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ABSTRACT

Imbalances in proteolytic activity have been linked to the development of inflammatory bowel
diseases (IBD) and experimental colitis. Proteases in the intestine play important roles in maintain-
ing homeostasis, but exposure of mucosal tissues to excess proteolytic activity can promote
pathology through protease-activated receptors (PARs). Previous research implicates microbial
proteases in IBD, but the underlying pathways and specific interactions between microbes and
PARs remain unclear. In this study, we investigated the role of microbial proteolytic activation of
the external domain of PAR2 in intestinal injury using mice expressing PAR2 with a mutated
N-terminal external domain that is resistant to canonical activation by proteolytic cleavage. Our
findings demonstrate the key role of proteolytic cleavage of the PAR2 external domain in promot-
ing intestinal permeability and inflammation during colitis. In wild-type mice expressing protease-
sensitive PAR2, excessive inflammation leads to the expansion of bacterial taxa that cleave the
external domain of PAR2, exacerbating colitis severity. In contrast, mice expressing mutated
protease-resistant PAR2 exhibit attenuated colitis severity and do not experience the same
proteolytic bacterial expansion. Colonization of wild-type mice with proteolytic PAR2-activating
Enterococcus and Staphylococcus worsens colitis severity. Our study identifies a previously
unknown interaction between proteolytic bacterial communities, which are shaped by inflamma-
tion, and the external domain of PAR2 in colitis. The findings should encourage new therapeutic
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developments for IBD by targeting excessive PAR2 cleavage by bacterial proteases.

Introduction

The human gastrointestinal tract is exposed to
a variety of proteases that are involved in metabo-
lism, cell signaling, and host defense. While the roles
of intestinal host proteases in nutrient digestion have
been extensively studied, the functions of other
extracellular proteases are being increasingly under-
stood. These proteases, produced by epithelial and
immune cells, influence inflammation, wound
repair, and infection clearance."* However, pro-
teases must be tightly regulated to prevent excessive
degradation of host proteins or inappropriate muco-
sal immune activation. Imbalances in proteolytic
activity have been observed in animal models of
colitis and in patients with inflammatory bowel

disease (IBD).>* In fact, elevated fecal proteolytic
activity often precedes the clinical diagnosis of
ulcerative colitis and is associated with the presence
of proteolytic bacteria.” A recent study also demon-
strated that proteolytic bacteria and their proteases
correlate positively with colitis severity.® The intest-
inal microbiota is indeed an abundant reservoir of
proteases, as microbes produce a diversity of pro-
teases for metabolism, defense, and invasion of host
tissues.” While proteases that are increased in
chronic diseases are mainly of host origin,®® the
role of bacterial proteases in promoting inflamma-
tion is emerging.w’11

PARs are a family of G-protein-coupled receptors
that are widely expressed in the gastrointestinal tract
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and mediate the proinflammatory and pronocicep-
tive actions of proteases through multiple signaling
cascades.'” These transmembrane receptors feature
an  N-terminal extracellular domain and
a C-terminal intracellular extremity. The canonical
activation of PARs is mediated by proteolytic clea-
vage of the N-terminal sequence that releases a new
motif of amino acids that binds to the transmem-
brane domain like an agonist.'"> The N-terminal
external domain of PARs can be cleaved by proteases
sourced from the circulation (coagulation factors),
inflammatory cells (mast cells, neutrophils, and
macrophages), epithelial cells, and intestinal
microorganisms.'>'*"> Notably, PAR2 activation
induces a strong inflammatory response,'® and has
implications in the pathogenesis of several inflam-
matory and autoimmune disorders.'” Its expression
spans a variety of human tissues,'® including colon,
where higher levels are observed in patients with
ulcerative colitis."” Studies have shown that PAR2
deficiency protects against inflammation, while its
activation influences multiple aspects of the tissue
response to injury.13’20’21 Importantly, PAR2 inter-
acts with other G-protein coupled receptors, such as
other PARs,”” and toll-like receptors that are crucial
in microbial and immune responses relevant to
IBD.”** Therefore, studies using mice that are
entirely PAR2-deficient should be interpreted with
caution, and further investigation into the canonical
activation of PAR2 in inflammation is required.
PAR?2 activation is directly achieved by cleavage of
its N-terminal external domain by proteases includ-
ing trypsin, tryptase, and elastase.”**> Early research
also indicates microbial proteases that have
similar function to the aforementioned enzymes,
such as Porphyromonas gingivalis proteases or
Pseudomonas aeruginosa elastase, can activate
PAR2 canonically.”**” However, the specific role of
the activation of the PAR2 N-terminal external
domain by microbial and host proteases in the con-
text of colitis remains incompletely understood.
We investigated the role of cleavage of the exter-
nal domain of PAR2 and bacterial proteases in
colitis using mice harboring intact PAR2 that exhi-
bits a mutated (R38E) N-terminal activation site
that is resistant to proteolytic cleavage and subse-
quent activation by microbial and host enzymes.
This provides a valuable approach to study the
direct role of proteases on PAR2’s canonical

activation while maintaining relevant homeostatic
pathways.”*>*>*®* We observed that mice with
protease-resistant PAR2 developed attenuated
inflammation using two models of colitis, one che-
mically- and the other hapten-induced. In contrast,
wild-type mice presenting protease-sensitive PAR2
developed severe colitis marked by elevated intest-
inal permeability, pro-inflammatory gene expres-
sion, and mucosal damage. Severe inflammation in
these mice promoted the expansion of bacteria
producing highly active proteases that further
cleave the external domain of PAR2. When iden-
tical microbial proteolytic stimulus was introduced
through germ-free colonization in both mouse
strains, the protease-resistant PAR2 mice devel-
oped attenuated colitis. Furthermore, proteolytic
imbalance induced by gnotobiotic colonization
with Enterococcus and Staphylococcus that express
PAR2-cleaving enzymes exacerbated colitis in
wild-type mice. Our study identifies a novel colito-
genic mechanism by which intestinal injury pro-
motes microbial proteolytic imbalance that
exacerbates inflammation via PAR2.

Materials and methods
Mice

Specific-pathogen free (SPF) C57BL/6N mice of
both sexes were originally purchased from
Taconic and subsequently bred and housed at
McMaster University’s Central Animal Facility
(CAF) under SPF conditions. Protease-resistant
PAR2 mutant breeding pairs (R38E-PAR2), on
a C57BL/6N background, were originally provided
by Dr Wolfram Ruf from Johannes Gutenberg
University (Mainz, Germany) and were also bred
and housed at McMaster's CAF under SPF
conditions.”® R38E-PAR2 mice have an intact
PAR?2 signaling pathway, but a point mutation,
replacing arginine (R) at position 38 with glutamic
acid (E) in the N-terminal external domain, pre-
vents cleavage and canonical activation by pro-
teases. Canonical activation of PAR2 requires
proteolytic cleavage of the peptide bond between
R38 and S39 in the N-terminal external domain,
which is modified in this mouse strain. For coloni-
zation and gnotobiotic experiments, germ-free
C57BL/6N and R38E-PAR2 mice were generated



through two-stage embryo transfer and bred under
germ-free conditions in the Axenic Gnotobiotic
Unit at McMaster University.'® All mice had
unlimited access to food and water and were kept
on a 12-h light/12-h dark cycle. All experiments
were conducted with approval from the McMaster
University Animal Care Committee and McMaster
Animal Research Ethics Board (AREB) in accor-
dance with the Animal Utilization Protocols
(AUP#170836 & AUP#190618). Ethical regulations
for animal testing and research were strictly fol-
lowed in the study. Mice were matched by sex
and age.

Overall experimental design

Six-to-eight-week-old wild-type SPF C57BL/6N
(wild-type) and SPF R38E-PAR2 mice were used.
Intestinal injury and colitis were induced by
administering 3.5% dextran sulfate sodium (DSS)
or 2.5% trinitrobenzene sulfonic acid (TNBS).

In subsequent experiments, six-to-eight-week-old
germ-free wild-type and R38E-PAR2 mice were
colonized with microbial communities (ex-germ-
free mice) to study the impact of controlled micro-
biota on proteolytic function and colitis severity. For
SPF colonization experiments, germ-free wild-type
and R38E-PAR2 mice were colonized by oral gavage
with fresh cecal content of an SPF wild-type mouse,
using previously described protocols.>*” We also
used mice colonized with altered Schaedler flora
(ASF),*® a well-defined and naive microbiota with
limited proteolytic bacteria, to test the effect of bac-
terial proteases during intestinal inflammation. To
generate ASF mice co-colonized with or without
proteolytic bacteria (Enterococcus faecalis and
Staphylococcus epidermidis), germ-free wild-type
mice were colonized with fresh cecal content of an
ASF mouse and received an oral gavage with the
proteolytic bacteria (10'° colony forming units per
mouse) or PBS as a control. Colitis was induced with
2.5% DSS as described above.

