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BACKGROUND & AIMS: Helicobacter pylori induces strong
inflammatory responses that are directed at clearing the
infection, but if not controlled, these responses can be harmful
to the host. We investigated the immune-regulatory effects of
the innate immune molecule, nucleotide-binding oligomeriza-
tion domain-like receptors (NLR) family CARD domain-
containing 5 (NLRC5), in patients and mice with Helicobacter
infection. METHODS: We obtained gastric biopsies from 30 pa-
tients in Australia. We performed studies with mice that lack
NLRCS in the myeloid linage (Nlrc5™%°) and mice without Nirc5
gene disruption (controls). Some mice were gavaged with H pylori
SS1 or Helicobacter felis; 3 months later, stomachs, spleens, and
sera were collected, along with macrophages derived from bone
marrow. Human and mouse gastric tissues and mouse

macrophages were analyzed by histology, immunohistochemistry,
immunoblots, and quantitative polymerase chain reaction. THP-1
cells (human macrophages, controls) and NLRC57~ THP-1 cells
(generated by CRISPR-Cas9 gene editing) were incubated with
Helicobacter and gene expression and production of cytokines
were analyzed. RESULTS: Levels of NLRC5 messenger RNA
were significantly increased in gastric tissues from patients
with H pylori infection, compared with patients without
infection (P < .01), and correlated with gastritis severity (P
< .05). H pylori bacteria induced significantly higher levels of
chemokine and cytokine production by NLRC5~/~ THP-1
macrophages than by control THP-1 cells (P < .05). After 3
months of infection with H felis, Nlirc5™° mice developed
gastric hyperplasia (P < .0001), splenomegaly (P < .0001),
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and increased serum antibody titers (P < .01), whereas
control mice did not. NIrc5™*X° mice with chronic H felis
infection had increased numbers of gastric B-cell follicles
expressing CD19 (P < .0001); these follicles had features of
mucosa-associated lymphoid tissue lymphoma. We identified
B-cell-activating factor as a protein that promoted B-cell
hyperproliferation in Nlrc5™%° mice. CONCLUSIONS:
NLRC5 is a negative regulator of gastric inflammation and
mucosal lymphoid formation in response to Helicobacter
infection. Aberrant NLRC5 signaling in macrophages can
promote B-cell lymphomagenesis during chronic Heli-
cobacter infection.

Keywords: MALT lymphoma; BAFF; B-lymphocytes; Gastric
Carcinogenesis.

he gut microbiota influences innate and adaptive

responses that are important for the maintenance of
mucosal immunohomeostasis, which, if disrupted, may lead
to gastrointestinal disease." Immune responses can protect
the host against infection, but may also have a major influ-
ence on disease outcome.”* One example is the bacterium
Helicobacter pylori, which despite colonizing the stomach for
decades, is generally not associated with symptomatology or
serious sequelae, yet is a major causal factor in peptic ulcer
disease and gastric cancer. It is now accepted that the chronic
gastritis induced by H pylori infection plays a central role in
the development of adenocarcinoma.” Prolonged inflamma-
tion in H pylori-infected subjects also promotes the forma-
tion of lymphoepithelial lesions and mucosal lymphoid
follicles, typically composed of B-lymphocytes.>® These fol-
licles may develop into gastric B-cell mucosa-associated
lymphoid tissue (MALT) lymphoma.>® Approximately 92%
to 98% of cases of gastric MALT lymphoma are associated
with H pylori-induced gastritis.” Lesions resembling human
gastric B-cell MALT lymphoma have been shown to develop
in mice with chronic Helicobacter infection, in particular
those associated with Helicobacter felis.”*

Macrophages play a crucial role in regulating inflamma-
tory responses during chronic H pylori infection.””** Mono-
cytes and macrophages secrete cytokines that drive the
polarization of T helper (Th) responses to a Th1 phenotype
and the production of interferon-y (IFN-v) by CD4™" T cells."*
Macrophages also shape adaptive immune responses to
Helicobacter infection, by acting as antigen-presenting cells
and secreting B-cell survival factors, such as B-cell-activating
factor (BAFF) and a proliferative-inducing ligand
(APRIL).**'* BAFF and APRIL secretion by mucosal macro-
phages mediates lymphocyte proliferation and B-cell lym-
phomagenesis during chronic H pylori infection.'®'*
Although some aspects of Helicobacter-induced gastric
B-cell MALT lymphoma have been studied in detail,"* *°
current understanding of its pathogenesis is incomplete.

Nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs) are a family of cytosolic pattern recognition
receptors that regulate host defense responses against mi-
croorganisms.'” Defects in NLR-mediated signaling, however,
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Helicobacter pylori induces strong inflammatory
responses that are directed at clearing the infection, but
if not controlled, these responses can be harmful

NEW FINDINGS

In studies of gastric tissues from patients and mice, we
found that NLRC5 is a negative regulator of gastric
inflammation and mucosal lymphoid formation in
response to Helicobacter infection. Aberrant NLRC5
signaling in macrophages can promote B-cell
lymphomagenesis during chronic Helicobacter infection.

LIMITATIONS
This study was performed using human tissues and mice.
IMPACT

NLRC5 in macrophage is an important regulator of the
gastric inflammatory response to Helicobacter infection

can disrupt immunohomeostasis, resulting in detrimental ef-
fects on the host.'” One of these proteins, NLR family CARD
domain-containing 5 (NLRC5), was proposed to function as a
regulator of proinflammatory responses to intracellular bac-
terial and viral pathogens.'®“° NLRC5 is strongly expressed
in the myeloid cell lineage'®'*?" and transactivates major
histocompatibility complex (MHC) class I genes to mediate
antitumor activity.”” It has been suggested that NLRC5 may be
a positive prognostic marker for various cancers.*?

IFN-y plays a critical role in the Th-1-dependent
inflammation associated with H pylori disease.”® Given
that IFN-y also upregulates NLRC5 expression,'® thereby
potentially promoting its antitumor activity,** we sought to
determine the role of NLRC5 in gastric inflammation due to
chronic H pylori infection. We now show that H pylori
upregulates NLRC5 expression in macrophages and gastric
tissues. Furthermore, macrophage-specific NLRC5 was
found to negatively regulate proinflammatory cytokine re-
sponses and to protect against the formation of mucosal
B-cell lymphoid tissue formation in response to chronic
Helicobacter infection in mice. We identified macrophage-
derived BAFF as a key factor promoting B-cell lymphoid
tissue formation in mice lacking functional Nlrc5 in the
myeloid cell compartment. Thus, this work reveals a new
role for NLRC5 as a potential suppressor of B-cell

Abbreviations used in this paper: APRIL, a proliferative-inducing ligand;
BAFF, B-cell-activating factor; BMDM, bone marrow-derived macro-
phage; ELISA, enzyme-linked immunosorbent assay; IFN-vy, interferon-v;
Ig, immunoglobulin; IL-13, interleukin-13; LPS, lipopolysaccharide; MHC,
major histocompatibility complex class; MALT, mucosa-associated
lymphoid tissue; MOI, multiplicity of infection; NLRC5, NLR family CARD
domain-containing 5; NF-«B, nuclear factor-xB; NLR, nucleotide-binding
oligomerization domain (NOD)-like receptor; p.i., postinfection; qRT-PCR,
quantitative reverse-transcription polymerase chain reaction; STAT,
signal transducer and activator of transcription; Th, T helper; WT, wild
type.
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lymphomagenesis and suggests that aberrant NLRC5
signaling may promote the development of MALT lym-
phoma associated with chronic H pylori infection.

