, like H. pylori. Moreover, we have identified a novel MNP subset
that could provide new insights on the mechanisms of mucosal immunoregulation
underlying the protective versus pathogenic behavior of gastrointestinal bacteria.

J Immunol. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Viladomiu et al.

Methods

Page 3

Mouse strains and infection

C57BL/6J wild type (WT) (fI/fl, cre-) and mice lacking PPARYy in T cells (PPARy/fl: CD4-
Cre*) (32) or in myeloid cells (PPARyf/fl: Lysozyme M Cre-) (33) were used in this study.
CX3CR1-GFP*/* reporter and IL-10~/~ mice were obtained from Jackson and bred in our
mouse facilities for 6 months and 2 years, respectively. WT, CD4-cre and LysMcre mice
used in these experiments originated from a colony kept for 10 years at Virginia Tech’s
animal facilities. All mice used in these experiments were bred and maintained in the same
colony. Mice were kept in the same room for breeding/maintenance under ABSL1
conditions and in a separate room under ABSL2 conditions for H. pylori challenge studies.
For H. pyloriinfection, mice were challenged after a 6-hour fasting period with freshly
prepared 5x107 colony forming units (CFU) of strain SS1 given in sterile PBS through
orogastric gavage on days 0 and 2. A non-infected group that received sterile PBS without
any bacteria was included for each genotype.

Helicobacter pylori culture and inoculum preparation

The European mouse-adapted CagA positive strain H. py/lori SS1 (kindly provided by Dr.
Richard Peek, Vanderbilt University) was used in this study. H. py/oriwas grown on plates
prepared with Difco Columbia agar base (BD Biosciences) supplemented with 7% of lacked
horse blood (Lampire) and Helicobacter pylori selective supplement (containing 10 mg/L
vancomycin, 5 mg/L trimethoprim, 5 mg/L amphotericin, and 5 mg/L polymyxin from
Oxoid) at 37°C under microaerophilic conditions. The challenge inoculum was prepared by
harvesting bacteria into sterile 1X PBS and adjusting to Optical Density (OD)=1.0 at 600nm
which was estimated as a concentration of 1x108 CFU/ml as previously determined by a
growth curve correlating OD measurements with colony counts on blood agar plates.

Bacterial reisolation from murine gastric tissue

Stomachs were opened along the large curvature, rinsed in sterile 1X PBS and total CFU
were determined by plate counting (21). Briefly, weighted gastric specimens were
homogenized in Brucella broth using a grinder. Homogenates and serial dilutions (1:10,
1:100, 1:1,000 and 1:10,000) were plated onto Difco Columbia agar base plates
supplemented with 7% of lacked horse blood and H. py/ori selective antibiotic supplement
(containing 10 mg/L vancomycin, 5 mg/L trimethoprim, 5 mg/L amphotericin, and 5 mg/L
polymyxin). Plates were incubated for 4 days at 37°C under microaerophilic conditions (21,
34). Bacterial numbers are reported as the mean and SD of the number of CFU/g of stomach
tissue.

Isolation of lymphocytes from gastric lamina propria and lymph nodes

Isolation of lymphocytes from the stomach was performed by digestion with collagenase
(300 U/ml) and DNasel (50 U/ml) in RPMI. Cells were further purified by centrifugation in
discontinuous Percoll gradient (44%/67%), washed and resuspended in cRPMI. Cells from
gastric lymph nodes (GLN) were isolated by digestion in collagenase (300 U/ml) and
DNasel (50 U/ml) in RPMI. Cells were then washed and resuspended in cRPMI.
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Cytometric Bead Array

Cell suspensions from GLN were seeded at 1x10/ml in 96-well plates and stimulated with 5
ug/ml of formalin-inactivated H. pyfori SS1 antigen. Cultures were incubated for 72h at
37°C, 95% humidity and 5% CO,_Cytokines in supernatants were measured with the Thl,
Th2, and Th17 CBA kit (BD Biosciences) following manufacturer’s instructions.