For assessment of inflammation of germ-free
wild-type compared to germ-free R38E-PAR2
mice, DSS (2%) was provided to eight-week-old
mice.

The concentration of DSS provided to germ-free
and ex-germ-free colonized mice was reduced due
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to their increased susceptibility to colitis as pre-
viously reported.’’

At sacrifice, colitis severity, intestinal permeabil-
ity, fecal proteolytic activity, bacterial transloca-
tion, intestinal microbiota, and cleavage of the
PAR2 N-terminus were assessed.

Induction and assessment of DSS colitis

Intestinal injury was induced in C57BL/6N and
R38E-PAR2 mice with different microbiota back-
grounds by administering DSS (36,000-50,000
MW; MP Biomedicals LLC) in drinking water for
5 days, followed by 2days on normal drinking
water before sacrifice. Mice that did not receive
DSS were given water. DSS intake was monitored
daily throughout all experiments.

Colitis severity was evaluated by measuring
colon length, body-weight loss, spleen mass,
stool consistency, and stool blood. Stool consis-
tency and blood were each scored on a scale of
0-3, as previously described,”” then summed for
a stool index.

Induction and assessment of TNBS colitis

Experimental colitis was induced using TNBS in
SPF wild-type and R38E-PAR2 mice, as pre-
viously described.”® Briefly, the mice were
anesthetized with isoflurane (4%). TNBS (2.5%
dissolved in 50% ethanol) was administered by
rectal insertion of a polyethylene catheter into
the colon. Mice were monitored for body-weight
loss and overall mortality for 72 h. At the end-
point, the mice were euthanized, and their
colons were excised, rinsed with saline, and
scored for macroscopic damage, according to
the Wallace Scoring system as previously
described.”® Score: 0 - No damage. 1 -
Hyperemia without ulcers. 2 - Hyperemia and
thickening of bowel wall without ulcers. 3 - One
site of ulceration without bowel wall thickening.
4 - Two or more sites of ulceration or inflam-
mation. 5 - 0.5cm of inflammation and major
damage. 6 to 10 - 1cm of major damage. The
score is increased by one for every 0.5cm of
damage observed, up to a maximum of 10.
Colon length and bacterial translocation to the
spleen were quantified.
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Evaluation of microscopic damage after colitis

For histologic analysis of DSS and TNBS colitis,
tissue samples were collected from the distal colon,
placed in 10% formalin and embedded in paraffin.
All tissues were then stained with filtered hematox-
ylin (Sigma-Aldrich) and 1% eosin Y solution
(Sigma-Aldrich) and visualized for histological eva-
luation of morphology under light microscopy
(Olympus, ON, Canada). Two sections of the distal
colon were evaluated for evidence of inflammation
by two blinded observers. Microscopic damage on

a scale of 0-4 was determined, as previously
described.’>**

Intestinal permeability

Colonic paracellular permeability (°'Cr-EDTA
mucosal-to-serosal flux), tissue conductance, and
ion secretion were evaluated ex vivo using proximal
colon sections and the Ussing chamber technique, as
previously described.’® Proximal colon sections of
1.5 cm were collected, opened along the mesenteric
border, and mounted into an Ussing chamber. The
chambers exposed 0.25 cm? of tissue surface area to
4 ml of circulating oxygenated Krebs buffer contain-
ing 10 mM glucose (serosal side) and 10 mM man-
nitol (mucosal side) maintained at 37°C aerated with
95% O, and 5% CO,. The flux rate of >'Cr-EDTA
from mucosa to serosa was quantified in samples
using a liquid scintillation counter and expressed as
% hot sample/h/cm®. Ton secretion (expressed as
wA/cm®) across the epithelium was measured via
a short circuit response (Isc, pA) injected through
the tissue under voltage-clamp conditions. Tissue
conductance (passive permeability to ions,
expressed as ms/cm’) was calculated using Ohm’s
law. Baseline ion secretion and tissue conductance
were recorded at equilibrium 20 min after mounting
sections. The Ussing chamber system was from
Physiologic Instruments (Reno, NV, USA).

Bacterial translocation

Translocation of live bacteria was evaluated by
homogenizing spleen tissue (1:10 w/v) in brain
heart infusion (BHI) broth and plating serial dilu-
tions on BHI-agar and MacConkey-agar media
under aerobic and anaerobic conditions for

48 h at 37°C. The number of colony forming
units (CFU) were counted.

Pro-inflammatory and barrier gene expression
analysis

RNA was extracted using RNA Later (Invitrogen)
stabilized colon tissue and the RNeasy Mini Kit
(Qiagen). NanoString nCounter gene expression
was run according to the manufacturer’s instruc-
tions (NanoString Technologies, Seattle, WA)
using two panels (Mouse Inflammation Panel, 254
genes; Custom gene panel, 144 genes, Table S1).
The results obtained were analyzed with nSolver
2.5 (NanoString Technologies). The raw mRNA
counts obtained from the NanoString platform
were normalized using background correction,
positive control normalization, and housekeeping
gene normalization to account for technical varia-
tions. The resulting normalized mRNA counts
represent the relative expression levels of genes,
providing a basis for subsequent statistical analysis.
Differentially expressed genes are visualized in heat
maps and graphs. For network map visualization,
ratios of gene expression (by NanoString nSolver)
for wild-type and R38E-PAR2 mice were uploaded
into IPA software (Qiagen) for further analysis.
The network map is generated using a proprietary
algorithm, and the network score is based on the
hypergeometric distribution of genes and is calcu-
lated with a right-tailed Fisher’s exact test.

Microbiota analysis

Fecal pellets were collected and flash-frozen on dry
ice. DNA was extracted from the samples and the
hypervariable V3-V4 regions of the 16S rRNA gene
were amplified with polymerase chain reaction
(PCR) using Taq polymerase (Life Technologies,
Carlsbad, CA), as previously described.’® Forward
barcoded primers targeting the V3 region
(v3f_341f-CCTACGGGNGGCWGCAQG) and
reverse primers targeting the V4 region (v4r_806r-
GGACTACNVGGGTWTCTAAT) were used.
Forward primers included six-base pair barcodes
to allow multiplexing samples. Purified PCR
products were sequenced using the Illumina
MiSeq platform by the McMaster Genomics facil-
ity. Primers were trimmed from the obtained



sequences with Cutadapt software,”” and processed
with Divisive Amplicon Denoising Algorithm 2
(DADAZ2; version 1.14.0) using the trained
SILVA reference database (version 138.1).%
A phylogenetic tree of the sequences was calculated
using FastTree 2, and the data was explored using
the phyloseq package (version 1.30.0) in R (version
3.6.2)."0 After data cleanup, a total of 1,625,464
reads were obtained with a minimum of 17,764
and a maximum of 103,644 with an average of
41,002 reads per sample. Alpha-diversity was mea-
sured using observed species. Beta-diversity was
calculated on normalized data using the Bray-
Curtis dissimilarity method. The originated matrix
was ordinated using non-metric multidimensional
scaling (NMDS). Differences between bacterial
communities were tested by permutational multi-
variate analysis of variance (PERMANOVA) using
the vegan package (version 2.5.6) for R.

Proteolytic activities

Non-specific proteolytic activities (total and over-
all), elastase-like, and trypsin-like proteolytic activ-
ities were measured in fecal samples and in
bacterial culture supernatants. Non-specific pro-
teolytic activities were measured using substrates
azocasein (total) and gluten (overall) that can be
cleaved by various proteases and therefore assess
broad-spectrum protease activity. These assays
enable detection of both bacterial and host protease
activities that have similar function.

Elastase-like activity was analyzed using Suc-
Ala3-pNA (Sigma-Aldrich), a substrate commonly
used to measure elastase activity, including that of
neutrophil, pancreatic, and bacterial enzymes. This
substrate is highly specific due to its sequence of
alanine residues, which these enzymes cleave. The
cleavage of Suc-Ala3-pNA by elastase-like enzymes
releases the chromogenic p-nitroanilide, which is
measured spectrophotometrically. Total proteoly-
tic activity was analyzed using azocasein (Sigma-
Aldrich), a nonspecific substrate that releases an
azo dye upon cleavage, also measured spectropho-
tometrically. Briefly, fecal and bacterial superna-
tants were incubated with each substrate in 50
mM Tris-HCI buffer (pH 8.2) supplemented with
1 mM CaCl2, 50 mM NaCl, and 0.25% Triton at
37°C. Absorbance was measured at various time
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points. Enzyme units were determined using stan-
dard curves of elastase from porcine pancreas
(Sigma-Aldrich) for elastase-like activity and tryp-
sin (Sigma-Aldrich) for total proteolytic activity.