Materials and Methods

Human Gastric Biopsies

Gastric biopsies were collected from consenting partici-
pants (n = 30) attending the Monash Medical Centre Gastro-
intestinal and Liver Unit (Monash Health Human Research
Ethics Committee project number 07174A). Biopsies were
graded histologically, according to a revised version of the
Sydney System.?* Samples were stored at —80°C until analyzed.
H pylori infection status was confirmed using specific 16S ri-
bosomal RNA primers, as described previously.**

Mice

Mice were maintained at the Monash Animal Research
Platform, Monash Medical Centre, under specific pathogen-free
conditions. All animal procedures complied with the guidelines
approved by Monash Medical Centre Animal Ethics Committee
(MMCA/2015/43). Mice lacking NIrc5 in the myeloid linage
(NIrc5™%, n = 68) were generated on the C57BL/6 back-
ground by crossing Nirc5"® mice with LysM-Cre animals,
resulting in a deletion of exon 4 which codes for the NOD
(Supplementary Figure 14). As wild-type (WT) controls (n =
50), we used Nirc5"“** x LysM-cre or Nirc5"" C57BL/6 mice.
The ratio of male:female mice was 58:60.

Isolation of Murine Bone Marrow-Derived
Macrophages (BMDMs)

The femurs and tibias of mice were flushed using 23-gauge
needles (BD Biosciences, San Jose, CA). Cells were washed by
centrifugation at 200g for 5 minutes, then resuspended in
Dulbecco’s modified Eagle’s medium containing 10% (vol/vol)
fetal calf serum, 1% (vol/vol) penicillin/streptomycin, 1% (vol/
vol) L-glutamine (ThermoFisher Scientific, Scoresby, VIC,
Australia) and 10% (vol/vol) L929-cell-conditioned medium.
BMDMs were cultured in low adherence flasks (Sarstedt,
Numbrecht, Germany) and incubated at 37°C in 5% CO; for 6
days.

Cell Lines

NLRC5-deficient (NLRC5~/~) THP-1 cells were generated by
CRISPR-Cas9 gene editing. NLRC5~/~ and WT THP-1 cells, as
well as human gastric epithelial AGS and MKN28 cell lines,*
were maintained in RPMI medium supplemented with 10%
(vol/vol) fetal calf serum, 1% (vol/vol) penicillin/streptomycin,
and 1% (vol/vol) L-glutamine.

Bacterial Culture

H pylori Sydney Strain 1 (SS1),%° H felis (ATCC 49179/
€S1),%” and H pylori clinical isolates associated with MALT
lymphoma (189, 213, 223, 245), nonulcer dyspepsia (240, 244,
249, 251), or duodenal ulcer (DU, 246, 247, 250, 256)*° were
grown using standard methods.?®
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Cell Co-Culture Assays

BMDMs were seeded in 12-well plates (2 x 10° cells/mL)
and incubated at 37°C, 5% CO, for 6 hours. Cells were serum-
starved overnight before performing co-culture assays. Phorbol
12-myristate 13-acetate-treated (20 ng/mL; Sigma Aldrich,
Saint Louis, MO) WT and NLRC5~/~ THP-1 cells were seeded in
12-well plates (5 x 10° cells/mL) and incubated at 37°C, 5%
CO, for 48 hours. Cells were serum-starved at least 1 hour
before treatment. Liquid cultures of H pylori and H felis were
used for co-culture assays at a multiplicity of infection [MOI] =
10:1, confirmed by viable counting.?® Bacteria were heat-killed
by treatment at 98C for 1 hour. Bacteria were removed after 1
hour and the cells reincubated in fresh media. As controls, cells
were treated with recombinant IFN-y (100 ng/mL; BioLegend,
San Diego, CA) or Escherichia coli 0111: B4 lipopolysaccharide
(LPS, 100 ng/mL; UltraPure, InvivoGen, San Diego, CA).

Quantitative Real-time Polymerase Chain
Reaction (QRT-PCR)

Complementary DNA was synthesized from TURBO-DNase-
treated (Thermo Fisher) RNA (500 ng) using the Tetro com-
plementary DNA synthesis kit (Bioline, Eveleigh, NSW,
Australia). qPCR reactions were performed on an Applied Bio-
systems (Foster City, CA) 7900 Fast Real-Time PCR machine
(MHTP Medical Genomics Facility) using primers or Tagman
probes (Supplementary Tables 1 and 2). Gene expression was
compared by obtaining delta threshold cycle values (ACt) and
normalizing to the expression of RNA1851/Rn18s. Relative gene
expression values were calculated as 2724,

Cytokine Quantification

Enzyme-linked immunosorbent assay (ELISA) kits were
used to quantify CXCL8 (interleukin [IL]-8) (BD Biosciences,
NSW, Australia); IL-18 (ThermoFisher); tumor necrosis factor
(BD Biosciences); keratinocyte chemoattractant/chemokine (C-
X-C motif) ligand 1 (Cxcl1); macrophage inflammatory protein
2/Cxcl2; IFN-y-induced protein 10/CXCL10); IFN-v, APRIL,
and BAFF (all R&D Systems, Minneapolis, MN). Absorbance
values were measured at 450 nm with a FLUOStar Optima
microplate reader (BMG Labtech, Mornington, VIC, Australia).
Cytokine levels were determined by 4-parameter fit analysis.

In Vivo Infection

Mice (male and female; 6-8 weeks old) were orally gavaged
with >10° colony-forming units of either H pylori SS1 or H
felis.28 As a control, mice were administered Brain Heart Infu-
sion broth (ThermoFisher Scientific). Bacterial numbers were
confirmed by agar plate dilution.”® Mice were euthanized at 3
months postinfection (p.i.), and the stomachs, spleens, and sera
collected.”® H pylori SS1 colonization was expressed as colony-
forming units per gram.”® Formalin-fixed gastric tissue sections
were stained with Harris’ Hematoxylin and Eosin (H&E)
(Amber Scientific, Midvale, Australia) or Wright Giemsa (Sigma-
Aldrich, St Louis, MO) stains to assess histopathological changes
or H felis colonization, respectively.”® H&E-stained slides were
analyzed using an Aperio slide scanner (x20 magnification)
and ImageScope software (Leica Biosystems, Mount Waverley,
VIC, Australia). Giemsa-stained slides were analyzed using an
Olympus DP73 digital camera (x40 magnification) and CellSens
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Dimension software (v1.7.1, Olympus Australia, Notting Hill,
VIC, Australia). At least 2 tissue sections per slide were
analyzed per mouse stomach.

Helicobacter-specific Serum Antibody ELISA
Antigen-specific antibody responses were determined using
sonicated bacterial extracts (25 ug protein/well).® Anti-mouse
secondary antibodies (diluted 1:5000; BD Biosciences) were
added to plates for 2 hours at 37°C and immunoglobulins
detected using streptavidin-peroxidase conjugate (BD Bio-
sciences). Helicobacter-specific antibody endpoint titers for each
treatment were determined relative to those of naive mice.”®

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, La Jolla, CA) was
used for all statistical analyses. Data were analyzed using the
Mann-Whitney, Kruskal-Wallis, 1-way or 2-way analysis of
variance tests, as indicated. Results are presented as mean +
standard error of the mean. P values <0.05 were considered
statistically significant.