Flow cytometry

Cells (3x10°-5x10°/well) were fist incubated in FcBlock (BD Pharmingen) and then with
cocktails of antibodies using CD45-APCCy7 (BD Pharmingen, 30-F11), F4/80-PECy5
(eBioscience, BM8), CD11b-AlexaFluor700 (BD Pharmingen, M1/70), MHCII-biotin
(eBiosciences, M5/114.15.2) followed by streptavidin-PETexasRed (BD Pharmingen),
CD64-PE (BD Pharmingen, X54-5/7.1.1), CX3CR1-unconjugated (AbD Serotec,
polyclonal) followed by anti-lgG(H+L)-FITC (Southern Biotech), and anti-IL10-APC
(eBiosciences, JES5-16E3), CD3-PECYS5 (eBiosciences, 145-2C11), CD4-PECy7
(eBiosciences, GK1.5), CD19-PE (eBiosciences, MB19-1), FoxP3-PE (eBiosciences,
FJK-16s), and PD1-PE (eBiosciences, J43). For intracellular staining, cells were fixed and
permeabilized with Cytofix-Cytoperm solution (eBiosciences). Flow results were computed
with a BD LSR Il flow cytometer and data analyses was performed by using the FACS Diva
software (BD).

Macrophage depletion

Macrophages were depleted by intraperitoneal injection of clodronate-containing liposomes
(Anionic Clophosome, FormulaMax) 11 days after H. pyloriinfection (correlating with the
observed upregulation of macrophages in the gastric lamina propria after infection)
following the manufacturer’s instructions. Control mice received clodronate-free liposomes
on the same days.

BrdU administration in vivo

WT mice were injected IP with 1mg of BrdU (BD Biosciences) followed by 3 days of
0.8mg/mL BrdU (Sigma) in drinking water. Following stomach collection and isolation of
gastric LP leukocytes, BrdU uptake was assessed using BD BrdU Flow kit (BD Bioscience).

IL-10 neutralization

Statistics

WT mice received 100ug of rat anti-1L-10 antibody (R&D systems) intraperitoneally in PBS
on days 17, 19 and 21 post H. pyloriinfection. Control mice received 100ug of Rat 1gG1
isotype control (R&D systems).

Data are expressed as mean and standard error of the mean. Parametric data were analyzed
by using the Analysis of Variance (ANOVA) followed by Scheffe’s multiple comparison test
as previously described (35). Analysis of variance (ANOVA) was performed by using the
general linear model procedure of SAS, release 9.2 (SAS Institute Inc., Cary, NC). A 2x2
factorial arrangement comparing genotype and infection treatment was employed. Statistical
significance was determined at A< 0.05.
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Study approval

All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) of Virginia Tech and met or exceeded requirements of the Public
Health Service/National Institutes of Health and the Animal Welfare Act. The IACUC
approval 1D for the study was 12-074-VBI and 15-147-VBI.

Results

Loss of PPARYy in myeloid cells results in low H. pylori colonization and changes in the
macrophage compartment

To determine the impact of macrophages on the outcome of H. pyloriinfection, we used a
cre-lox tissue-specific peroxisome proliferator activated receptor-y (PPARy) mouse with
deletion targeted to myeloid cells (PPARy/fl: LysMcre+). These mice have been used
extensively and characterized in models of IBD (35-37), with the deletion affecting mainly
macrophages and partially dendritic cells (DC) (38). While we did not aim to elucidate the
role of PPARy during H. pyloriinfection per se, we selected this regulatory transcription
factor because it down-regulates pro-inflammatory cytokine expression (38, 39). Prior to our
work, others had evaluated the role of specific macrophage genes (i.e., MMP7, PAR-1,
HO-1) whose deficiency leads to enhanced inflammation and pathology following H. pylori
infection in mice (40-42). Wild-type (WT), PPARy/fl:CD4-cre (CDAcre) and
PPARy/fl:ysM-cre (LysMcre) mice in a C57BL/6J background were infected with H.
pyloristrain SS1 and gastric bacterial loads were measured weekly for 6 months (Figure
1A). All mice were colonized to similar levels based on re-isolation data from weeks 1 and 2
post-infection. However, between weeks 2 and 3, there was an abrupt drop in bacterial
burden in the stomachs of LysMcre mice that led to a significant and sustained 5 to 10- fold
lower colonization levels when compared to WT and CD4-cre mice. Similar results were
obtained when mice were infected with H. py/ori strain PMSS1 (Figure S1). We performed a
detailed profiling of myeloid cells present in the gastric LP using a broad selection of MNPs
markers (31, 43-45), including CD11b, CD11c, MHC-I1I, CX3CR1, F4/80, CD103 and
CD64, which revealed substantial alterations due to the loss of PPARy in the myeloid
compartment. The stomach mucosa of WT mice was enriched in a population of
F4/80*CD11b* myeloid cells, as opposed to LysMcre mice (Figure 1C). Within these
F4/80*CD11b* cells, we characterized two gastric mucosal subsets based on the level of
expression of F4/80: an F4/80N subset corresponding to macrophages based on the
expression of CD64, and an F4/80'°. The percentage of F4/80N, corresponding to
macrophages, was suppressed in mice lacking PPAR-y in myeloid cells (Figure 1B). In
addition, within the CD64-MHC-11+ fraction, we characterized two major DC subsets based
on CD11c and CD103 expression: CD11c* CD103*, and CD11¢*CD103™, which
constituted the majority of DC. Of note, while the CD11¢*CD103* were negative in CD11b
and F4/80, the CD11¢*CD103™ had heterogeneous expression of F4/80 and CD11b,
although F4/80 was always expressed in low levels (Figure S2), in contrast to the CD64+
macrophages, which expressed high levels of F4/80. On the other hand, neutrophils could be
easily identified as CD11b" cells that expressed also high levels of GR1. This phenotypic
analysis showed significant differences between WT and LysMcre mice with regards to the
percentage of F4/80*CD11b* cells, which were significantly higher in WT. In particular,
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PPAR-y deletion affected the proportion of macrophages in the gastric mucosa (Figure 1B).
We further characterized the myeloid compartment in the stomach mucosa of naive mice
using CX3CR1-GFP*/* reporter mice (Figure 1D). We show that the F4/80"CD11b*CD64*
cells were all in the CX3CR1* fraction, while the CD11b*F4/80'°, including
CD11c*MHCII*CD64~ DC could be either CX3CR1* or CX3CR1™. These analyses
demonstrate the presence of a complex system of myeloid cells in the stomach mucosa that
has not been previously described, and its composition is significantly altered due to the loss
of PPARy in LysMcre mice.

