GUT MICROBES
2022, VOL. 14, NO. 1, e2105095 (9 pages)
https://doi.org/10.1080/19490976.2022.2105095

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS ’ W) Check for updates

BRIEF REPORT

Gut bacteria interact directly with colonic mast cells in a humanized mouse model
of IBS

Chiko Shimbori®*, Giada De Palma®*, Lauren Baerg?, Jun Lu?, Elena F. Verdu?, David E. Reed®, Stephen Vanner®,
Stephen M. Collins?, and Premysl Bercik (2®

2Farncombe Family Digestive Health Research Institute, McMaster University, Hamilton, ON, Canada; °GIDRU, Queen's University, Kingston, ON,
Canada

ABSTRACT

Both mast cells and microbiota play important roles in the pathogenesis of Irritable Bowel
Syndrome (IBS), however the precise mechanisms are unknown. Using microbiota-humanized IBS
mouse model, we show that colonic mast cells and mast cells co-localized with neurons were higher
in mice colonized with IBS microbiota compared with those with healthy control (HC) microbiota. In
situ hybridization showed presence of IBS, but not control microbiota, in the lamina propria and
RNAscope demonstrated frequent co-localization of IBS bacteria and mast cells. TLR4 and H,
receptor expression was higher in mice with IBS microbiota, and in peritoneal-derived and bone
marrow-derived mast cells (BMMCs) stimulated with IBS bacterial supernatant, which also increased
BMMCs degranulation, chemotaxis, adherence and histamine release. While both TLR4 and H,
receptor inhibitors prevented BMMCs degranulation, only the latter attenuated their chemotaxis.
We provide novel insights into the mechanisms, which contribute to gut dysfunction and visceral
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Introduction

The pathophysiology of Irritable Bowel Syndrome
(IBS) is not fully elucidated, although low-grade gut
inflammation, in particular mast cells, and altered
gut microbiota have been implicated in its genesis."
However, whether and how mast cell-gut micro-
biota interactions contribute to gut dysfunction in
IBS is unknown.

IBS patients have higher numbers of colonic
mast cells, often co-localized with enteric nerves,
which was shown to correlate with the abdom-
inal pain severity.>’ Furthermore, increased
mast cell degranulation was reported in colonic
biopsies from IBS patients,”*” suggestive of
increased mast cell activation, that could modu-
late visceral sensitivity and epithelial barrier
function through the release of neuroactive
mediators.>>*"® Indeed, mast cell stabilizers or
histamine 1 receptor antagonist improved IBS
symptoms and quality of life in clinical
trials.*>* The data thus suggest that mast cells,
likely through production of histamine, could

contribute to symptom generation in IBS, but
the main driver for their migration into the gut
and activation remains unclear.

Mouse studies have shown that commensal bac-
teria influence mast cell maturation, migration and
tissue infiltration, and that mast cells play a key role
in the control of bacterial infection.'®"'? This inter-
action likely occurs through Toll-like receptor
(TLR) 2 and 4 signaling.'®"> However, the precise
pathways and bacterial metabolites involved in
mast cell-microbiota communication are unknown.

Altered gut microbiota composition and meta-
bolomic profiles have been described in IBS." We
have previously shown that gut dysfunction and
low-grade inflammation is transferred from IBS
patients into mice by stool microbiota
transplantation.'* Furthermore, our recent clinical
study found that restriction of highly fermentable
fiber improved symptoms in IBS patients, which
was associated with changes in microbiota profiles
and decreased urinary histamine, a main neuroac-
tive metabolite of mast cells.'” Thus, in this study,
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we investigated whether gut microbiota could
interact directly with mast cells using a variety of
in vitro approaches and a validated microbiota-
humanized mouse model of IBS.'*

Results and discussion

First, we colonized germ-free NIH Swiss mice with
fecal microbiota from 2 selected IBS patients or 1
healthy control (at least 10 mice per human donor)
and studied them three weeks later. We found that
tryptase-immunoreactive mast cell counts were
higher in the colon of mice colonized with IBS
microbiota, compared with mice colonized with
healthy control (HC) microbiota. Furthermore,
most of the colonic mast cells in IBS mice were in
close proximity (within 2 pm) to Tujl-
immunoreactive nerve fibers (Figure la,b). These
results show that transfer of IBS microbiota induces
higher colonic mast cell numbers in recipient mice,
and that these mast cells are co-localized with
enteric nerves, thus reproducing findings of clinical
studies.”’