Results

NIrc5/NLRC5 Expression in Murine and Human
Gastric Biopsies is Upregulated in Response to H
pylori Infection

Here, we reveal that Nirc5/NLRC5 expression is signifi-
cantly increased in response to chronic H pylori infection in
mouse and human gastric biopsies (Figure 1A and B,
respectively). Furthermore, gastric NLRC5 expression corre-
lated positively with gastritis severity but not tumor forma-
tion, when compared with histologically normal and matched
nontumor tissues, respectively (Figure 1C). As NLRC5
expression is highly induced by IFN-y,"®%? a critical mediator
of H pylori-gastritis,m'24 we examined IFNG expression in
these gastric biopsies. IFNG expression was highly induced in
response to H pylori infection (Supplementary Figure 24) and
increased with disease severity (Supplementary Figure 2B).
A correlation was also observed between IFNG and NLRC5
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expression, but this did not reach statistical significance
(Supplementary Figure 2C). Thus, Helicobacter infection re-
sults in upregulated NLRC5 expression in the gastric mucosa
and this expression correlates with disease severity.

Helicobacters Upregulate Nirc5/NLRC5
Expression in Murine and Human Macrophages

NLRC5 is responsive to a variety of microbe-associated
molecular patterns, including LPS, resulting in the activation
of type I IFN and Janus kinase/signal transducer and activator
of transcription (STAT) signaling pathways.'”*’ We found
that live Helicobacter bacteria induced the upregulation of
Nirc5 expression in mouse BMDMs by 10- to 100-fold, com-
parable to the levels induced by IFN-y and LPS (Figure 24).
NLRC5 expression in THP-1-derived human macrophages
was also significantly increased in response to H pylori and H
felis stimulation, with maximal effects observed at 48 hours
poststimulation (Figure 2B and data not shown). Interest-
ingly, human gastric epithelial cell lines expressed NLRC5
both basally and in response to stimulation, thus suggesting
that NLRC5 in nonmyeloid cells may potentially be responsive
to bacterial agonists (Supplementary Figure 3).

NLRC5 was located diffusely within the cytoplasm of
untreated and IFN-y-stimulated THP-1-derived macro-
phages (Figure 2C). In response to stimulation with either H
pylori or H felis, NLRC5 formed well-defined aggregates
(Figure 2C, low-power images) that localized to the peri-
nuclear region of cells (Figure 2C, zoomed images). Collec-
tively, these results show that Helicobacter bacteria
upregulates NLRC5/NIrc5 expression in macrophages,
resulting in the formation of perinuclear aggregates and the
potential regulation of downstream signaling events.

NLRCS5 is a Negative Regulator of
Proinflammatory Reponses During Helicobacter
Infection

NLRC5 has been reported to function as both a negative
and positive regulator of inflammatory responses through its
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Figure 1. Nirc5/NLRC5 expression is upregulated in H pylori-infected murine and human gastric biopsies. (A) Nirc5 expression
in murine gastric biopsies at 30 days p.i. with H pylori (n = 4-5 per group). (B) NLRC5 expression in uninfected (control) and H
pylori-infected human gastric biopsies. (C) NLRC5 expression in human gastric biopsies classified as “normal,” “moderate,” or
“severe” gastritis, and in nontumor/tumor tissues (n = 6-11 per group). NLRC5 expression was normalized to uninfected or
normal groups, respectively. Data are presented as the mean + SEM. Values for individual murine or human gastric tissues are
presented. Mann-Whitney (A, B) or Kruskal-Wallis (C) tests: *P < .05, **P < .01, and ns = not significant.
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Figure 2. Nirc5/NLRC5
expression in  macro-
phages is upregulated in
response to live Heli-
cobacter bacteria. (A)
Nirc5 expression in murine
BMDMs and (B) phorbol
12-myristate  13-acetate
(PMA)-differentiated  hu-
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effects on Janus kinase/STAT, Toll-like receptor, and IFN
pathways.'®??*° Kumar et al’’ reported that NLRC5 was
dispensable for cytokine induction in response to Salmonella,
Francisella, and Listeria infection, whereas other authors
found that NLRC5 was critical for the induction of CD8* T-cell
responses against Listeria infection.>! Thus, the role of NLRC5
in antimicrobial immune responses seems to depend on the
particular infection model. To elucidate the role of NLRC5 in
anti-Helicobacter responses, we used monocyte-derived WT
and NLRC5~/~ THP-1 macrophages (Figure 34). Consistent
with the role of NLRC5 as a transactivator of MHC class I
genes,”” we observed HLAB gene expression to be reduced in
NLRC5~/~ cells in response to stimulation with IFN-vy, LPS, H
pylori, or H felis (Figure 3B). Conversely, these cells expressed
increased levels of the MHC class II gene, HLA-DRB, both
constitutively and in response to stimulation (Figure 3C).
The expression levels of nuclear factor-«kB (NF-«B)
target genes, CXCL2 and CXCL8, were elevated in

48

T T
72 H. pylori H. felis

Zoomed

100 pm

NLRC5~/~ THP-1 macrophages stimulated with Heli-
cobacter bacteria or known NLRC5 agonists (LPS, IFN-
v), when compared with WT cells (Figure 3D and E).
Importantly, NLRC5/~ macrophages produced signifi-
cantly more CXCL8, CXCL10, and IL-18 in response to
stimulation with live H pylori or H felis bacteria
(Figure 3F-H). These effects on chemokine production
in NLRC5/~ THP-1 macrophages were also observed
in response to stimulation with heat-killed bacteria
(Supplementary Figure 4). Similar to the human
macrophage data, the expression levels of several NF-
kB-dependent cytokine and chemokine genes were
upregulated in Nirc5™%° BMDMs in response to H
pylori stimulation (Supplementary Figure 5A-F). H py-
lori clinical isolates associated with various disease
outcomes, including MALT lymphoma, were equally able
to upregulate proinflammatory responses in NLRC5/~
THP-1 cells (Supplementary Figure 5I).
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Figure 3. Increased immune responses of NLRC5~'~ THP-1
cells to Helicobacter stimulation. (A) NLRC5 (204 kDa) was
detected in WT and NLRC5~'~ THP-1 cells that were either
not stimulated (NS) or stimulated with H felis (HF) or H pylori
SS1 (HP) (MOI = 10). 8-Actin was used as a loading control.
The image is representative of at least 3 independent
experiments (n = 3). Gene expression levels in WT and
NLRC5~~ THP-1 cells that were either not stimulated (NS)
or stimulated with human recombinant IFN-y (100 ng/mL),
LPS (100 ng/mL), H pylori SS1, or H felis (MOl = 10).
Detection of (B) HLAB, (C) HLADRB, (D) CXCL2, (E) CXCLS8,
(F) CXCLS8, (G) IL-18, (H) CXCL10, (/) IFN-y, and (J) phos-
phorylated STAT1 (P-STAT1 Tyr701). Gene expression was
normalized to that of RNA78S7. Tubulin was used as a
loading control. Data are presented as the mean + SEM from
at least 3 independent experiments (n = 3). Kruskal-Wallis,
1-way or 2-way analysis of variance, as appropriate: *P < .05,
P < .01, ™P < .001, *™P < .0001, and ns = not
significant. Dotted lines represent values below the assay
detection limit.
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As IFN-v is a known inducer of NLRC5 expression,m’29

we measured IFN-y production in WT and NLRC5/~
THP-1 cells to determine whether the autocrine production
of this cytokine may be responsible for upregulation of
NLRC5 expression in response to Helicobacter stimulation
(Figure 2B). IFN-v was produced in WT THP-1 cells that had
been stimulated with either LPS or IFN-v, but not those
stimulated with Helicobacter bacteria (Figure 3I), thus
indicating that autocrine IFN-y is not involved in the in-
flammatory responses induced by these bacteria. Consistent
with these data, phosphorylated (Tyr701)-STAT1 was not
detected in cells stimulated with Helicobacter bacteria
(Figure 3J). Taken together, the data suggest that NLRC5
acts to negatively regulate proinflammatory chemokine/
cytokine responses to Helicobacter bacteria via a different
mechanism to classical NLRC5 signaling.