Macrophages accumulate in the gastric mucosa of H. pylori-infected mice

We performed a time-course study spanning the first 7 weeks post-infection since the drop in
H. pyloriloads in LysMcre mice consistently occurs between weeks 2 and 3 post-infection.
The results show a significant increase in numbers of F4/80"CD11b*CD64*CX35CR1* cells
in WT mice in comparison with LysMcre mice (Figure 2A, E). These cells accumulated in
the stomach mucosa starting on day 14 post-infection in the WT but not in the LysMcre
mice. We also found increased percentages of neutrophils on days 14 and 28 and total
numbers on day 28 post-infection in WT mice (Figure 2B, F), as well as in the percentages
of CD11c*CD103* and CD11c*CD103™ DC (gated within CD64~MHC-I1*), which were
increased in WT mice when compared to LysMcre (Figure 2C, D, G, H), although no
differences were found in absolute numbers. Overall, our data indicate that the major
sustained difference between strains was in the accumulation of
F4/80NMCD11b*CD64*CX3CR1™ in the stomach of WT mice following infection. We then
determined whether macrophages proliferate /n situ in the gastric mucosa via Brdu staining.
WT and LysMcre mice infected with H. py/lori SS1 received 1mg of BrdU intraperitoneally
followed by 0.8 mg/mL in drinking water for 3 days. Brdu was withdrawn and incorporation
was measured on the same day, corresponding to day 15 post-infection, and on days 18 and
21 in cells isolated from the stomach. The results show that F4/80MCD64* cells, which
correspond to F4/80MCD11b*CD64*CX3CR1, incorporated BrdU with a slightly higher
increase in WT compared to LysMcre mice on day 18 (Figure 21). We also detected positive
BrdU staining in F4/80'°CD64" cells, although only an average 15% was positive by day 21
(Figure 2J), whereas the percentages of F4/80MCD64™ stained with BrdU remained higher in
both WT and LysMcre. These results indicate that F4/80MCD11b*CD64*CX3CR1* cells can
proliferate /n situin the gastric mucosa during H. pylori infection.

We also analyzed changes in the lymphocyte compartment due to infection in both WT and
LysMcre strains. The results show higher percentages and numbers of CD4* T cells, CD8* T
cells and B cells in PPARy mice (Figure S3), suggesting that defects derived from the loss
of PPARy in myeloid cells of the stomach lead to suppressed numbers of
F4/80NMCD11b*CD64*CX3CR1* and secondary increase of lymphocytes in the gastric
mucosa.