Trypsin-like activity of fecal and bacterial super-
natants was determined using the Trypsin Activity
Assay Kit (Abcam, Cambridge, UK) following the
manufacturer’s recommendations.

Overall proteolytic activity of fecal sample
supernatants was determined with a bioassay
using agar plates enriched with gluten (1%; Sigma-
Aldrich), in which samples were incubated for 24 h.
Opverall proteolytic activity was quantified by mea-
suring the diameter of the halo surrounding the
inoculation site on the gluten plate."

Isolation and identification of proteolytic bacteria

Mouse fecal samples were plated on selective agar
media plates designed to isolate proteolytic bac-
teria. The following culture media containing dif-
ferent protein sources were used: (1) Gluten agar
(1%) and BHI + gluten (1%) agar; (2) Elastin agar
(0.5%; elastin from bovine neck ligament; Sigma-
Aldrich) and BHI + elastin (0.5%) agar and; (3)
Casein agar (1%; Sigma-Aldrich) and BHI + casein
(1%) agar. Plates were incubated with fecal samples
for 48 h in anaerobic conditions (Bactron IV anae-
robic chamber) and a total of 95-100 bacterial
isolates per sample were randomly selected after
incubation. All bacterial isolates were streaked on
the substrate-containing agar plates and grown in
liquid OptiMEM reduced serum medium (Gibco)
at 37°C for 48 h. Positive proteolytic activity was
determined by the presence of a halo surrounding
the inoculation site on substrate-containing media.
Elastase activity was analyzed by incubating bacter-
ial supernatants grown in OptiMEM with FITC-
elastin (AnaSpec) kinetically for 1 h. To confirm
the presence of proteolytic bacteria in feces of mice,
fecal homogenates were plated on gluten agar (1%)
and the presence of zones of gluten clearance was
observed. Bacteria with proteolytic activity were
identified using Sanger technology. Briefly, DNA
from isolates was extracted by picking single bac-
terial colonies into water, boiling, and centrifuging
at 10,000 RPM for 2 min. The 8F-926 R region of
the 16S rRNA gene was amplified by PCR using the
extracted DNA, and sequences were determined



6 L. E. RONDEAU ET AL.

using Sanger sequencing (FW primer: 5-
AGAGTTTGATCCTGGCTCAG-3’, RV primer: 5-
CCGTCAATTCCT-TTRAGTTT-3’). The resulting
sequences for the isolates were taxonomically
assigned using the NCBI nucleotide collection
database.”’

Cleavage of the PAR2 external domain by bacteria

Chinese hamster ovary (CHO) cells, in which
NanoLuc luciferase (Nluc) is inserted at the
PAR2 amino terminus, were used to measure
PAR2 external domain cleavage. Briefly, the
Nluc reporter tag was cloned in frame with the
human form of PAR2 complementary DNA and
its stop codon was mutated to insert an eYFP
tag (Nluc-hPAR2-eYFP). A stable CHO cell line
was developed using positive selection with
geneticin antibiotic (G418). The cell line was
routinely grown in Ham’s F-12 medium supple-
mented with 10% fetal bovine serum, and 0.8
mg/ml G418 plasmocin (Invitrogen/
ThermoFisher, Carlsbad, CA) on Nunclon
Delta Surface Cell Culture Flasks (Sigma-
Aldrich, St. Louis, MO) at 5% CO, in a 37°C
humidified incubator. Then, 1.5 x 10* cells were
plated into each well of a 96-well black plate for
24h. The cell monolayers were then washed
three times with Hank’s balanced salt solution
(pH 7.4; Thermofisher), and 100 ul of OptiMEM
was added to each well and cultured for
approximately 16 h. Bacteria were incubated for
16 h in OptiMEM at 37°C, after which culture
medium (20pul) was added to the Nluc-
expressing cell monolayers (final volume 120
pul) and incubated for 15min at 37°C.
Supernatant was collected and centrifuged for
5min at 12,000 rpm. Then, 80 pl of supernatant
was transferred to a 96-multiwell white plate
followed by the addition of 80 pl of 50-fold
diluted luciferase assay substrate solution
(Promega Corporation, Madison, WI). The
released luciferase activity was measured using
a Varioskan plate reader (ThermoFisher) in
duplicate. Trypsin was used as a positive
control.

Goblet cell determination

Goblet cells were visualized using Alcian Blue.*
Briefly, for acid mucin staining, sections were depar-
affinized, hydrated, and stained with Alcian Blue
(Sigma-Aldrich) in 3% acetic acid (pH 2.5) for 30
min, then washed in running water for 5 min. The
slides were counterstained with hematoxylin (Sigma-
Aldrich) for 20 s and dehydrated, cleared, and
mounted with Permount mounting media. The
mucin-like glycoproteins stained with Alcian Blue
were quantified by counting the number of goblet
cells in 10 randomly chosen crypts in the distal colon.

Statistical analysis

All variables were analyzed with SPSS version 18.0
(SPSS Inc., USA) and GraphPad Prism 9
(GraphPad Software, USA). Categorical variables
are expressed as numbers and percentages, and
quantitative variables as means + standard error of
the mean (s.e.m.) or medians with interquartile
range for parametric or nonparametric data,
respectively. Normal distribution was determined
by D’Agostino — Pearson omnibus normality test,
Shapiro - Wilk test, and Kolmogorov - Smirnov
test with Dallal-Wilkinson-Lillie correction. Data
are depicted as dot plots, with each dot represent-
ing an individual mouse, or biological replicate.
The one-way analysis of variance (ANOVA) test
was used to evaluate differences between more than
two groups with a parametric distribution and
Tukey’s post-hoc correction was applied.
Student’s ¢-test (two-tailed) was performed to eval-
uate the differences between two independent
groups or paired samples as appropriate. Data
with non-normal distribution were evaluated with
Kruskal - Wallis test for more than two groups,
and Mann - Whitney test for two independent
groups. Wald test was used for statistical analysis
of gene expression by Nanostring nSolver 2.5. To
compare paired samples where the data is not nor-
mally distributed, Wilcoxon signed-rank test was
used. A p value < 0.05 was selected to reject the null
hypothesis by two-tailed tests. Information regard-
ing specific p values, value of n, and how data are
presented can be found in figure legends.
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Figure 1. PAR2 external domain activation increases intestinal permeability and determines colitis severity. (a)- experimental design.
SPF wild-type and protease-resistant PAR2 mutant (R38E-PAR2) mice were given 3.5% DSS in drinking water for 5 days followed by
water for the next 2 days. Control mice received only water during the entire procedure. (b)- colonic intestinal barrier function
represented as paracellular permeability (% hot sample/h/cm?)and tissue conductance (ms/cm?) of mice after DSS or water control
(n = 6-8). (c)- bacterial translocation into the spleen (CFU/g) of mice after DSS colitis or water control (n = 4-9). (d)- spleen mass (mg) of
mice after DSS colitis or water control (n =7-9). (e)- weight loss during DSS colitis or water control (n = 8-9). (f)- colon length of mice
after DSS colitis or water control (n = 8-9). Percent colon length reduction relative to water treated controls is shown for each mouse
strain. (n = 8-9). (g)- stool index scored on a scale of 0-6 of mice after DSS colitis or water control (n =8-9). (h)- microscopic injury
scoring of the colonic mucosa of mice after DSS colitis or water control (n = 8-9). One representative image of the colon is shown for
wild-type and R38E-PAR2 mice after DSS. Data are presented as mean where each dot represents an individual mouse (a-d, f-h) or
where each dot represent the mean + s.e.m. of the group (e). Displayed p values were calculated by a one-way analysis of variance
(ANOVA) with Tukey's post-hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.001.
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Results

Functional external domain of PAR2 regulates
barrier function during colitis

Intestinal inflammation induced by DSS resulted in
increased colonic paracellular permeability and tis-
sue conductance in wild-type mice compared to
water-treated controls that did not receive DSS.
This increase was not observed in R38E-PAR2
mice, which exhibited significantly reduced para-
cellular permeability compared to wild-type mice.
These findings suggest that a functional PAR2
external domain is essential for regulating intest-
inal permeability during colitis (Figures 1(a,b)).
Additionally, there were no differences in ion
secretion observed before or after colitis in either
mouse strain (Supplementary Figure S1). We next
investigated systemic bacterial escape by measuring
the translocation of live bacteria to the spleen.
While total bacterial counts in the spleen of wild-
type mice with colitis were higher than water-
treated controls, R38E-PAR2 mice with colitis had
no significant bacterial translocation (Figure 1(c)).
An increase in spleen mass, indicative of a systemic
inflammatory response, was observed in wild-type
but not R38E-PAR2 mice after colitis (Figure 1(d)).
These results suggest that activation of the PAR2
pathway is involved in the regulation of barrier
function during colitis.