NLRC5 Regulates Macrophage-secreted BAFF in
Response to Helicobacter

The B-cell factors, BAFF and APRIL, are secreted by
macrophages in response to Helicobacter infection and have
been reported to be drivers of gastric B-cell MALT lym-
phoma.’*'*** Significantly higher BAFF expression levels
were observed for NLRC5~/~ THP-1 cells stimulated with
LPS, H pylori or H felis, when compared with WT cells
(Figure 4A and B). BAFF expression in response to either
bacterial species was upregulated 10- to 100-fold
(Figure 4A4; Supplementary Figure 6) and maximal at 48
hours (Figure 44). Although both species induced increased
BAFF production in NLRC5/~ THP-1 cells, only those
stimulated with H felis produced significantly more of this
factor than WT cells (Figure 4B). APRIL gene expression was
only increased in LPS-stimulated NLRC5/~ THP-1 cells
when compared with WT cells (Figure 4C and D). No dif-
ferences in APRIL protein levels were observed between the
2 cell lines. These findings suggest that macrophage-derived
BAFF may be an important factor in NLRC5-mediated re-
sponses to Helicobacter infection.

NLRC5 Regulates Helicobacter-induced Gastric
Inflammation and Development of Mucosal
Lymphoid Follicles

NLRC5 is strongly expressed in myeloid cells?’ and
downregulated proinflammatory responses to Helicobacter
bacteria in vitro (Figure 3, Supplementary Figure 5A-H), we
speculated that macrophage-derived NLRC5 may regulate
inflammatory responses to Helicobacter infection in vivo.
This question was addressed using conditional knockout
mice with nonfunctional Nirc5 within the myeloid cell
lineage (NIrc5™%° mice). At 3 months p.i,, mice were killed
and their body weights and stomach mass were shown to be
similar ~between ~WT and  NiIrc5™™°  animals
(Supplementary Figure 7). Similarly, Nirc5 deficiency did
not influence the bacterial burden within the stomachs of H
pylori-infected Nirc5™*° mice (Figure 5A4). H felis infection
status was verified by Giemsa staining fields (Figure 5B), as
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H felis does not form colonies on culture plates.** Although
no significant differences in inflammatory responses were
observed between WT and Nirc5™%° mice with H pylori
infection, H felis-infected NIrc5™ X0 mice developed more
severe inflammation and glandular hyperplasia when
compared with WT animals (Figure 5C-F). A particularly
noteworthy finding was that H felis-infected Nlrc5™?°
mice also developed significantly higher numbers of
lymphoid structures or follicles within the gastric mucosa
(Figure 5C-E), consisting of predominantly B220" cell
populations and few CD3™ T cells (Figure 5G). This finding
is consistent with the phenotype of follicles that form during
gastric MALT lymphoma.'®

Nirc5™*%° mice with chronic Helicobacter infection also
demonstrated increased splenic mass compared with WT
mice (Figure 5H). The spleen is one of the lymphoid organs
that abundantly expresses Nirc5'>*! and is a major site for
lymphoid cell proliferation. The serum of Nlrc5™**° mice
also contained significantly elevated levels of Helicobacter-
specific immunoglobulin (Ig)G, IgA, IgGl, and IgG2c anti-
bodies when compared with WT animals (Figure 5I-L).
Collectively, these results indicate that Nlrc5 functions to
regulate the gastric inflammation associated with gastric B-
cell lymphomagenesis in response to chronic Helicobacter
infection, but does not appear to have a role in bacterial
clearance. We suggest that NLRC5 may play a role in B-cell
development in the spleen and other secondary lymphoid
organs.

NLRC5 Controls B-Lymphocyte Proliferation in
Murine Splenocytes During Chronic Helicobacter
Infection

During gastric MALT lymphoma development, B cells
within the marginal zones are thought to expand clonally,
thus forming neoplastic lesions or lymphoid follicles in the
gastric mucosa.’® To investigate whether NLRC5 may regu-
late the B-cell proliferation required for gastric MALT lym-
phoma development, splenocytes from H felis-infected WT
and Nlrc5™2 %9 mice at 3 months p.i. were cultured ex vivo for
72 hours and labeled with the cell fluorescent dye, carboxy-
fluorescein succinimidyl ester, to monitor for lymphocyte
proliferation. To observe whether factors secreted by murine
macrophages in response to H felis stimulation may influence
cell proliferation, conditioned media from nonstimulated or

d

Figure 4.Increased BAFF responses in NLRC5~'~ THP-1
cells to Helicobacter stimulation. Monocyte-derived WT and
NLRC5~/~ THP-1 macrophages were either not stimulated
(NS) or stimulated with human recombinant IFN-y (100 ng/
mL), LPS (100 ng/mL), H pylori SS1, or H felis (MOl = 10).
Detection of (A) BAFF expression; (B) BAFF protein; (C) APRIL
expression; and (D) APRIL protein. Gene expression was
measured at 48 hours poststimulation and normalized to that
of RNA18S1. BAFF and APRIL protein levels were determined
at 48 and 72 hours, respectively. Data are presented as the
mean + SEM from at least 3 independent experiments (n = 3).
Two-way analysis of variance test: “*P < .01, P < .001, P
< .0001, and ns = not significant. Dotted lines represent
values below the assay detection limit.
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Figure 5. Nirc5™%° mice exhibit increased inflammatory responses and accelerated gastric B-cell lymphoid formation in
response to chronic H felis infection. (A) Bacterial burden of H pylori SS1 in the stomachs of mice at 3 months p.i. Colonies are
quantified as colony-forming units per gram (CFU/g) of stomach tissue. Bacterial counts were plated in duplicate per mouse
stomach, and the average CFU calculated (n = 8-14 mice per group). (B) H felis-infected murine gastric tissue with arrows
showing the presence of the bacterium within gastric glands (Giemsa stain, magnification x40). Histopathological changes in
the stomachs of WT and NIrc5™° mice at 3 months p.i. with (C) H pylori SS1 or (D) H felis. Cellular infiltrates (arrows),
glandular hyperplasia (triangles), and follicular aggregates (dotted lines) can be observed in the mucosa of the animals (H&E
stain; magnification x20, scale bar 100 um). Quantification of the (E) mucosal thickness and (F) numbers of mucosal follicles
per gastric tissue section. (G) Detection of B and T lymphocytes within the gastric tissues of the mice using anti-mouse B220
(left) and anti-mouse CD3 (right) antibodies, respectively. B220* cellular infiltrates (arrows), mucosal follicles (dotted lines), and
CD3™" cells (triangles) can be observed. (magnification x20, scale bar 100 um). IgG-stained cells are shown as controls.
Measurement of (H) the splenic weights (n = 10-42 mice per group) and Helicobacter-specific serum, (/) IgG, (J) IgA, (K) IgG1,
and (L) IgG2c titers (n = 4-29 mice per group). In (B), (C), (D), (E), (F), and (G), at least 3 fields were analyzed per stomach. H&E
images are representative of 20 to 30 mice per group. B220 and CDS staining is representative of >6 mice. Data are presented
as the mean + SEM. Mann-Whitney test, *P < .05, **P< .01, ***P < .001, ***P < .0001, and ns = not significant.
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Figure 6. Increased proliferation in B- and T-splenocytes from H felis-infected Nirc5™°*° mice. Splenocytes from WT and
NIrc5™ KO mice that had been infected with H felis for 3 months were assessed for (A4) CD19" and (B) CD3* lymphocyte
proliferation by flow cytometry. Carboxyfluorescein succinimidyl ester (CFSE)-labeled splenocytes were either not stimulated
(NS) or treated with LPS + «-IgM (100 ng/mL), «-CD3 (100 ng/mL), or conditioned media (CM) from NS or H felis—stimulated
(MOI 10) BMDMs. Splenocytes were analyzed 3 days poststimulation. Gated populations (left side) represent splenocytes that
have undergone cell division, as observed by a reduction in CFSE staining. Gated populations on the right side represent the
initial populations of CFSE-stained splenocytes on day 0. Data are representative of 3 independent experiments, of which >3
mice were used per group.