Phagocytic cells facilitate colonization of the gastric mucosa by H. pylori

In order to determine whether MNPs were required for the high colonization phenotype of
WT mice, we depleted phagocytic cells by using clodronate liposomes. More specifically,
WT mice were infected with H. py/ori SS1 and treated with either PBS liposomes (negative
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control) or clodronate-containing liposomes. A group of non clodronate-treated, H. pylori
SS1-infected LysMcre mice was included for comparison with a strain with low colonization
phenotype. Liposomes were administered 4 days before macrophages started to accumulate
in the stomach based on the initial time-course results. To maintain macrophage depletion,
liposomes were administered every 3 days and changes in MNPs populations in the stomach
were determined 24h after each injection (Figure 3A). Measurement of stomach bacterial
burden during depletion clearly shows a progressive decline in H. pylori colonization to
levels similar to LysMcre mice on day 21 post-infection (Figure 3B). Suppressed bacterial
loads coincided with effective depletion of F4/80NCD11b*CD64*CX3CR1* macrophages,
and were similar to those observed in LysMcre mice, on days 18 and 21 (Figure 3C).

Phenotype based on results from our previous data. CD11b*F4/80'° cells were also affected
by clodronate administration, although they quickly recovered on the last time-point
measured despite the administration of clodronate one day prior to the analysis (Figure 3D).
Interestingly, loss of MNP in the stomach mucosa during H. py/oriinfection resulted in a
dramatic influx of neutrophils, which was not detected in either WT PBS-liposome controls
or LysMcre mice (figure 3E). On the other hand, clodronate administration only had a small
effect on the CD11¢*CD103~ but significantly affected CD11¢*CD103* DC on day 18
(Figures 3F, G).

In view of these results, we proposed that MNPs favor H. py/ori colonization by promoting a
mucosal regulatory microenvironment. We then assayed the presence of cells with regulatory
phenotype and if they were affected by MNPs depletion. Flow cytometry results revealed a
significant decrease in 1L-10 production in both CD45*CD4™" T cells (Figure 3H) and
CD45*CD4 cells (Figure 31) in depleted mice. Because we found a significant reduction in
IL-10 production in CD4™ cells during depletion, we assessed I1L-10 in CD11b* cells from
PBS-liposome, clodronate-treated and LysMcre mice on day 21 post-infection, and
confirmed that the expression of this cytokine was significantly suppressed in MNPs-
depleted and in LysMcre mice (Figure 3J).

H. pylori infection induces IL-10 production by gastric CD4+ T and B cells

WT and LysMcre mice were infected with H. py/lori SS1 and stomachs were collected before
infection (day 0) and on days 18 and 24 post-infection to better characterize and trace the
source of H. pylori-induced 1L-10. As expected, IL-10 production by F4/80!°CD11b* and
F4/80NMCD11b*CD64*CX3CR1™ cell subsets were significantly increased in WT mice when
compared to LysMcre mice (Figures 4A and 4B). In addition, IL-10 was constitutively
expressed by these cells, since it was already detectable before infection, and H. py/ori did
not significantly augment the fraction of cells producing it in WT. In contrast, H. pylori
infection suppressed 1L-10 production in myeloid cells from LysMcre mice on a time-
dependent manner (Figure 4B). A plausible scenario is that MNPs, as a key source of IL-10,
promote the induction of T cells with a regulatory phenotype in the gastric mucosa. In fact,
IL-10 expression by overall CD4* T cells and CD19* lymphocytes were higher in WT when
compared to LysMcre mice (Figure 4C), particularly on day 24 post-infection, when we
detected a sharp increase of I1L-10 production by both cell types (Figure 4D and 4E).
LysMcre mice showed higher levels of both CD4" T cells and CD19* B cells, as described
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before (Figure S3). Further phenotypic characterization of the CD4* T cell compartment
revealed increased CD4*FoxP3* Treg and CD4*PD1* Tri-like cells due to infection. H.
pyloriincreased FoxP3* Treg cells in WT on day 24, while only a small difference was
observed between genotypes with regards to PD1* cells on day 18 post-infection. In any
case, the fraction of 1L-10-secreting cells was higher in WT when compared to LysMcre for
both cell types, and the differences were more accentuated in the CD4*PD1* subset (Figures
4F and 4G). These data suggest that the increase in 1L-10-producing MNPs that follows
colonization of the gastric mucosa by H. py/ori, could condition the tissue environment to
favor the induction of CD4*PD1* Trl-like and FoxP3* Treg cell-mediated regulatory
responses.