PAR2 external domain determines colitis severity

The key role of PAR2 activation in the progression
of inflammation during colitis is further high-
lighted by the protection afforded to protease-
resistant R38E-PAR2 mice. Colitis development
reduced the body mass of both wild-type and
R38E-PAR2 mice, however R38E-PAR2 mice
were protected from the severe weight loss experi-
enced by wild-type mice (Figure 1(e)). Relative to
water treated controls, R38E-PAR2 mice experi-
enced significantly less reduction in colon length
compared to wild-type mice after colitis, suggesting
attenuated tissue damage (Figure 1(f)). Colon
length reduction of wild-type and R38E-PAR2
mice was calculated because we have previously
observed shorter colons in SPF R38E-PAR2 mice
without colitis. R38E-PAR2 mice were also pro-
tected from the development of severe diarrhea

and stool blood exhibited in wild-type mice
(Figure 1(g)). Histologic evaluation of colitis sever-
ity revealed that R38E-PAR2 mice had significantly
less colonic inflammatory cell infiltration and
architectural damage than wild-type mice after
colitis (Figure 1(h)). We confirmed our findings
that R38E-PAR2 mice develop attenuated
inflammation and bacterial translocation com-
pared to wild-type mice using the TNBS hapten-
induced colitis model (Supplementary Figure
S2). These results indicate that the canonical
activation site of PAR2 is an important signaling
mechanism in the development of colitis.

PAR2 external domain mediates pro-inflammatory
gene expression during colitis

To investigate the underlying pathways, we mea-
sured transcript levels of 254 genes in the colon of
wild-type and R38E-PAR2 mice after colitis. We
observed that 37 proinflammatory genes were
down-regulated and 4 were up-regulated in R38E-
PAR2 mice compared with wild-type mice after
colitis (Figure 2(a)). These include genes down-
stream of PAR2 activation, such as those mediating
mitogen-activated protein kinases (Map2k4,
Map3k5, Map3k7, Mapkl4 and Mapkapkl2), NF-
kappa-B (Relb, Ripkl and Hifla), prostaglandin
E (Ptegerl and Pteger4), and Rho (Rhoa) signaling.
Additionally, some genes were associated with
other G-protein coupled receptors (Ccr7 and
Gnas), and pathways that communicate with
PAR2, such as toll-like receptor signaling (7TIr2,
Tlr9, Ly96, and Rps6ka5). Wild-type mice also
had higher expression of genes associated with
inflammatory cytokines (II6 and II22) and tran-
scription factors downstream of both toll-like
receptor and PAR2 signaling (Stat3 and Bcl6),
compared to R38E-PAR2 mice after colitis.

The transcripts differentially expressed after coli-
tis in wild-type mice were associated with functional
networks including “Digestive System Development
and Function” (Figure 2(b)) and “Organismal
Injury and Cell Death” (Supplementary Figure S3).
The latter functional network involves the G beta-
gamma complex, found downstream in the
G protein-coupled receptor signaling pathway.
These results suggest that colitis leads to the expres-
sion of pro-inflammatory genes through PAR2
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Figure 2. Pro-inflammatory genes are upregulated in wild-type, but not R38-PAR2 mice, after colitis. (a)- heat map of gene expression
in the colon of wild-type and R38E-PAR2 mice after DSS colitis. Only genes differentially expressed between groups are shown (N = 4).
P-values were calculated by nSolver 2.5 using the Wald test. (b)- canonical pathways dysregulated in wild-type mice compared to
R38E-PAR2 mice after dss-induced colitis associated with the “digestive system development and function” network, generated by
ingenuity pathway analysis software. The colors in the heat map (a) are based on up-regulated (red) and down-regulated (blue) genes
in the colon (n = 4), while the colors in the network (b) represent up-regulated (pink) and down-regulated (green) genes in the colon

of R38E-PAR2 samples (n = 4).

external domain cleavage, which participates in
intestinal injury and gut dysfunction development.

Functional PAR2 dictates microbiome changes after
colitis

To investigate the interaction between the external
domain of PAR2 and microbes, we examined the
tecal microbiota of wild-type and R38E-PAR2 mice
with and without colitis. Wild-type and R38E-

PAR?2 mice differed in microbial profiles, indepen-
dent of colitis (Figures 3(a,b)). Colitis led to
changes in the dissimilarity of bacterial commu-
nities (beta-diversity) in both mouse strains.
However, further taxonomic separation (Figure 3
(b)) and a reduction in the number of observed
bacterial species (alpha-diversity; Figure 3(c)) were
observed in wild-type mice which experienced
more severe colitis compared to R38E-PAR2 mice.
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Figure 3. Different fecal microbiota based on colitis and mouse strain. (a)- phylum-level relative abundance of the microbial
composition in wild-type and R38E-PAR2 mice after DSS colitis or water control. Each bar represents an individual mouse. (b)- Non-
metric multidimensional scaling (NMDS) plot of fecal microbiota of mice after DSS colitis or water control based on Bray-Curtis
dissimilarity matrix (beta-diversity). (c)- observed species (alpha-diversity) in fecal microbiota of mice after DSS colitis or water control.
(d-f)- significantly altered taxa in fecal microbiota of wild-type and R38E-PAR2 mice after DSS colitis or water control at the phylum (d),
family (e) and genus (f) levels. Each dot represents an individual mouse. Data are presented as median (c) or median with interquartile
range and whiskers extending from minimum to maximum (d-f). Significance was determined using Mann-Whitney and Kruskal-
Wallis test. Displayed p values survived 5% (d) and 10% (e, f) false discovery rate (FDR) correction. (n =4). * p < 0.05, ** p < 0.01, *** p
<0.001, **** p < 0.001.



Colitis induced bacterial taxonomic changes in
both mouse strains (Figure 3(d)). Phyla such
as Actinobacteria and Tenericutes, were lower
after colitis in R38E-PAR2 and wild-type mice,
respectively. In contrast, phyla associated with
inflammatory capacity such as Proteobacteria and
Verrucomicrobia were increased after colitis in both
mouse strains (Figure 3(d)). At the Family level,
R38E-PAR2 mice had a lower abundance of
Bifidobacteriaceae and a higher abundance of
Enterobacteriaceae after colitis. This increase of
Enterobacteriaceae was also observed in wild-type
mice, together with the proliferation of Enter-
ococcaceae (Figure 3(e)). Colitis was also linked to
lower abundance of anaerobic commensal genera
of the colon, including Rumminococcus and Co-
prococcus in wild-type mice, and Bifidobacterium in
R38E-PAR2 mice. Interestingly, the proliferation of
classic proteolytic bacterial groups including
Enterococcus, Clostridium, and Proteus was observed
in wild-type, but not R38E-PAR2 mice after colitis
(Figure 3(f)). Altogether, these results suggest that
colitis induces shifts in the fecal microbiota that are
unique to each mouse strain and are determined by
the functional activity of PAR2. However, whether
this microbial diversification involves a functional
proteolytic change that contributed to colitis severity
was unclear.