10°

H felis-stimulated WT and NIrc5™*%° mice BMDMs were
added to splenocytes of the corresponding genotype. As
controls, splenocytes were either not stimulated or stimu-
lated with either LPS + anti-IgM («-IgM) or anti-CD3 («-CD3),
which act as a B-cell mitogen or activator of T cells, respec-
tively. In response to stimulation, splenocyte-derived CD19™"
and CD3™" populations from Nirc5™*° mice proliferated at
higher rates than WT cells across all treatment conditions
(Figure 6 and Supplementary Figure 8). Similar observations
were obtained for splenocytes from infected mice at 6
months p.i. (data not shown). These results suggest that NIrc5

deficiency in myeloid cells leads to enhanced B- and
T-lymphocyte proliferation, and that NLRC5 may be
responsible for regulating B- and T-cell proliferation in the
spleen during Helicobacter infection.

NIrc5™°K° BMDMs Secrete B- and T-cell
Proliferative Factors in Response to H felis

We showed that NLRC5~/~ THP-1 macrophages secrete
higher levels of BAFF in response to H felis stimulation
compared with WT cells (Figure 44 and B). We therefore
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Figure 7. Macrophage-conditioned medium contains BAFF, which promotes B- and T-lymphocyte proliferation. Nirc5™°K°
murine BMDMs were treated with H felis (MOI = 10) for 72 hours. The resulting BMDM-conditioned medium was concentrated
and separated using size-exclusion chromatography. Fractions (1 mL) were collected. (A) Elution profiles (Asgp Nm) of the
conditioned medium (blue) and protein standards (red). Gray bars show mouse BAFF levels (pg/mL, left y-axis) in fractions 8 to
83. CFSE-labeled Nirc5"™ splenocytes were stimulated with fractions 1 to 45 for 72 hours. (8) CD19™ and (C) CD3 " proliferation
of murine splenocytes. The dotted line along the x-axis represents baseline proliferation of nonstimulated splenocytes (8.39%
for CD19% and 21.4% for CD3* cells). Data represent pooled splenocytes from 3 mice. Dotted boxes in (A) and (B) show the
predicted eluted molecular weight of fraction 36. K,, values were calculated according to the equation: K5, = Ve — Vo/Vy — Vo,
where V, is the elution volume, Vj is the void volume (40 mL), and V; is the total bed volume (120 mL) of the column.

speculated that BAFF secretion by H felis-activated macro- source of B- and T-cell proliferation in splenocytes and
phages may drive the lymphocytic expansion observed in to investigate whether there may be additional factors
the NiIrc5™° mice (Figure 5C-E, G). To investigate this present that induce cell proliferation, we tested fractions
question, NIrc5™ % murine BMDMs were stimulated with 1 to 45. Flow cytometry was used to determine CD19" B-
H felis for 72 hours and the conditioned media subjected to and CD3" T-cell proliferation in carboxyfluorescein succi-
size-exclusion chromatography. By testing pooled fractions nimidyl ester-labeled NIrc5"® splenocytes. Fraction 36
for BAFF by ELISA, we detected peak BAFF activity in enhanced CD19" and CD3* proliferation compared with
fractions 36 to 40 (data not shown). Individual fractions nonstimulated cells, indicating that BAFF in fraction 36 is
were then analyzed, revealing that BAFF was most abundant  one of the drivers of lymphocyte expansion (Figure 7B and
in fraction 36 (Figure 7A4). To confirm that BAFF is the (). This fraction is predicted to have an elution profile
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consistent with a molecular mass of approximately 78 kDa.
Interestingly, other fractions also induced moderate levels
of B- and T-cell proliferation. This suggests that there may
be other macrophage factors that drive B- and T-cell pro-
liferation during Helicobacter infection. Taken together, we
have shown that Nirc5™° murine macrophages secrete
BAFF and other macrophage factors that induce B- and T-
cell proliferation in response to H felis. Further studies to
investigate whether these factors act synergistically to
provide pro-proliferative signals to B or T cells alone, or
whether cell proliferation is dependent on antigenic-
activation through BCRs or involve ligand-ligand in-
teractions via B- and T-cell interactions, will provide insight
into the mechanisms of NLRC5-mediated B-cell lymphoma-
genesis during chronic Helicobacter infection.

Discussion

H pylori infection is a major causal factor in the devel-
opment of gastric B-cell MALT lymphoma.® Many of the key
pathogenetic mechanisms contributing to MALT lymphoma
have been identified, yet the reasons why this neoplasm
remains a relatively rare event among individuals with H
pylori infection are unclear. Here, we identify intracellular
NLRCS5 to play a protective role against the development of
B-cell follicular gastritis, a precursor to B-cell MALT lym-
phoma. Using the H felis mouse model, we show that ani-
mals lacking functional Nlrc5 in myeloid cells develop
uncontrolled gastric B-cell lymphoid follicle formation. Our
data suggest that gastric Helicobacters upregulate NLRC5
expression in macrophages to dampen proinflammatory
responses. H felis also induced the production of the B-cell
proliferation and survival factor, BAFF. We propose that loss
of NLRC5 function may predispose H pylori-infected in-
dividuals to gastric B-cell lymphomagenesis. This finding is
consistent with recent whole-exome sequencing studies,
linking modifications in the NLRC5 locus with various
cancers.*>3>3¢

NLRC5 expression was previously reported to occur in
various mucosal tissues, such as the lung, small intestine,
colon, and uterus. 81929 Moreover, its expression was
important in modulating CD8" T-cell responses against in-
testinal infections by Listeria monocytogenes®' and rota-
virus.>” We found that H pylori infection was associated with
significantly increased levels of Nlrc5/NLRC5 expression in
the stomach mucosa of infected hosts (Figure 14 and B). An
important activator of NLRC5 expression is the Type II IFN,
IFN-y (Figures 1 and 2),"® which is produced locally during H
pylori infection and is responsible for much of the immuno-
pathology associated with the infection.”® Consistent with this
finding, IFNG expression was significantly increased in H
pylori-positive gastric biopsies and correlated positively with
both gastritis severity and NLRC5 expression (Supplementary
Figure 1). Nevertheless, we can exclude potential autocrine
effects of IFN-y on the responses of NLRC5/~ THP-1 mac-
rophages to Helicobacter stimulation (Figure 3/ and K).