IL-10 is required for high levels of H. pylori colonization

To further evaluate the role of IL-10 during the initial phases of colonization, we performed
IL-10 neutralization studies in mice infected with H. pylori and compared their response to
control mice that received an isotype antibody. Mice received 3 doses of either control or
neutralizing antibody (100 pg/mouse) on days 17, 19 and 21. Measurement of bacterial loads
on day 22 post-infection showed that indeed IL-10 is required for optimal gastric
colonization, since gastric H. pyloriburden was significantly lower in the group of mice in
which IL-10 was neutralized (Figure 5A). IL-10 blockade also significantly increased
neutrophils (Figure 5C) in the gastric mucosa but did not affect the levels of
F4/80MCD11b*CD64*CX3CR1* macrophages (Figure 5B), which indicates that IL-10 is
dispensable for the accumulation of these cell type in the stomach. On the other hand,
MHCII*CD11c*CD64~ DCs were slightly but significantly suppressed by IL-10 depletion
(Figure 5D). In addition to 1L-10 neutralization, we infected 1L-10~/~ mice and obtained the
same results: H. pyloriloads were suppressed and neutrophil influx increased (Figure S4).

IL-10-producing MNP accumulate in the stomach of H. py/ori-infected mice, and this initial
response influences CD4™ T cell and B cell compartments. To assess how the absence of
IL-10 could affect downstream effector responses, we cultured cells obtained from gastric
lymph nodes of H. pylori-infected mice that were either treated with IL-10 neutralizing or
control antibodies, and stimulated them ex vivo with inactivated whole H. py/ori SS1.
Supernatants were collected 72-hours post-stimulation and cytokine levels measured using a
cytometric bead array. The results (Figure 5E-H) show that ex vivo stimulation with
inactivated H. pyloriinduces significant production of IFNy, IL-10, IL-17 and IL-6 in
gastric lymph nodes from infected mice. However, 1L-10 neutralization was associated with
a suppression of IFN+y (Figure 5E, F) and increased production of IL-17 (Figure 5G).

Discussion

H. pylorihas colonized the human stomach since early evolution, diverged with prehistoric
human migrations (46-49), and co-evolved with its human host for over 60,000 years (1, 2).
However, its identification as the main etiologic agent of gastro-duodenal ulcers, and gastric
cancer (50) set the stage for the pre-conceived notion of H. pylori as pathogen. Thirty years
after this discovery, it is broadly accepted that /. py/ori can predispose carriers to develop
serious gastric pathologies (51, 52). However, emerging clinical and epidemiological data
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support the theory that H. py/ori might also be a beneficial commensal organism and its
disappearance has been linked to increased incidence of diseases like asthma or IBD (53,
54). Indeed, H. pylorrs ability to establish life-long chronic colonization of the gastric
mucosal niche has been linked to the induction of potent regulatory responses that dampen
effector mechanisms of bacterial eradication, although the induction of these responses has
been attributed mainly to the modulation of DC, as opposed to macrophages (55-57). In any
case, the mechanisms underlying the induction of these protective responses are not fully
understood. This study reports a complex network of MNPs, which include DCs and a
subset of CD11b*F4/80MCD64*CX3CR1* macrophages not previously described in the
stomach. We provide evidence that MNPs can facilitate H. py/ori colonization by promoting
IL-10 responses.