Colitis increases bacterial proteolytic activity and
expands PAR2 cleaving bacteria

As PAR2 is activated by proteases, we measured
total fecal proteolytic activity, elastase-like, and
trypsin-like activity in wild-type and R38E-PAR2
mice with or without colitis. Wild-type mice had
higher total proteolytic, elastase-like, and trypsin-
like activity than R38E-PAR2 mice, regardless of
whether they had colitis (Figure 4(a)). Colitis was
associated with increased proteolytic activities in
wild-type mice, but there was only a mild, non-
significant increase in total proteolytic activity and
elastase-like activity, but not trypsin-like activity, in
R38E-PAR2 mice with colitis. The observed
increase in proteolytic activity associated with coli-
tis was less pronounced in R38E-PAR2 mice com-
pared to wild-type mice (Figure 4(a)), which was
similarly observed in TNBS colitis (Supplementary
Figure S2).
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While increased host proteases have been pre-
viously reported in animal models of colitis,** the
role of bacterial proteases has been underestimated.
Based on the observed expansion of classic proteo-
Iytic taxa after colitis (Figure 3(f)), we aimed to
characterize the main proteolytic bacteria. Fecal
bacteria were isolated from wild-type and R38E-
PAR2 mice with or without colitis. Culture-based
and proteolytic activity assays revealed an expan-
sion of proteolytic taxa in wild-type but not in
R38E-PAR2 mice after colitis (Figure 4(b)). The
main proteolytic bacterial groups increased in
wild-type mice after colitis are Enterococcus and
Staphylococcus (Figure 4(c)). Given that the
observed proliferation of Enterococcus is consistent
with the 16S data by Illumina (Figure 3(f)), we
explored this genus further in the context of
PAR2. Proteolytic activity determinations con-
firmed the high proteolytic capacity of
Enterococcus faecalis and Staphylococcus epidermi-
dis strains isolated from wild-type mice after colitis
(Figure 4(d)). Both bacterial taxa had the capacity
to degrade the external domain of PAR2 in vitro
(Figure 4(e)). These results suggest that under
inflammatory conditions, microbial proteolytic
activity with the capacity to activate PAR2 is
enhanced.

Proteolytic microbiota worsens colitis in mice with
protease sensitive PAR2

To further test the role of proteolytic cleavage of
PAR?2 in inflammation under similar microbial and
proteolytic conditions, we generated germ-free
R38E-PAR2 mice. There were no differences in
overall intestinal physiology, barrier function, or
colonic inflammatory or barrier genes between
germ-free wild-type and R38E-PAR2 mice
(Supplementary Figure S4 and Supplementary
Table S1). Germ-free wild-type and R38E-PAR2
mice also develop similar inflammation during
DSS colitis in the absence of microbes (Supp-
lementary Figure S5), underscoring the role of
microbes in PAR2-mediated worsening of colitis.
Next, we colonized germ-free wild-type and R38E-
PAR2 mice with cecal samples from SPF mice har-
boring microbiota with high proteolytic capacity,
then induced colitis with DSS (Figure 5(a)). After
colonization, the SPF microbial proteolytic
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Figure 4. Proteolytic activity and bacteria increase after colitis in wild-type mice. (a)- fecal proteolytic activity of wild-type and R38E-
PAR2 mice after DSS colitis or water control. Total proteolytic activity, elastase-like activity, and trypsin-like activity were measured in
fecal samples. (b)- relative abundance (%) of proteolytic bacteria isolated from fecal samples of mice after DSS colitis or water control
using protein-enriched agar media. (c)- average relative abundance (%) of proteolytic bacteria among the total isolated fecal bacteria
per group (n = 3-4). (d)- proteolytic capacity of Enterococcus faecalis and Staphylococcus epidermidis strains isolated from fecal samples
of wild-type mice after DSS. (e)- capacity of E. faecalis and S. epidermidis strains isolated from fecal samples of wild-type mice after DSS
to degrade the external domain of PAR2. Data are presented as mean where each dot represents an individual mouse (a-c) or one
biological replicate (d-e). Displayed p values were calculated by a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test.

*p<0.05,** p<0.01, ** p<0.001, *** p<0.0001.

activity phenotype was transferred to both wild-
type and R38E-PAR2 mice (Supplementary Figure
§6). Beta-diversity revealed that wild-type and
R38E-PAR2 mice were colonized similarly
(Figure 5(b)). Consistent with naturally colonized
mice (Figure 3(b)), a more pronounced microbial
shift was observed in wild-type compared to
R38E-PAR2 mice after colitis (Figure 5(b)). Both
mouse strains had similar alpha-diversity, which

reduced after colitis (Figure 5(c)). Colitis
expanded taxa known to be proteolytic including
Enterococcus and Staphylococcus in wild-type
mice, and to a lesser degree in R38E-PAR2 mice.
Bacteroides, a genus with known proteolytic
capacity,” expanded in both wild-type and R38E-
PAR2 mice (Figure 5(d), Supplementary Figure
S7). Total proteolytic activity was increased in
both mouse strains after inflammation
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Figure 5. Functional external domain of PAR2 promotes inflammation during colitis when microbial proteolytic stimulus is normalized.
(a)- experimental design. Germ-free wild-type and R38E-PAR2 mice were colonized with SPF microbiota from fecal samples of an SPF
mouse. After three weeks of microbiota stabilization, mice were given 2.5% DSS in drinking water for 5 days followed by water for the
next 2 days (n =7). (b)- Non-metric multidimensional scaling (NMDS) plot of fecal microbiota of wild-type and R38E-PAR2 pre- and
post- DSS colitis based on Bray—Curtis dissimilarity matrix (beta-diversity). (c)- observed species (alpha-diversity) in fecal microbiota of
mice pre- and post- DSS colitis. (d)- relative abundance of proteolytic taxa in fecal microbiota of mice pre- and post- DSS colitis. (e)-
weight loss during DSS colitis. (f)- stool index scored on a scale of 0-6 after DSS colitis. (g)- colon length of mice after DSS colitis. (h)-
colonic intestinal barrier function represented as paracellular permeability (% hot sample/h/cm?) of mice after DSS. (i)- microscopic
injury scoring of the colonic mucosa of mice after DSS colitis. One representative image of the distal colon is shown for each group.
Data are presented as individual dots representing each mouse where the lines indicate paired samples (c-d), mean + s.e.m. (e), or
mean where each dot represents an individual mouse (f-i). Displayed p values were calculated by a paired Wilcoxon test (C-D) or
Student’s t-test (E-I). * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.001.
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(Supplementary Figure S6). Elastase-like and tryp-
sin-like activity were only significantly increased
in wild-type mice (Supplementary Figure S6).
R38E-PAR2 mice developed attenuated weight
loss, bloody and soft stool, and colon shortening
compared to wild-type mice (Figure 5(e-g)).
Compared to R38E-PAR2 mice, wild-type mice
had higher paracellular permeability and histologic
damage after colitis (Figure 5(h-i)). There were no
differences in tissue conductance or ion secretion
between the mouse strains (Supplementary Figure
S8A-B). Despite the increase in paracellular perme-
ability of wild-type mice, we did not observe any
differentially expressed genes related to barrier func-
tion, including tight junction proteins, cadherins,
claudins, occludin, and mucins, which parallel the
results in tissue conductance (Supplementary Figure
S9). However, we did observe higher expression of
key inflammatory cytokines (116, Il1b, 1117b) and
chemokines (Cxcll and Cxcl2) involved in colitis in
wild-type compared to R38E-PAR2 mice. Wild-type
mice also had larger spleens compared to R38E-
PAR2 mice, which is indicative of systemic inflam-
mation (Supplementary Figure S8C). Collectively,
these findings indicate that cleavage of PAR2’s exter-
nal domain is a key event in the inflammatory
response during colitis, even when controlling for
microbial proteolytic stimulus.

Expanded proteolytic bacteria exacerbate intestinal
inflammation

We next studied the colitogenic effects of the pro-
teolytic bacteria Enterococcus and Staphylococcus
that expanded during colitis in wild-type mice.
We colonized germ-free wild-type mice with either
clean ASF microbiota alone or in combination with
proteolytic E. faecalis and S. epidermidis isolated
from feces of wild-type SPF mice after colitis
(Figure 6(a)). Compared with ASF-colonized
mice, ASF mice co-colonized with proteolytic
bacteria showed higher trypsin-like activity
(Figure 6(b)) and overall proteolytic activity
(Figure 6(c) and Supplementary Figure S10A).
Culture of fecal pellets confirmed the presence of
bacteria releasing proteases in mice colonized with
the proteolytic bacteria (Supplementary Figure
S10B). Mice colonized with the proteolytic strains
exhibited more weight loss than ASF controls after

colitis (Figure 6(d)). Additionally, colonization
with the proteolytic bacteria was associated with
a mild, though not statistically significant, reduc-
tion in colon length (Figure 6E), and an increased
stool index (Figure 6(f)). Histologic analysis of the
distal colon revealed greater tissue damage in
mice colonized with proteolytic microbiota
(Figure 6(g)). These findings support that the pre-
sence of proteolytic E. faecalis and S. epidermidis
strains that expand during intestinal inflammation
can exacerbate colitis severity in wild-type gnoto-
biotic mice, potentially through activation of the
PAR2 pathway.