Macrophages act as sentinel immune cell populations that
regulate inflammation during H pylori infection.”' As
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reported previously,'®'>** we found Nirc5/NLRC5 to be
expressed strongly in myeloid cells, but now show that
gastric epithelial cell lines also express this NLR (Figure 2 and
Supplementary Figure 3). In contrast to our findings, one
study described significant decreases in NLRC5 expression in
response to H pylori stimulation in THP-1 macrophages,*” but
expression was measured at 6 hours poststimulation, rather
than the longer time-points used here. Once activated by
Helicobacter infection, we observed that NLRC5 forms peri-
nuclear aggregates in macrophages (Figure 2C), which is
consistent with the reported interactions between NLRC5
and an inflammasome containing the NLR family pyrin
domain-containing protein, NLRP3.2° Nonetheless, in
contrast to that study, which reported that NLRC5 positively
regulates the inflammasome, in the Helicobacter infection
model it would likely be a negative regulator (Figure 3H).
Given that NLRC5 can shuttle between the cytosol and nu-
cleus,'® we propose that NLRC5 shuttling to the nucleus may
regulate proinflammatory responses and MHC functions
during Helicobacter infection. Consistent with the known role
of NLRC5 as an MHC class I transactivator,?23%32%% we
observed significant upregulation of the MHC class I gene,
HLAB, in NLRC5~/~ THP-1 macrophages stimulated with
Helicobacter bacteria when compared with WT cells
(Figure 3C). In parallel, a compensatory and constitutive
upregulation of the MHC class Il gene, HLADRB, was observed
in NLRC5~/~ THP-1 cells (Figure 3C). This finding warrants
further investigation, but may be attributed to the fact that
NLRC5 and its analogous regulator, class II MHC trans-
activator, function via the same common DNA binding factors
of the enhanceosome.*”

Activation of the NF-kB pathway and induction of proin-
flammatory cytokines in host cells is important for H pylori-
induced inflammation.*"*> Here, we show that NLRC5
negatively regulates NF-kB-dependent chemokine/cytokine
responses in both human and murine macrophages. Simi-
larly, Benko et al'® demonstrated that small-interfering RNA
silencing of NIrc5 in RAW264.7 murine macrophages resul-
ted in increased levels of IL-6, tumor necrosis factor, and
IL-18, coupled with a reduction in the anti-inflammatory
cytokine, IL-10. In contrast, Kumar et al®? found NLRC5 to
be dispensable in cytokine responses against Salmonella and
Listeria infection in mice. The observed differences for
NLRC5 regulation of proinflammatory responses may be
attributed to either cell-specific effects, the influence of
multiple NLRC5 isoforms conferring distinct functions”’
and/or the gene-targeting strategies used to construct
Nirc5-deficient mice.””*** One of the key findings of the
current work was the development of gastric mucosal hy-
perplasia and B-cell lymphoid follicles in H felis-infected
Nirc5™ X9 mice at just 3 months p.i. (Figure 5C-G). These
results suggest that aberrant NLRC5 signaling in the myeloid
lineage is associated with a dysregulation of the host immune
response, leading to severe pathological changes in the host.
Indeed, Nirc5™ % mice with chronic H felis infection
developed gastric lesions that were consistent with the B-
cell-predominant lymphoid follicles that precede the devel-
opment of human gastric MALT lymphoma.>® In agreement
with previous studies,** we also found that H felis induced
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much more severe pathology than H pylori in the Nlrc5™*X°

model (Figure 5C-G). Strikingly, the B-cell lymphoid follicle
formation in these mice occurred much more rapidly
than in either Helicobacter-infected WT or thymectomized
BALB/c animals, which typically develop such lesions at
227 and 12*° months p.i, respectively. At 22 months p.i, 30%
of H felis-infected BALB/c animals also developed lym-
phoepithelial lesions identical to those observed in
human gastric MALT lymphoma.”

Nirc5™ % mice with Helicobacter infection developed
splenomegaly at 3 months p.i. (Figure 5H). These mice also
had elevated levels of Th1l and Th2 type Helicobacter-spe-
cific serum antibody levels at > 3 months p.i. (Figure 5I-L;
MC, data not shown). These findings suggest that the innate
immune molecule NLRC5 may shape adaptive immune re-
sponses and splenic functions during chronic Helicobacter
infection. NLRC5 is abundantly expressed in the spleen,’
which is the site of B-cell development. H pylori is thought
to drive B-cell clonal expansion through antigenic stimula-
tion and prolonged inflammation in the gastric mucosa.'®
Neoplastic B and, more rarely, neoplastic T cells give rise
to gastric MALT lymphoma, a low-grade neoplasia.'® We
speculate that Helicobacter-specific antigens drive the clonal
expansion of B cells within the stomachs of the Nirc5™*°
mice. Indeed, splenocytes from H felis-infected Nlrc5™*X°
mice had increased B- and T-cell proliferation compared
with WT mice, thus suggesting that both Helicobacter-spe-
cific B and T cells may act in a synergistic manner to drive
monoclonal expansion of malignant cell populations within
the gut mucosa. Hussell et al'® found that B-cell prolifera-
tion was greatly reduced on removal of T cells in lympho-
cyte cultures from gastric MALT lymphoma patients on
Helicobacter stimulation.

It has been shown that H pylori induces macrophage
secretion of the B-cell pro-proliferative and cell-survival
factors, BAFF and APRIL, associated with B-cell lympho-
magenesis."*'*** In our study, we provide evidence that
NLRC5 in macrophages negatively regulates BAFF expres-
sion (Figure 4A) and protein production (Figure 4A4) in
response to Helicobacter stimulation, with H felis inducing
higher levels of BAFF production than H pylori. Although
APRIL and BAFF share some receptors, the 2 factors can
have distinct biological roles and the functions of APRIL may
be fulfilled by BAFF.'**° Based on these in vitro findings, we
speculated that BAFF is the main driver of B-cell prolifera-
tion in NIrc5™"*° mice. By performing size-exclusion chro-
matography, we identified fractions in H felis-treated
NIrc5™ %% BMDM-conditioned media that contained BAFF
and mediated B- and T-splenocyte proliferation (Figures 6
and 7). These fractions eluted at an approximate molecu-
lar weight of 78 kDa (Figure 7), consistent with a BAFF-
trimer, which is the most abundant form of systemic
BAFF.*” It is important to note, however, that BAFF may
exist in multiple oligomeric forms (ie, -trimer, -60-mer) and
can be either soluble or membrane-bound,*® which may
affect its biological activity.*’

In conclusion, we show for the first time that myeloid-
specific NLRC5 plays a homeostatic role in regulating the
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excessive inflammation that develops during chronic
Helicobacter infection. We postulate that H pylori pro-
duces a factor that specifically targets NLRC5 in macro-
phages, thereby restraining NF-xkB signaling and
attenuating inflammation in the host. This NLRC5 regu-
lation of proinflammatory signaling in macrophages
shapes adaptive immune responses by controlling the
secretion of B-cell promoting factors, such as BAFF, which
in turn regulates B-cell lymphomagenesis in the gastric
mucosa. Consistent with other rep01'ts,22'35'36 we suggest
that NLRC5 may act as a type of tumor suppressor in H
pylori-induced B-cell gastric MALT lymphoma disease.
Thus, this work identifies a potential new target for both
novel intervention strategies and genetic screening of
individuals who may be predisposed to MALT lympho-
magenesis due to H pylori. Furthermore, these findings
may be relevant to other infectious agents that promote
MALT lymphoma, such as Campylobacter jejuni, Borrelia
burgdorferi, or Epstein-Barr virus.*’

Supplementary Material

Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j-gastro.2020.03.0009.
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Supplementary Materials and Methods

Immunofluorescence

PMA-treated WT and NLRC5/~ THP-1 cells were fixed
with 4% (wt/vol) paraformaldehyde for 15 minutes at room
temperature. Cells were washed in phosphate-buffered saline
(PBS) and blocked in 3% bovine serum albumin (wt/vol) and
0.1% (wt/vol) saponin in PBS, then incubated overnight at 4°C
with rat anti-human NLRC5 antibody clone 3H8 (1:1000;
Merck Millipore, Boston, MA). Samples were washed thrice
with blocking buffer and incubated with anti-rat Alexa Fluor
488-conjugated secondary antibody (1:400) for 2 hours at
room temperature. As controls, staining with primary antibody
was omitted and cells were only stained with secondary anti-
body alone. Cells were washed, then cell nuclei were stained
with Hoechst 33342 (1:1000; Thermo Fisher Scientific, Wal-
tham, MA) for 5 minutes before mounting with DPX mounting
media (Sigma-Aldrich, St Louis, MO). Imaging was performed
on an Olympus FV1200 confocal microscope using a x20
objective, and acquired using the FluoView FV10a software
(Olympus, Melbourne, Australia). Figures were generated using
FIJI software (version 1.0; University of Wisconsin-Madison,
WI). All images are representative of 3 fields of view from a
minimum of 2 replicates per treatment group.