Intestinal barrier function, which includes
intact mucus layer, was reported to be altered in
IBS," potentially allowing bacteria and their pro-
ducts to interact with the immune system. Direct
bacterial interaction with mast cells was pre-
viously suggested,'® but never directly demon-
strated. Our fluorescence in situ hybridization
experiments showed a clear separation between
gut bacteria and the colonic epithelium in HC
mice, while in IBS mice gut bacteria were seen
infiltrating the lamina propria, indicative of colo-
nic mucus layer disruption (Figure 1c).
Furthermore, RNAscope® CISH staining demon-
strated that in IBS mice, but not HC mice, bacteria
can be found in close proximity to colonic mast
cells (Figure 1d), thus suggesting occurrence of
direct bacteria-mast cell interactions. Although
the exact mechanism underlying the intestinal
barrier dysfunction observed in IBS patients is
unknown, our data suggest that IBS microbiota
disrupts the colonic mucus layer, enabling trans-
location of bacteria into lamina propria, with pos-
sible subsequent activation of mast cells and
release of their mediators tryptase, chymase and
histamine, which can further impair intestinal
barrier function.”"” ">

Next, we analyzed the microbiota composition of
IBS and HC mice. Microbial profiles differed
between IBS and HC mice, with increased relative
abundance of potentially pathogenic genera, such
as Escherichia-Shigella spp. and Eggerthella spp.,
and a decrease in several potentially beneficial spe-
cies such as Akkermansia spp. and members of the
order Clostridiales in IBS mice (Supplementary
Figure S1A). Furthermore, Ruminococcus torques
group and Coprobacillus (Erysipelatoclostridiaceae)
spp- relative abundance correlated with number of
mast cells and mast cells co-localized with neural
fibers, respectively (Supplementary Figure S1B).

To investigate the putative mechanisms, by
which IBS bacteria could communicate with mast
cells, we studied levels of histamine receptors, TLRs
and CXCL12, as these are established pathways of
mast cell regulation. First, we assessed the expres-
sion of histamine receptors in colon tissues of
microbiota-humanized by immunohistochemistry.
We found that while H, and H, receptor levels were
similar between IBS and HC mice, H, receptor
expression was higher in IBS mice (Figure 2a,b).
Similar results were obtained when we analyzed
RNA gene expression in colon tissues of micro-
biota-humanized mice, or in bone marrow-
derived mast cells (BMMCs) and peritoneal-
derived mast cells (PMCs) incubated with super-
natants of bacterial cultures from IBS and HC mice.
These experiments showed consistently elevated H,
receptor expression in colonic tissues, BMMCs and
PMCs (Figure 2c). Histamine, produced by both
mast cells and bacteria,*" plays an important role
in gut function, including motility and visceral
sensitivity.”>*> Although mast cells express H;, H,
and H, receptors,”® H, receptor has the highest
affinity to histamine, and plays an important role
in mast cell migration and visceral
hypersensitivity.*»*

CXCLI12 is a potent chemoattractant and activa-
tor of mast cells.”” Although its expression was
higher in colonic tissues of IBS mice (Figure 2d),
it was similar in BMMCs and PMCs (Figure 2d),
suggesting it may contribute, but it is likely not
a key player in the communication between IBS
microbiota and mast cells.

We then assessed expression of TLR2 and TLR4
(Figure 2e,f), as they were previously implicated in
microbiota-mast cell interactions. TLR2 expression
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Figure 1. Colonic mast cells and gut bacteria in mice with human microbiota. a: Representative micrographs of immunofluorescent
staining for mast cells-tryptase (red), neural fibers-Tuj-1 (green) in HC and IBS mice. b: Number of tryptase positive mast cells and
number of mast cells in close proximity to nerves in HC (n = 9) and IBS (n = 42-44) mice. c: FISH staining of 16S rRNA (EUB-16S rRNA) in
the colon of HC or IBS mice. Dapi in blue and EUB-16S-rRNA in red.d: Representative pictures of RNAscope staining of mast cells
(tryptase, Tpsab1, red) and bacteria (16S rRNA, EUB-16SrRNA, blue). e: Quantification of RNAscope staining of mast cells and bacteria in
HC (n = 5) and IBS (n = 11) mice. The data were analyzed with Mann-Whitney test (b, e).