Discussion

There is growing evidence that proteolytic imbal-
ance is associated with functional and inflamma-
tory gastrointestinal diseases.”** To develop new
preventive and therapeutic approaches, the main
triggers of inflammation and the signaling events
that contribute to disease onset and progression
must be understood. Our study provides compel-
ling evidence for the critical role of PAR2 external
domain cleavage and further activation by proteo-
lytic microbes in driving the inflammatory process
during colitis. Moreover, our findings reveal that
the expansion of PAR2-cleaving proteolytic oppor-
tunistic pathogens during inflammation may
further contribute to the exacerbation of inflam-
mation through PAR2 activation. These results
point to a dual implication of PAR2 in both host
and microbial signaling in the context of mucosal
inflammation.

PARs are activated when their N-terminal extra-
cellular domain is cleaved by proteases, releasing
a new motif of amino acids that binds to the recep-
tor like an agonist and triggers intracellular-
signaling events.”” The activation of the PAR
family (PARI, 2, 3 and 4) is protease-specific,
tightly regulated, and influences physiological
functions in the gut, such as motility, permeability,
and nociception. Proteases such as trypsin, tryp-
tase, elastase, and microbial proteases with similar
structures and functions activate PAR2 by proteo-
lytic cleavage. An imbalance in these proteases can
lead to dysregulated PAR2 signaling, resulting in
a variety of pro-inflammatory, pronociceptive, and
proliferative effects. This dysregulation is
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Figure 6. Expanded proteolytic taxa enhance proteolytic activity and promote inflammation in gnotobiotic mice. (a)- experimental
design. Germ-free wild-type mice were colonized with ASF or co-colonized with ASF and E. faecalis and S. epidermidis (ASF prot). After
three weeks, colitis was induced with 2.5% DSS in drinking water for 5 days followed by water for the next 2 days (n = 5). (b)- trypsin-
like activity of fecal samples. (c)- overall fecal proteolytic activity (diameter of halo surrounding fecal inoculation site in gluten agar).
(d)- weight loss during DSS colitis. (e)- colon length after DSS colitis. (f)- stool index scored on a scale of 0-6 after DSS colitis.
(g)- microscopic injury scoring of the colonic mucosa of mice after DSS colitis. One representative image of the distal colon is shown
for each group. Data are presented as mean where each dot represents an individual mouse (A, B, C, E, F, G) or mean + s.e.m. (D).
Displayed p values were calculated by a one-way analysis of variance (ANOVA) with Tukey’s post-hoc test. * p < 0.05, ** p <0.01,
*** p <0.001, **** p <0.001.
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particularly relevant for PAR2, which has been
implicated in the pathogenesis of intestinal
inflammation.'>***> Unfortunately, mechanistic
studies using experimental models of colitis have
produced conflicting results due to the pro-
inflammatory and anti-inflammatory properties of
this receptor.**™*® Hyun et al. showed that PAR2-
deficient mice have reduced inflammation in three
different models of colitis, including DSS and
TNBS."? However, the use of PAR2-deficient mod-
els limits the understanding of the molecular
mechanisms related to the activation site and pro-
teolytic-specific activation in the context of colitis.
Indeed, PAR2 has many functions that are unre-
lated to receptor cleavage/activation, such as ser-
ving as a co-receptor for other proteolytically
cleaved PARs and interacting with receptors
involved in microbial signaling such as toll-like
receptors, which are also linked to IBD. In the
present study, we used R38E-PAR2 mice
on a C57BL/6N background presenting an
N-terminal external domain lacking the canonical
activation site. This mutation prevents activation
by proteolytic cleavage and mimics some aspects of
PAR2 knock-outs,* but leaves many of the other
relevant functions of PAR2 intact.”**® Thus, our
findings using this model establish the pivotal
molecular mechanism by which proteolytic activa-
tion of the PAR2 external domain drives the
inflammatory response underlying colitis.

We induced acute intestinal injury in R38E-
PAR2 and wild-type mice using one cycle of DSS
in drinking water. Wild-type mice experienced
progressive and more severe weight loss, losing
20% of initial mass by the end of the experiment.
Colitis also increased intestinal permeability, bac-
terial translocation, and led to spleen enlargement
in wild-type mice, but this was not observed in
R38E-PAR2 mice. This is consistent with previous
studies showing that PAR2 activation increases
paracellular permeability in the colon and pro-
motes bacterial translocation into peritoneal
organs.”® Finally, histologic analysis revealed that
R38-PAR2 mice developed attenuated inflamma-
tion and colon tissue damage compared to wild-
type mice. We observed similar protection from
inflammation in R38E-PAR2 mice during TNBS
hapten-induced colitis. Together, these results
demonstrate the significant influence of PAR2

activation by proteolytic cleavage of its external
domain in the inflammatory process in colitis.

To investigate how PAR2 external domain clea-
vage exacerbates colitis, we quantified colonic
transcript levels of pro-inflammatory genes after
colitis induction. Many genes were up-regulated
in wild-type mice but not in R38E-PAR2 mice,
including genes relevant to PAR2 signaling.
PAR2 activation induces the assembly of
a MAPK signaling module through a mechanism
that depends on B-arrestins.”>>' Several genes
associated with MAPK were down-regulated in
R38E-PAR2 mice compared to wild-type mice
including Map2k4, Map3k5, Map3k7, Mapkl4
and Mapkapkl2. PAR2 activation is also sus-
pected to involve the Rho family of proteins
which are important in various cellular
processes.””>* The gene Rhoa of this family was
upregulated in wild-type but not R38E-PAR2
mice after colitis. PAR2 has also been shown to
mediate the activation of NF-kappa-B and the
release of prostaglandin E,”>°° which are key
mediators in immune responses in preclinical
models of colitis and IBD.””*® Genes associated
with NF-kappa-B activation, such as Melb, Ripkl
and Hifla,*'~® or with receptors of prostaglandin
E (Ptegerl and Pteger4) were altered in wild-type
mice compared to R38E-PAR2 mice after colitis.
Additionally, genes related to other receptors
involved in IBD, such as toll-like receptors (TIr2,
TIr9, Ly96 and Rps6ka5), were also differentially
expressed between the two mouse strains. Toll-
like receptor signaling participates in innate host
defense in the intestine, mucosal homeostasis, and
microbial recognition.®* There is evidence of
communication between PAR2 and toll-like
receptors,”*® as well as other G-protein couple
receptors altered in our study (Ccr7 and Gnas).®®
The overactivation of both toll-like receptors and/
or PARs has been linked to increased pro-
inflammatory responses involving NF-kappa-B
and other pro-inflammatory mediators such as
IL-6, IL-22, and STAT-3.°°"7? These are classic
immune mediators involved in IBD and genes
directly encoding them were upregulated after
colitis in wild-type mice with protease-sensitive
PAR2.7>77> Overall, these results suggest that
inflammation during experimental colitis leads
to increased expression of pro-inflammatory



genes relevant to intestinal injury and gut dys-
function development through proteolytic PAR2
activation.

Increased proteolytic activity in fecal samples
and colonic biopsies of patients with IBD has
been previously demonstrated.>>*’® Similarly,
preclinical models of colitis also exhibit an
imbalance in proteolytic activity associated with
inflammation.® In this study, we found that colitis
significantly increased total proteolytic activity,
elastase-like, and trypsin-like activity in wild-type
mice. Although R38E-PAR2 mice also had a trend
for higher total proteolytic activity and elastase-like
activity after colitis, no differences were observed
for trypsin-like activity. Previous research has
shown that increased proteolytic activity in IBD is
often due to host proteases, such as neutrophil
elastase, cathepsin G, and thrombin, which are
released by infiltrating immune cells or the
mucosa.>””” Despite this, the role of bacterial pro-
teases in IBD is being established,” and the specific
mechanisms underlying their colitogenic effects
have received insufficient attention.

Functional and compositional microbial
changes have been described in IBD patients and
preclinical mouse models. Here, we found that
colitis-induced changes in the fecal microbiota of
both wild-type and R38E-PAR2 mice. However,
these changes differed between mouse strains, in
part due to their different original microbiota.
Classic anaerobic members of the colonic
microbiota were reduced in both wild-type
(Rumminococcus and Coprococcus) and R38E-
PAR?2 (Bifidobacterium) mice after colitis. In addi-
tion, classic proteolytic bacterial groups such as
Enterococcus, Clostridium, and Proteus proliferated
in wild-type mice after colitis. To better understand
the functional attributes of the bacterial expansion
after colitis, we isolated fecal bacteria and charac-
terized their proteolytic capacities. We found that
the abundance of proteolytic bacteria, specifically
Enterococcus and Staphylococcus, was significantly
higher in wild-type mice compared to R38E-PAR2
mice after colitis. The isolated strains of both
E. faecalis and S. epidermidis were able to cleave
the external domain of PAR2. Our findings suggest
that expansion of proteolytic microbes during
intestinal inflammation may contribute to proteo-
lytic imbalance, leading to subsequent cleavage of
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PAR?2 that further incites inflammation. Whether
this expansion results from the pro-inflammatory
cascade initiated by PAR2 canonical activation by
proteases, or some other PAR2-mediated mechan-
ism, remains unclear.