The prevailing theory is that the regulatory/suppressor responses associated with of H. py/lori
gastric infection are induced by DCs (18, 19, 55, 58) and not by macrophages. Moreover, it
has been suggested that macrophages contribute to the initiation of gastritis. For instance,
Shumacher and colleagues identified a subset of CD11b*F4/80*Ly6CMi cells that is recruited
to the stomach of mice as early as 2 days post-infection, and the loss of this subset was
associated with reduced gastritis (59). Others have shown that the loss of matrix
metalloproteinase 7, heme oxygenase and protease-activated receptor 1 worsens H. pylori
induced gastritis through the regulation of pro-inflammatory gene expression in
macrophages (40-42). To investigate how macrophage phenotype influences the outcome of
infection, we used myeloid-specific PPARy deficient mice with inflammatory-prone
macrophages driven by the deletion of PPARy, an important regulatory transcription factor.
Interestingly, our data shows that loss of PPAR-y results in a significant drop in bacterial
loads, which consistently occurs between weeks 2 and 3 post-infection, and is paralleled
mainly by impaired accumulation of CD11b*F4/80MNCD64*CX3CR1* macrophages at the
gastric mucosa when compared to WT mice. Our finding that mice with a targeted deletion
of PPAR~y in myeloid cells failed to expand and maintain this population was unexpected,
since loss of PPARy in myeloid cells does not affect their differentiation or survival (38, 39).
Of note, iNos levels are higher in H. py/lori-associated atrophic gastritis compared to
uncomplicated gastritis, indicating the potential contribution of M1-like macrophages to
lesion development (60). Furthermore, PPARy polymorphisms in humans are associated
with an increased risk of developing H. pylori-related gastric cancer (61). Although the
importance of PPARy in the host response to H. py/lori has been established in previous
studies, the mechanisms underlying the protective actions of gastric H. pylori colonization
remain incompletely understood. Here we provide novel evidence that PPAR-y is essential
for mounting a regulatory immune response to H. py/lori via accumulation of
CD11b*F4/80"CD64*CX3CR1* macrophages and IL-10 production. A possible mechanism
is that H. pyloriinfection favors endogenous PPARy agonist production locally.
Interestingly, differentiation of monocytes into macrophages in the presence of the
endogenous PPAR-y agonists 9-HODE and 13-HODE, two major oxidized linoleic acid
metabolite components of oxLDL, induced a shift from CCR2 to CX3CR1 surface
expression and upregulation of CD36. This phenotypic switch occurred in the presence of
lipid-induced TNFa., IFN+y and IL-1, and it was inhibited by RNAi-mediated knockdown
of PPARy and treatment with its antagonist GW9662. Although CX3CR1 was constitutively
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expressed in monocytes, only PPARy activation upregulated CX3CR1 expression by directly
binding to PPAR-y response element (PPRE) consensus sites on the CX3CR1 promoter (62).
Indeed, infection with H. pylori CagA+ strains has been associated with increased levels of
oxidized low-density lipoprotein (0xLDL) in the plasma of human subjects with more severe
coronary atherosclerosis (63). In line with this, our unpublished observations demonstrate
that co-culture of H. pyloriwith BMDM upregulates CX3CR1 although mRNA expression is
suppressed in PPARy-deficient BMDM.

To further investigate the mechanisms by which MNPs are implicated in facilitating bacterial
colonization, we first performed a depletion study to confirm that temporary loss phagocytic
cells results in suppressed H. pyloriburden in the stomach. We then hypothesized that MNPs
could facilitate gastric colonization by promoting an I1L-10-mediated regulatory
microenvironment. Consistent with this hypothesis, clodronate-induced depletion indeed
decreased I1L-10 production by CD3*CD4" T cells and CD11b* cells, which resulted in a
sharp increase in the recruitment of neutrophils. Similar results have been previously
reported by Oertli et al., who observed a significant reduction in H. py/oriloads after
depletion of CD11c* cells using DTR-CD11c mice due to enhanced IFN+y responses (64).
Our phenotypic analysis shows that in addition to DC (MHCII*CD11¢*CD103" and
MHCII*CD11c*CD1037), some CD11b*F4/80MCD64*CX3CR1* macrophages also express
CD11c (not shown), and thus could have also been affected by the depletion. Taken together,
these data indicate that MNPs contribute to high levels of bacterial colonization in the
gastrointestinal tract by inducing IL-10-mediated regulatory responses at the mucosa and
creating a host tolerant environment that favors colonization. Follow-up challenge studies in
mice revealed that F4/80!°CD11b* and F4/80MCD11b*CD64*CX3CR1* cells from WT
mice produce significant amounts of 1L-10. Notably, IL-10 levels on a per cell basis were
not augmented in WT mice following infection with H. py/ori, which suggests that these
cells have innate regulatory function and produce IL-10 in the steady state to maintain
mucosal homeostasis. As opposed to MNPs, H. pyloriinfection induced IL-10 production by
gastric CD19* B cells and CD4™ T cells on day 24 post-infection, particularly from PD-1*
Trl-like cells, and FoxP3+ iTreg cells. This increase in IL-10 production by lymphocytes in
response to H. pylori, suggests that 1L-10-producing MNPs are the main source and
promoters of IL-10-mediated responses at the gastric mucosa. Interestingly, in an attempt to
characterize resident MNPs in the kidneys, Duffield and colleagues have identified a
CD11bint CD11ci" F4/80NM subpopulation that expresses high levels of CX3CR1 and IL-10
(45). Also, depletion of CX3CR1+ MNPs results in more severe colitis in the Citrobacter
rodentium infection colitis model. The mechanism is mediated by CX3CR1+ MNP’s ability
to promote IL-22 secretion from ILC3. An equivalent CX3CR1+ cell subset was identified in
the human intestine, which additionally expressed CD64 and CD68 (65).