€2105095-4 e C. SHIMBORI ET AL.

b HiR . HZ2R
3 @
T 40 g15 ]
2 30 g S
= > ()]
R £ 5 &
10 X
0 0
HC IBS HC IBS
c H4R d CXCL12
BMMC PMC Colon BMMC PMC Colon
- 209 p=0001 67 P=0.007 107 P<0.001 25 4 15
5 c P<0.001
@15 8 § 0 3
% ) 6 215 10
° 10 % 2 0g0
g ) 4 2 10 ;
Bos 2 3 05 !
x & «
00 0 0 00 0 0
HC IBS HC IBS HC IBS HC IBS IBS HC 1IBS
e TLR2 f TLR4
BMMC BMMC PMC Colon

N
o
~
o

Relative expression
> o
EIES A

-

g
o

P=0.003 5 P=0.013 4+ P=0.005

s

0.0 0 0
HC IBS HC IBS HC IBS HC IBS HC IBS HC IBS

~
o
o

05

Relative expression
A

brd
o

[=4
o

[=4
o

Figure 2. Higher colonic TLR4 and H, receptor expression in IBS mice and mast cells incubated with IBS bacterial supernatant. a:
Representative micrographs of H;,H,, and H, receptor immunoreactivity (brown) in the colon of HC and IBS mice. b: Quantification of
H;,H,, and H, receptor immunoreactivity in the colon of HC (n = 7) and IBS (n = 16) mice. ¢, d: H, receptor and CXCL12 mRNA measured
by gPCR in colon tissues, or BMMCs and PMCs co-cultured with IBS or HC microbial culture supernatants. All data were normalized
against gapdh and B-actin. BMMC: HC (n = 8-9), IBS (n = 17-18). PMC: HC (n = 5-6), IBS (n = 24-26). Colon tissues: HC (n = 7-8), IBS
(n = 32-35). e, f: TLR2 and TLR4 mRNA measured by qPCR in BMMC, PMC, and colon tissues. BMMCs and PMCs were co-cultured with
IBS or HC microbial culture supernatants. All data were normalized against gapdh and B-actin. BMMC: HC (n = 8-9), IBS (n = 17-18).
PMC: HC (n = 5-6), IBS (n = 24-26). Colon tissues: HC (n = 7-8), IBS (n = 32-35). The data were analyzed with Mann-Whitney test (b, c,
d, e f).



was similar in BMMCs and PMCs incubated with
bacterial supernatants from IBS or HC mice, and
lower in colonic tissues of IBS mice. In contrast,
TLR4 expression was consistently higher in
BMMCs, PMCs and colonic tissues from IBS
mice. These data are in agreement with several
clinical studies showing a higher TLR4 mRNA
and protein levels in the colonic mucosa of IBS
patients,”®*® suggesting that TLR4 pathway is
involved in pathogenesis of IBS.

Next, we investigated the effect of gut microbiota
on mast cell functions using BMMCs co-cultured
with bacterial cultures’ supernatants from IBS and
HC mice. BMMCs degranulation, adherence and
chemotaxis increased when incubated with IBS
supernatant compared to control media
(Figure 3a). Furthermore, IBS but not HC super-
natant stimulated histamine release from BMMCs
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(Figure 3b), altogether indicating that microbial
products contained in IBS culture supernatants
can induce migration and activation of mast cells.

To discern the respective roles of H, receptor
and TLR4 pathways in bacterial-mast cells interac-
tions, we pharmacologically blocked H, and TLR4
receptors. Both H, receptor antagonist JNJ-
7777120 (JNJ) and TLR4 inhibitor TAK-242
(TAK) attenuated IBS supernatant-induced
BMMCs degranulation, but only JNJ inhibited
BMMCs chemotaxis (Figure 3c). Furthermore,
TAK-treated BMMCs released less histamine than
JNJ-treated BMMCs (Figure 3c). Thus, these
experiments indicate that activation of both TLR4
and H, receptors leads to mast cell degranulation,
but only Hy receptor pathway is critical for mast
cell migration while TLR4 modulates histamine
production.
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Figure 3. H, receptor and TLR4 pathways mediate mast cell degranulation, activation and chemotaxis. a: Representative micrographs
of Toluidine Blue staining of BMMCs co-cultured with IBS or HC microbial supernatants. Mast cell degranulation was assessed by (-
hexosaminidase assay. Medium (n = 4), HC (n = 9), IBS (n = 24-25). b: Histamine produced by the microbiota and by mast cells.
Histamine levels in the microbial supernatants (left) and BMMC co-cultured with microbial supernatants (right) were measured by
ELISA. Medium (n = 2), HC (n = 8), IBS (n = 13). ¢: Role of TLR4 and H, receptor pathways in mast cell function. Degranulation,
chemotaxis and histamine release by BMMC incubated with microbial supernatants, with and without H4R antagonist JNJ-7777120
(JNJ) or TLR4 inhibitor TAK-242 (TAK). Degranulation n = 30, histamine release n = 14, and chemotaxis n = 9 in each group,
respectively. The data were analyzed by Kruskal-Wallis test followed by Dunn’s post-hoc test (a, b, c).
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Overall, we provide novel insights into the
mechanisms behind the attraction and activation
of mast cells mediated by TLR4 and H, receptor
mediated pathways, including the possibility that
gut bacteria engage in direct contact with intestinal
mast cells, contributing to the gut dysfunction and
visceral hypersensitivity observed in IBS.