Western Blot

Cell lysates were prepared using 50 uL of lysis buffer
per well (500 uL of 2 x RIPA buffer [100 mM TRIS-HCI pHS,
300 mM NaCl, 2% Triton-X, 1% sodium deoxycholate, 0.2%
SDS, 2 mM EDTA], 25 uL of 40 x protease inhibitor cocktail
[Roche], 1 uL of 1000 x phosphate inhibitor cocktail
[Roche], 474 uL of H,0). Total protein lysates (50 ug),
determined using the Qubit fluorometer (Thermo Fisher
Scientific), were resuspended in Laemmli buffer (Thermo
Fisher Scientific) and loaded onto NuPAGE 4% to 12% gels
run at 120 Vin 1 x MES buffer (Thermo Fisher Scientific).
Gels were transferred onto membranes using the iBlot
transfer system. (Thermo Fisher). Membranes were blocked
in Odyssey blocking buffer (Li-cor, Lincoln, NE) for 2 hours,
then incubated at 4°C overnight in rat anti-human NLRC5
antibody (Clone3H8, 1:1000; Merck Millipore) or rabbit
anti-phospho-signal transducer and activator of transcrip-
tion 1 (STAT1; Tyr701, Clone 58D6, 1:3000; Cell Signaling
Technology, Danvers, MA). Membranes were then washed
in PBS Tween-20 (PBST) (0.05% [vol/vol] Tween 20 in
PBS) and incubated in either goat anti-rat IgG DyLight 800
(Rockland, Limerick, PA) or anti-rabbit IgG DyLight 680
(Rockland), respectively, at 1:3000 dilution for 2 hours at
room temperature. Washing was repeated, then membranes
were analyzed using the Odyssey Infrared Imaging System.
Mouse monoclonal anti-3-Actin antibody (Clone AC-15;
Sigma-Aldrich) or rat anti-tubulin antibody (Clone YL1/2;
Abcam, Cambridge, UK) were used as loading controls.

Immunohistochemistry
Paraffin-embedded gastric tissue sections were dew-
axed in xylene and ethanol. Antigen retrieval was
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performed by immersing slides in 10 mM sodium citrate
buffer (pH 6.0) then heating slides in a microwave for 2 to
3 minutes, until boiling, followed by low power for 10
minutes. Slides were left to cool completely, then endog-
enous peroxidase blocked by treatment with 3% H,0, in
methanol. Sections were blocked for a minimum of 1 hour
with 10% (vol/vol) goat serum (Vectastain Elite ABC-HRP
Kit; Vector Laboratories, Burlingame, CA) in PBS or CAS
block (Invitrogen, Carlsbad, CA), for CD3 or B220 staining,
respectively. Purified rat anti-mouse anti-CD45R B220
antibody (BD Biosciences) was diluted 1:2000 in CAS
block. Rabbit anti-mouse CD3 (SP7) (Abcam) was diluted
1:1000 in 10% goat serum in PBS. As controls, tissue
sections were stained with anti-mouse IgG (1:200; Vec-
tastain). Sections were washed with PBST, incubated in the
appropriate secondary antibody (1:500; BioLegend, San
Diego, CA) and washed in PBST before applying Vectastain
(VECTASTAIN Elite ABC-HRP Kit; Vector Laboratories).
Sections were washed, incubated in DAB chromogen
(Dako, Glostrup, Denmark), then washed in distilled water
and counterstained with Harris’ hematoxylin (Amber Sci-
entific). Images were analyzed using an Olympus DP73
digital camera and CellSens Dimension software.

In Vitro B- and T-Lymphocyte Proliferation of
Murine Splenocytes

Spleens from mice were collected in RPMI supple-
mented with 10% fetal calf serum, 1% P/S, and 1% L-
glutamine. Single cell suspensions were prepared using
70-um cell strainers and recovered in RPMI media, before
labeling with 5 uM carboxyfluorescein succinimidyl ester
(CFSE) (Invitrogen) for 10 minutes, then washed in cRPML
Cells were seeded in 12-well plates in duplicate or tripli-
cate at 5 x 10° cells/mL. Labeled splenocytes were incu-
bated at 37°C in 5% CO, for a minimum of 1 hour, then left
untreated or treated with either 100 ng/mL Escherichia
coli 0111: B4 lipopolysaccharide (LPS) (UltraPure; Inviv-
oGen, San Diego, CA) and 100 ng/mL purified mouse anti-
IgM antibody (Clone RMM-1; BioLegend), 100 ng/mL
mouse anti-CD3e antibody (Southern Biotech, Birmingham,
AL) or conditioned media from primary murine BMDMs.
Splenocytes were incubated at 37°C in 5% CO, for 72
hours, then harvested and washed with ice-cold Dulbecco’s
phosphate-buffered saline (DPBS) (Gibco, Waltham, MA)
by centrifugation at 200g for 5 minutes, followed by 2
more washes with FACS buffer (5% fetal calf serum in
DPBS). Splenocytes were stained with propidium iodide
(PI, 1:1000) (Invitrogen), TruStain fcX anti-mouse CD16/
CD32 antibody (1:100, BioLegend), Pacific Blue anti-mouse
CD3 antibody (Clone 17A2; 1:100; BioLegend), and APC
anti-mouse CD19 antibody (Clone 1D3/CD19; 1:100; Bio-
Legend). Cell proliferation was assessed by flow cytometry
(Canto II Analyzer; BD Biosciences). Compensation set up
and data acquisition were performed on a FACSCanto
system (BD Biosciences) using nonstained and single-
stained cells. Flow cytometry analyses were performed
using Kaluza Flow Cytometry Analysis software (Beckman
and Coulter, Inc.,, Brea, CA).
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Identification of Lymphocyte-Inducing Spleens were collected, processed, and labeled with
Macrophage Factors CFSE, as described previously. Splenocytes were seeded at a