Inflammatory outcomes during colitis are
dependent on intestinal microbiota,”>® physiology,
and immunity. Indeed, we found that R38E-PAR2
mice exhibit similar intestinal physiology and
structure, goblet cell levels, barrier function, and
intestinal gene expression to wild-type mice in
germ-free conditions. To confirm that the different
inflammatory responses observed in the two mouse
strains during colitis were not due to different
intestinal microbiota, we colonized germ-free wild-
type and R38E-PAR2 mice with a standardized SPF
microbiota that included proteolytic bacteria. We
found that when both mouse strains were exposed
to the same proteolytic and microbial conditions,
R38E-PAR2 mice developed attenuated colitis
compared to wild-type mice. Like prior experi-
ments, we observed that expansion of classic pro-
teolytic ~ bacteria  including  Enterococcus,
Staphylococcus, and Bacteroides occurs during
inflammation in wild-type, but not R38E-PAR2
mice. While paracellular permeability was higher
in wild-type compared to R38E-PAR2 mice after
colitis, no differences in the expression of key genes
involved in barrier function were observed. In con-
trast, when colitis was induced in both mouse
strains under germ-free conditions, the absence of
any proteolytic microbial stimulus rendered equal
inflammatory states. Together, these results con-
firm that proteolytic cleavage of the PAR2 external
domain constitutes a key event in intestinal inflam-
mation, and that microbial stimulus is required.
Furthermore, the expansion of proteolytic bacteria
is associated with inflammation and may further
exacerbate colitis by cleavage of the PAR2 external
domain and potentially through other
mechanisms.'"”®

Previous work by others demonstrates that
E. faecalis isolated from IBD patients produces
the extracellular protease gelatinase E, which com-
promises the epithelial barrier and may contribute
to the development of intestinal inflammation in
mice through PAR2 canonical activation.”®
Gelatinase E is a trypsin-like protease that also
degrades E-cadherin leading to the loss of barrier
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function, which further facilitates bacterial inva-
sion, enhances intestinal permeability, and worsens
colitis ~severity independently of PAR2.”®
Furthermore, extracellular gelatinase E produced
by E. faecalis increases permeability of epithelial
cell monolayers and the colonic epithelium of
mice through PAR2."" Staphylococcus also secretes
trypsin-like extracellular proteases with the capa-
city to activate PAR2.”°"®! Similarly, elevated bac-
terial proteolytic activity has been shown in
Bacteroides and linked to the development of
ulcerative colitis.” In agreement, when we colo-
nized ASF mice with proteolytic E. faecalis and
S. epidermidis that activate PAR2 in vitro, these
strains elevated fecal trypsin-like and overall pro-
teolytic activities, and worsened colitis severity.
The results of the gnotobiotic work demonstrate
that proteolytic microbes that cleave the PAR2
N-terminus are colitogenic. Furthermore, they are
supported by a recent study showing that Crohn’s
disease microbiota worsens experimental colitis
through PAR2.*

Despite the difficulty in distinguishing host
proteases from microbial proteases in animal
models, our study supports the role of microbes
and their proteases in the observed phenotypes.
This is evidenced by our colonization of ASF
gnotobiotic mice, which lack proteolytic taxa,
with E. faecalis and S. epidermidis, as well as the
absence of differences in colitis severity between
wild-type and R38E-PAR2 mice under germ-free
conditions. Future studies involving proteomic
techniques and genetic manipulation of specific
microbial strains could provide deeper insights
into the role of microbial proteases in this work.
Of note, our study was not designed to properly
address sex variations associated with PAR2 acti-
vation and intestinal inflammation. Additionally,
while the findings herein using the R38E-PAR2
mouse model underscore the significance of
microbial proteolytic activation of PAR2 in coli-
tis, further investigations using models of spon-
taneous colitis are warranted to validate the
findings in a broader context of intestinal
inflammation.

Building on prior research implicating bacterial
proteases in IBD,””*° our study provides new evi-
dence on the molecular mechanism and pivotal role

that proteolytic bacteria play in activating PAR2
through cleavage of its external domain. The expan-
sion of proteolytic microbes may be a consequence
of the inflammatory environment, possibly driven
by changes in barrier function, inflammation, or
microbiota composition alterations. Indeed, pro-
teases produced by opportunistic pathogens are
important for intestinal colonization, competition
against commensals, and/or escape from host
immune responses.” Our findings suggest that the
activation of PAR2 by microbial proteases exacer-
bates colitis through a feedback loop. In this sce-
nario, inflammation expands proteolytic bacteria,
which in turn leads to further cleavage and activa-
tion of PAR2. This process perpetuates inflamma-
tion and contributes to the pro-inflammatory status
and intestinal permeability associated with colitis.
The identification of this mechanism suggests that
research should be conducted to develop treatments
for IBD patients that prevent excessive PAR2 clea-
vage by bacterial proteases.

Acknowledgments

The authors thank the staff of the Axenic Gnotobiotic
Unit at McMaster University, Joe Notorangelo, Michael
Rosati, and Sarah Armstrong for their assistance with
mouse care. We also thank the McMaster Genome
Facility, Laura Rosati, and Michelle Shah for technical
support with 16S rRNA gene sequencing and NanoString
assays.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was funded by a Canadian Institutes of Health
Research (CIHR) Project Grant [202010PJT] and by a Grants-
In-Aid Crohn’s and Colitis Canada (CCC) grant to AC, who
also holds the Paul Douglas Chair in Intestinal Research. LER
holds a Doctoral Scholarship from CIHR and a graduate
scholarship from the Farncombe Family Digestive Health
Research Institute. This work was also supported by grants
from the European Research Council [ERC-PIPE-310973] to
NV and the French Ministry of Research and Technology, the
National Agency for Research [ANR JCJC-11JSV1 001 01] to
CD. PB holds the Richard Hunt AstraZeneca Chair in
Gastroenterology. WR is supported by the German Research



Foundation [Project Number 318346496, SFB1292/2 TP02].
HJG and EFV are supported by a CIHR Project Grant [PJT-
183881]. EFV holds a Tier 1 Canada Research Chair in
Microbial Therapeutics and Nutrition in Gastroenterology.

ORCID

Alberto Caminero

http://orcid.org/0000-0001-9555-7167

Data availability statement

All sequencing data have been deposited in the Sequence Read
Archive. 16s rRNA gene sequencing data used in this study
can be accessed under BioProject ID PRJNA989619 at http://
www.ncbi.nlm.nih.gov/bioproject/989619.

References

1.

Antalis TM, Shea-Donohue T, Vogel SN, Sears C,
Fasano A. Mechanisms of disease: protease functions
in intestinal mucosal pathobiology. Nat Rev
Gastroenterol Hepatol. 2007;4(7):393-402. doi:10.
1038/ncpgasthep0846.

Motta JP, Denadai-Souza A, Sagnat D, Guiraud L,
Edir A, Bonnart C, Sebbag M, Rousset P, Lapeyre A,
Seguy C, et al. Active thrombin produced by the intest-
inal epithelium controls mucosal biofilms. Nat
Commun. 2019;10(1):3224. doi:10.1038/s41467-019-
11140-w.

Jablaoui A, Kriaa A, Mkaouar H, Akermi N, Soussou S,
Wysocka M, Woloszyn D, Amouri A, Gargouri A,
Maguin E, et al. Fecal serine protease profiling in
inflammatory bowel diseases. Front Cell Infect
Microbiol. 2020;10(21). doi:10.3389/fcimb.2020.00021.
Hansen KK, Sherman PM, Cellars L, Andrade-Gordon
P, Pan Z, Baruch A, Wallace JL, Hollenberg MD,
Vergnolle N. A major role for proteolytic activity and
proteinase-activated receptor-2 in the pathogenesis of
infectious colitis. Proc Natl Acad Sci U S A. 2005;102
(23):8363-8368. doi:10.1073/pnas.0409535102.
Galipeau HJ, Caminero A, Turpin W, Bermudez-Brito
M, Santiago A, Libertucci J, Constante M, Raygoza
Garay JA, Rueda G, Armstrong S, et al. Novel fecal
biomarkers that precede clinical diagnosis of ulcerative
colitis. Gastroenterol. 2021;160(5):1532-1545. doi:10.
1053/j.gastro.2020.12.004.