Methods

(For additional details, please see the Supplemental
Methods)

Animals

Germ-free NIH Swiss mice (8-10 weeks old) from
the Axenic Gnotobiotic Unit of McMaster
University were gavaged with diluted human fecal
samples and housed for three weeks in sterilized
racks, as previously described.'* All experiments
were approved by the McMaster University
Animal Care Committee under the Animal
Utilization Protocol #18-08-35.

Fecal microbiota analysis

Total genomic DNA was extracted from the cecal
samples, V3 region of the 16S rRNA gene amplified,
and Ilumina sequencing performed as previously
described.”*

Immunofluorescence

Immunofluorescence on formalin-fixed tissues was
performed using mast cell tryptase (abl151757
Rabbit, Abcam), Tuj-1 (ab78078 Mouse, Abcam)
as primary antibodies; and Alexa Fluor® 555-
conjugated donkey anti-rabbit (A-31572,
Invitrogen) and Alexa Fluor® 488-conjugated don-
key anti-Guinea Pig (706-545-148, Jackson
ImmunoResearch) as secondary antibodies.

Fluorescence in situ hybridization (FISH) and RNA
scope®

FISH was performed on Carnoy’s solution-fixed
paraffin-embedded section, using Cy3 conjugated
EUB338 probe (Integrated DNA Technologies).

RNA chromogenic in situ hybridization (CISH)
was performed on formalin-fixed sections using the
RNAscope® 2.5 LS Duplex Reagent kit (322440),
EUB-16S-rRNA (464468) and Mm-Tpsabl-C2
(432948-C2, Advanced Cell Diagnostics).

Bone marrow mast cell (BMMC) and
peritoneal-derived mast cells (PMCs)

BMMC and PMCs were obtained from healthy
mice as described previously.”"*?

Bacteria supernatant and BMMC co-culture

Diluted cecal samples were inoculated into semi-
defined medium, LDMIII69 for 20 hours, then cen-
trifuged, sterile-filtered and used for co-culture
with BMMC for 4 hours.

B-Hexosaminidase release

Degranulation studies were performed by measur-
ing PB-hexosaminidase release, as described
previously.”"

Chemotaxis assay

Chemotaxis studies were performed using
Transwell® Permeable Supports with 8.0 um pore
polycarbonate membrane on 6.5 mm inserts in 24-

well polystyrene plates, as described previously.>

Colonic and BMMC gene expression

BMMC (5.6 x 10° cells/mL), co-cultured with
10% bacterial supernatant for 4 hours at 37°C,
were collected and centrifuged. Freshly collected
colon tissues were stored in RNAlater (Sigma) at
—80°C. Cell pellets and colon tissues were dis-
solved or homogenized with RLT buffer
(Qiagen, Toronto, Canada) containing 1% {-
mercaptoethanol. Total RNA extractions were
conducted with the RNeasy Mini Kit (Qiagen,
Toronto, Canada) according to the manufac-
turer’s instructions. The mRNA expression of
H,R, TLR2, TLR4, and

mouse intestinal



CXCL12 were analyzed by real-time qPCR using
a CFX Connect Real-Time System (Bio-Rad and
Applied Biosystems).

Histamine ELISA

Histamine was measured with the Mouse
Histamine ELISA Kit (LS-F28398, LifeSpan
Biosciences, Burlington, Canada), according to
manufacturer’s instructions.

Statistical analysis

The data are presented as median (IQD) or
mean * SEM. The data were analyzed by
Kruskal-Wallis test followed by Dunn’s posttest
or Mann-Whitney test. Associations between
tryptase positive cells and microbial genera
were analyzed with the Spearman’s rank correla-
tion test. The resulting P values were corrected
for multiple comparisons, allowing 5% of False
Discovery Rate. P < .05 was considered statisti-
cally significant.
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