To evaluate the potential mechanism by which IL-10-producing MNPs could modulate the
gastric environment early post-infection, we neutralized IL-10 in WT mice infected with H.
pylori. As expected, 1L-10 ablation lead to suppressed colonization and, similarly to our
results during MNPs depletion, to a significant influx of neutrophils. Surprisingly, IL-10
neutralization did not affect numbers of F4/80NCD11b*CD64*CX3CR1* cells, which
suggests that 1L-10 is dispensable for their accumulation in the stomach. We also report that
H. pyloriinfection induced IFN+y, IL-10, IL-6 and IL-17 responses in gastric lymph nodes,
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which is in line with the mixed response to infection that has been reported previously.
However, IL-10 blockade led to increased IL-17 and diminished IFN+y and IL-10 production.
This response fits well with the enhancement of TH17 responses and can explain the effect
of neutrophil accumulation after neutralization of IL-10 or depletion of I1L-10-producing
MNPs.

In summary, we provide data showing that MNPs facilitate A. py/ori colonization early post-
infection. We show that the gastric mucosa hosts a large and heterogeneous population of
myeloid cells, including DC and a newly identified CD11b*F4/80NCD64*CX3CR1*
macrophage subset. Although our profiling data does not provide definitive evidence of this
subset being responsible for the induction of the regulatory responses that facilitate optimal
colonization, the fact that they: 1) accumulate in the stomach following H. py/loriinfection,
2) are the subset most affected cell by clodronate treatment, and 3) produce IL-10
constitutively, makes them the cell type most likely responsible for inducing a regulatory
microenvironment in the gastric mucosa during H. py/oriinfection. It is tempting to
speculate that CD11b*F4/80MCD64+*CX3CR1* MNPs are resident cells of the gastric
immune system that promote tolerogenic responses. These macrophages expand following
H. pyloriinfection, most likely by proliferating locally based on BrdU data, and impose an
IL-10-dominated tissue microenvironment that dampens effector responses, particularly
TH17, against H. pylori and thereby facilitate a more effective colonization. An interesting
finding of this study is the very critical role of PPARy in macrophages for the maintenance
of regulatory homeostasis in the stomach. The mechanism by which the loss of PPARy
results in more efficient H. pylori elimination does not seem to be related to increased
neutrophil influx, although it was associated with lower production of IL-10. While
neutralization of IL-10 did not affect accumulation of CD11b*F4/80MNCD64*CX3CR1*
MNPs in the stomach, the myeloid compartment was severely affected by genetic ablation of
PPARY. Three immediate implications derived from this work that deserve further
investigation are: i) To what extent do these host tolerance mechanisms contribute to the role
of H. pylorias a beneficial commensal that protects from immune-mediated diseases?; ii) Do
CD11b*F4/80MCD64*CX3CR1* MNPs facilitate colonization by other members of the
gastrointestinal microbiota; and iii) Are there other master regulators of homeostasis in the
Gl mucosa that target this cell type and can the used for therapeutic development?
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Figure 1. Loss of peroxisome proliferator-activated receptor y (PPARYy) in myeloid cellsresults
in lower colonization with Helicobacter pylori and altered myeloid compartment

(A) WT, PPAR-y-myeloid cell deficient (LysMcre) or PPARy-T cell deficient (CD4cre) mice
were infected with H. pylori SS1. Bacterial burden measured weekly up to 6 months post-
infection show a significant reduction in colonization due to the loss of PPARy in myeloid
cells. Data represents mean £ SEM (n=10). (B) Loss of PPARy in myeloid cells results in
significantly lower percentage of CD64*CD11b*F4/80NCX35CR1* macrophages. Data
represents mean £ SEM (n=5). (C) Phenotypic analysis of gastric myeloid cells in WT and
LysMcre shows a significant depletion in myeloid cells in LysMcre mice including
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CD11b*F4/80MCD64*, neutrophils (CD11bM) and DC. (D) Phenotypic analysis of myeloid
cells in naive CX3CR1-GFP*/* reporter mice. Macrophages, defined by CD64 expression,
were found to be CX3CR1*, DC were analyzed in the CD64" fraction, after negative gating
of CD3 and CD19 expression, and defined based on MHCII, CD11c and CD103 expression.
Top panel represents CX3CR1* cells and bottom panel the CX3CR1™ cells. Results from B,
C and D are representative of 3 independent replicate experiments with same results. Points
with an asterisk are significantly different when compared to the control (WT) group
(P<0.05).
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Figure 2. Helicobacter pylori infection causes accumulation of CD11b+F4/80hiCD64+CX3CR1+

macrophagesin the gastric mucosa
Time-course FACS analysis of gastric myeloid cells after