Size-exclusion chromatography was performed on H density of 2 x 10* cells/well in U-bottom 96-well plates and
felis-treated BMDM culture supernatants from Nirc5™*XC  stimulated for 72 hours at 37°C in 5% CO, with 25-uL al-
mice (72 hours poststimulation). The supernatants were iquots of chromatography fractions from H felis-treated
concentrated using Vivaspin 20 centrifugal concentrators Nirc5™**© BMDM supernatants_Before labeling of cells for
(10 kDa; Sartorius, Gottingen, Germany) and washed in PBS ~ flow cytometry, splenocytes were washed by centrifuging
(pH 7.4) supplemented with protease inhibitors (cOmplete, the 96-well culture plates at 200g for 5 minutes at 4°C. Cell
Mini, EDTA-free Protease Inhibitor Cocktail; Roche, Basel, pellets were resuspended in fresh, ice-cold FACS buffer,
Switzerland). Samples were loaded onto a HiLoad Superdex then washed twice in FACS bulffer. Splenocytes were stained
200-pg 16/600 column (GE Healthcare Life Sciences, Little ~ With TruStain fcX anti-mouse CD16/CD32 (1:100; Bio-
Chalfont, UK) connected to an AKTAprime plus chroma- Legend), Pacific Blue anti-mouse CD3 (Clone 17A2; 1:100;
tography system (GE Healthcare Life Sciences). Fractions (1 ~ BioLegend), and APC anti-mouse CD19 (Clone 1D3/CD19;
mL) were eluted in PBS starting from an elution volume of ~ 1:100; BioLegend) antibodies, respectively, for 30 minutes
39 mL to 130 mL for the last fraction collected (ie, fraction ~ On ice. Stained cells were washed twice with FACS buffer
1 = elution volume 30 mL). Collected fractions were stored and resuspended in 300 uL FACS buffer. Before sample
at 4°C for downstream analyses. A standard run was per- acquisition, PI (1:1000; Invitrogen) was added to labeled
formed using the following proteins of known molecular cells. Compensation set up and data acquisition was per-
weights: 1gG monoclonal antibody (150 kDa, made “in- formed on a FACSCanto system (BD Biosciences) using
house”); bovine serum albumin (67 kDa); and lysozyme (14 nonstained and single-stained cells. Data were analyzed
kDa), both from Sigma-Aldrich. using Flow]o Software (BD Biosciences).
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Supplementary Figure 1. Conditional deletion of Nirc5 in the myeloid cell compartment. (A) Schematic representation
showing the construction of NlIrc5™°K° mice using Cre-Lox recombination. Nirc5 is located on chromosome 8 of the mouse
genome and contains a central NOD/NACHT domain that is encoded by exon 4 and is required for NLR signalin%. Nirc5
“floxed” (NIrc5"™) mice were generated by the insertion of loxP sites adjacent to the 5’ and 3’ ends of exon 4. Nirc5™™ mice
were crossed with Cre-expressing animals, resulting in Nlirc5™° mice that lack a fully functional Nirc5 in the myeloid cell
lineage. (B) Genotyping results demonstrating “floxing” of Nirc5 (left, lane 2) and expression of LysM-Cre in an Nirc5™°K°
mouse (right, lane 2).
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Supplementary Figure 2. /FNG expression is upregulated in human gastric biopsies in response to H pylori infection and
gastritis severity. (A) IFNG expression in human gastric biopsies from individuals with or without H pylori infection. (B) IFNG
expression in biopsies scored by histopathology as being either “normal” or displaying gastritis of varying severity, as well as
those showing adenocarcinoma development (paired tumor and nontumor samples). (C) Spearman correlation test for IFNG
and NLRC5 expression in H pylori-infected human gastric biopsies. Gene expression levels were determined by gRT-pCR and
normalized to the uninfected group. Data are presented as the mean + SEM. Values for individual human gastric tissue
samples are presented (n = 5-11 individuals/group). Mann-Whitney test: *P < .05, **P < .01.
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Supplementary Figure 3. NLRC5 expression in epithelial
cells and macrophages. (A) Relative NLRC5 expression in
unstimulated AGS and MKN28 human gastric epithelial cell
lines. NLRC5 expression was normalized to that in human
monocyte-derived THP-1 macrophages. NLRC5 expression
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in (B) AGS and (C) MKN28 cells that were either not stimu-
lated (NS), or stimulated with human recombinant IFN-y (100
ng/mL) or H pylori (MOl = 10). NLRC5 expression was
normalized to nonstimulated cells. Data are presented as
mean + SEM from 3 to 6 independent experiments. Mann-
Whitney or Kruskal-Wallis tests, as appropriate: *P < .05
and ns = not significant.
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Supplementary Figure 4. Nonviable Helicobacter bacteria
induce increased chemokine production in NLRC5~/~ mac-
rophages. Monocyte-derived WT and NLRC5~/~ THP-1
macrophages were either not stimulated (NS) or stimulated
with human recombinant IFN-y (100 ng/mL), LPS (100 ng/
mL), H pylori SS1, or H felis (MOl = 10). Bacteria were either
viable (live) or heat-killed (HK). Levels of (A) CXCL8 and (B)
CXCL10 in cell culture supernatants were determined at 24
hours poststimulation. Data are presented as the mean +
SEM from 3 independent experiments. Two-way analysis of
variance: ** P < .01, **P < .001, ***P < .0001, and ns = not
significant.
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Supplementary Figure 5. Enhanced proinflammatory cyto-
kine responses in Nirc5/NLRC5-defective macropha%es toH
pylori stimulation. BMDMs from WT and NIrc5™ KO mice
were either not stimulated (NS) or stimulated with H pylori and
then assayed for the following responses: (A) Cxcl1, (B)
Cxcl1/KC, (C) Cxcl2, (D) Cxcl2/MIP-2, (E) Tnf and (F) TNF-a. (G)
CXCL8 responses in monocyte-derived WT and NLRC5~/~
THP-1 macrophages that were either not treated (NS) or
stimulated with H pylori strains associated with different
clinical outcomes, as follows: mucosa-associated lymphoid
tissue (MALT; 189, 213, 223, 245), nonulcer dyspepsia (NUD;
240, 244, 249, 251), and duodenal ulcer (DU; SS1, 246, 247,
250, 256) (Philpott, 2002 #87)%°. Data are presented as the
mean + SEM from 3 independent experiments. For (G): n = 1
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for strains 189, 213, 250. 256; n = 2 for strains 223, 240, 246,
247, 249; n = 3 for H pylori SS1, H felis, 244, 245, 251 (sta-
tistical analyses were only performed for n =3 data). Two-way
analysis of variance: P < .01, **P < .001, P < .0001.
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Supplementary Flgure 6.NLRC5~'~ THP-1 cells exhibit increased BAFF expression in response to stimulation. BAFF
expression was measured in monocyte-derived WT and NLRC5~'~ THP-1 macrophages at (A) 24 and (B) 72 hours post-
stimulation with human recombinant IFN-y (100 ng/mL), LPS (100 ng/mL), H pylori SS1, or H felis (MOI = 10). Expression levels
were normalized to those of nonstimulated cells (NS). Data are presented as the mean + SEM from 3 independent experi-
ments. Two-way analysis of variance: *P < .05, ***P < .0001, and ns = not significant.
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Supplementary Figure 7. Body and stomach weights of WT and Nirc5™%° mice infected with H pylori SS1 or H felis. (A)
Mouse and (B) stomach weights were recorded at 3 months postinfection. Stomach contents were emptied and the stomachs
washed in sterile PBS before measurement. Each value represents measurements from 1 mouse (n > 9 mice/group). Data are
presented as the mean + SEM. Mann-Whitney test: *P < .05, ns = non-significant.
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Supplementary Figure 8. Increased proliferation in B- and T-splenocytes from H felis-infected Nirc5™°%° mice. Splenocytes
from WT and NIrc5™2%° mice that had been infected with H felis for 3 months were assessed for (A) CD19* and (B) CD3™
lymphocyte proliferation by flow cytometry. CFSE-labeled splenocytes were either not stimulated (NS) or treated with LPS + «-
IgM (100 ng/mL), «-CD3 (100 ng/mL), or conditioned media (CM) from NS or H felis—stimulated (MOl = 10) BMDMs.
Splenocytes were analyzed 3 days poststimulation. Gated populations (left) represent splenocytes that have undergone cell
division, as observed by a reduction in CFSE staining. Gated populations on the right side represent the initial populations of
CFSE-stained splenocytes on day 0. Presented are data for cell replication, division, and proliferation peaks, as well as the
number of peaks in each sample. Data are representative of 3 independent experiments, of which >3 mice were used per
group.
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