H. pyloriinfection of WT and

LysMcre mice. The analysis was performed at the indicated times in cells isolated from

mouse stomachs. Plots represent percentages (top row) an

d absolute numbers (middle row)

of CD11b*F4/80MCD64*CX3CR1* macrophages (A, E) neutrophils, (B, D)

CD11c¢*CD103™ (C, G) and CD11c¢*CD103* DC (D, H) s
MHCII*CD64~ cells. Results are averages of 5 mice per t

ubsets. DC gating was done on
ime-point and are presented as

mean + SEM (n=5/time point). (I, J) BrdU incorporation was measured by flow cytometry in

CD11b*F4/80MCD64*CX3CR1* and F4/80'°CD11b* cell
pyloriinfected mice on days 15, 18 and 21 post-infection.

s isolated from the stomach of H.
Points with an asterisk are

significantly different when compared to the control group (/<0.05). Results are
representative of 5 independent replicate experiments with same results. Points with an
asterisk are significantly different when compared to the control (WT) group (~<0.05).
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Figure 3. Macrophage depletion reduces Helicobacter pylori loads and suppresses | L-10-
mediated regulatory responsesin the stomach of WT mice

(A) WT mice were infected with SS1 and received three doses of either clodronate
liposomes or PBS liposomes on days 11, 14, 17, and 20 post-infection. Analyses were
performed prior to the first injection, day 11 (before treatment started), or one day after each
injection. SS1-infected, non-treated LysMcre mice were used for reference. (B) Macrophage
depletion suppressed bacterial loads to levels of untreated LysMcre mice. (C) Clodronate
treatment depleted F4/80NCD11b*CX3CR1* and (D) F4/80MCD11b*CD64* cells from the
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stomach of WT mice. (E) Neutrophil levels ware significantly increased in clodronate-
treated mice. (F, G) Differences were observed in CD11¢*CD103", but not on
CD11¢*CD103* DC (gated on CD64~MHCII™* cells). 1L-10 production was measured in
CD4* T cells (H), CD4 cells (1) during the time course study, and on (J) CD11b* cell on
day 18 post-infection. Data represents mean + SEM (n=8). Points with an asterisk are
significantly different when compared to the control group (/<0.05). Results are
representative of 2 independent replicate experiments with same results. Points with an
asterisk are significantly different when compared to the control (WT) group (~<0.05).
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Figure 4. Phenotypic characterization of | L-10-producing cells during Helicobacter pylori
infection

WT and LysMcre mice were infected with H. pylori SS1 strain. Stomachs were collected at
days 0 (prior to infection), 18 and 24 post-infection. (A) Representative dot plots of IL-10
production by F8/40% cells in WT and LysMcre mice. (B) Average IL-10 producing cells
within CD11b*F4/80!° and CD11b*F4/80MCD64*CX35CR1* macrophages. (C)
Representative plots of IL-10 production by CD4* T cells and B cells from H. pylori SS1-
infected WT and LysMcre mice. Average IL-10 production by (D) CD4 T cells, (E) B cells,
(F) Foxp3* regulatory CD4 T cells and (G) PD-1" Treg cells. Average result data represent
mean + SEM (n=8). Points with an asterisk are significantly different when compared to the
control group (P<0.05). Results are representative of 4 independent replicate experiments
with same results. Points with an asterisk are significantly different when compared to the
control (WT) group (A<0.05).
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Figure5. IL-10 neutralization during Helicobacter pylori infection
WT mice were infected with H. pyloriand on days 17, 19 and 21 post-infection they were

treated with 100 ug of either neutralizing anti-mouse IL-10 or Rat IgG1 isotype control
antibodies. Mice (n=6), were euthanized on day 22 post-infection to measure (A) bacterial
burden in the stomach, and percentages of (B) CD11b*F4/80NCD64*CX3CR1*, (C)
neutrophils, and (D) DC. Cells from the gastric lymph nodes of 3—-4 mice of the same gender
and treatment were stimulated ex-vivo with RPMI (unstimulated) or 5 pg/ml of formalin-
inactivated H. pylori SS1. Production of (E) IFNvy, (F) IL-10, (G) IL-17 and (H) IL-6 were
measured in 72-hour cell culture supernatant using a cytometric bead array. Results are
expressed as average of 3-5 samples of pooled cells and data represent mean + SEM. Points
with an asterisk are significantly different when compared to the control group (/<0.05).
Results are representative of 2 independent replicate experiments with same results. Points
with an asterisk are significantly different when compared to the control (WT) group

(P<0.05).
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