Mills RH, Dulai PS, Vazquez-Baeza Y, Sauceda C,
Daniel N, Gerner RR, Batachari LE, Malfavon M,
Zhu Q, Weldon K, et al. Multi-omics analyses of the
ulcerative colitis gut microbiome link bacteroides vul-
gatus proteases with disease severity. Nat Microbiol.
2022;7(2):262-276. doi:10.1038/s41564-021-01050-3.
Caminero A, Guzman M, Libertucci J, Lomax AE. The
emerging roles of bacterial proteases in intestinal

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

GUT MICROBES (&) 19

diseases. Gut Microbes. 2023;15(1):2181922. doi:10.
1080/19490976.2023.2181922.

. Barry R, Ruano-Gallego D, Radhakrishnan ST, Lovell S,

Yu L, Kotik O, Glegola-Madejska I, Tate EW,
Choudhary JS, Williams HRT, et al. Faecal neutrophil
elastase-antiprotease balance reflects colitis severity.
Mucosal Immunol. 2020;13(2):322-333. doi:10.1038/
s41385-019-0235-4.

Motta JP, Rolland C, Edir A, Florence A-C, Sagnat D,
Bonnart C, Rousset P, Guiraud L, Quaranta-Nicaise M,
Mas E, et al. Epithelial production of elastase is
increased in inflammatory bowel disease and causes
mucosal inflammation. Mucosal Immunol. 2021;14
(3):667-678. doi:10.1038/541385-021-00375-w.
Caminero A, McCarville JL, Galipeau H]J, Deraison C,
Bernier SP, Constante M, Rolland C, Meisel M,
Murray JA, Yu XB, et al. Duodenal bacterial proteolytic
activity determines sensitivity to dietary antigen
through protease-activated receptor-2. Nat Commun.
2019;10(1):1198. doi:10.1038/s41467-019-09037-9.
Maharshak N, Huh EY, Paiboonrungruang C,
Shanahan M, Thurlow L, Herzog ], Djukic Z,
Orlando R, Pawlinski R, Ellermann M,
Enterococcus faecalis gelatinase mediates intestinal per-
meability via protease-activated receptor 2. Infect
Immun. 2015;83(7):2762-2770.  doi:10.1128/IAI
00425-15.

Ossovskaya VS, Bunnett NW. Protease-activated recep-
tors: contribution to physiology and disease. Physiol
Rev. 2004;84(2):579-621. doi:10.1152/physrev.00028.
2003.

Hyun E, Andrade-Gordon P, Steinhoff M, Vergnolle N.
Protease-activated receptor-2 activation: a major actor
in intestinal inflammation. Gut. 2008;57(9):1222-1229.
doi:10.1136/gut.2008.150722.

Zelaya H, Grunz K, Nguyen TS, Habibi A, Witzler C,
Reyda S, Gonzalez-Menendez I, Quintanilla-Martinez
L, Bosmann M, Weiler H, et al. Nucleic acid sensing
promotes inflammatory monocyte migration through
biased coagulation factor VIIa signaling. Blood.
2024;143(10):845-857. doi:10.1182/blood.2023021149.
Graf C, Wilgenbus P, Pagel S, Pott J, Marini F, Reyda S,
Kitano M, Macher-Goppinger S, Weiler H, Ruf W, et al.
Myeloid cell-synthesized coagulation factor X dampens
antitumor immunity. Sci Immunol. 2019;4(39). doi:10.
1126/sciimmunol.aaw8405.

Vergnolle N, Hollenberg MD, Sharkey KA, Wallace JL.
Characterization of the inflammatory response to
proteinase-activated receptor-2 (PAR2)-activating pep-
tides in the rat paw. Br J Pharmacol. 1999;127
(5):1083-1090. doi:10.1038/sj.bjp.0702634.

Vergnolle N. Protease-activated receptors as drug tar-

et al

gets in inflammation and pain. Pharmacol Ther.
2009;123(3):292-309. doi:10.1016/j.pharmthera.2009.
05.004.

Nasri I, Bonnet D, Zwarycz B, d’Aldebert E, Khou S,
Mezghani-Jarraya R, Quaranta M, Rolland C,


http://www.ncbi.nlm.nih.gov/bioproject/989619
http://www.ncbi.nlm.nih.gov/bioproject/989619
https://doi.org/10.1038/ncpgasthep0846
https://doi.org/10.1038/ncpgasthep0846
https://doi.org/10.1038/s41467-019-11140-w
https://doi.org/10.1038/s41467-019-11140-w
https://doi.org/10.3389/fcimb.2020.00021
https://doi.org/10.1073/pnas.0409535102
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1053/j.gastro.2020.12.004
https://doi.org/10.1038/s41564-021-01050-3
https://doi.org/10.1080/19490976.2023.2181922
https://doi.org/10.1080/19490976.2023.2181922
https://doi.org/10.1038/s41385-019-0235-4
https://doi.org/10.1038/s41385-019-0235-4
https://doi.org/10.1038/s41385-021-00375-w
https://doi.org/10.1038/s41467-019-09037-9
https://doi.org/10.1128/IAI.00425-15
https://doi.org/10.1128/IAI.00425-15
https://doi.org/10.1152/physrev.00028.2003
https://doi.org/10.1152/physrev.00028.2003
https://doi.org/10.1136/gut.2008.150722
https://doi.org/10.1182/blood.2023021149
https://doi.org/10.1126/sciimmunol.aaw8405
https://doi.org/10.1126/sciimmunol.aaw8405
https://doi.org/10.1038/sj.bjp.0702634
https://doi.org/10.1016/j.pharmthera.2009.05.004
https://doi.org/10.1016/j.pharmthera.2009.05.004

20 L. E. RONDEAU ET AL.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Bonnart C, Mas E, et al. PAR 2 -dependent activation of
GSK3[ regulates the survival of colon stem/progenitor
cells. Am J Physiol Gastrointest Liver Physiol. 2016;311
(2):G221-G236. doi:10.1152/ajpgi.00328.2015.

Kim JA, Choi S-C, Yun K-J, Kim D-K, Han M-K,
Seo G-S, Yeom J-J, Kim T-H, Nah Y-H, Lee Y-M,
et al. Expression of protease-activated receptor 2 in
ulcerative colitis. Inflamm Bowel Dis. 2003;9
(4):224-229. d0i:10.1097/00054725-200307000-00002.
Cenac N, Coelho A-M, Nguyen C, Compton S,
Andrade-Gordon P, MacNaughton WK, Wallace JL,
Hollenberg MD, Bunnett NW, Garcia-Villar R, et al.
Induction of intestinal inflammation in mouse by acti-
vation of proteinase-activated receptor-2. Am J Pathol.
2002;161(5):1903-1915. doi:10.1016/S0002-9440(10)
64466-5.

Garlapati V, Molitor M, Michna T, Harms GS, Finger S,
Jung R, Lagrange J, Efentakis P, Wild J, Knorr M, et al.
Targeting myeloid cell coagulation signaling blocks
MAP kinase/tgf-pl-driven fibrotic remodeling in
ischemic heart failure. J Clin Invest. 2023;133(4).
doi:10.1172/JCI156436.

Muller-Calleja N, Hollerbach A, Ritter S, Pedrosa DG,
Strand D, Graf C, Reinhardt C, Strand S, Poncelet P,
Griffin JH, et al. Tissue factor pathway inhibitor primes
monocytes for antiphospholipid antibody-induced
thrombosis. Blood. 2019;134(14):1119-1131. doi:10.
1182/blood.2019001530.

Nhu QM, Shirey K, Teijaro JR, Farber DL, Netzel-
Arnett S, Antalis TM, Fasano A, Vogel SN. Novel
signaling interactions between proteinase-activated
receptor 2 and toll-like receptors in vitro and in vivo.
Mucosal Immunol. 2010;3(1):29-39. doi:10.1038/mi.
2009.120.

Zhao P, Lieu T, Barlow N, Sostegni S, Haerteis S,
Korbmacher C, Liedtke W, Jimenez-Vargas NN,
Vanner SJ, Bunnett NW, et al. Neutrophil elastase acti-
vates protease-activated receptor-2 (PAR2) and transi-
ent receptor potential vanilloid 4 (TRPV4) to cause
inflammation and pain. ] Biol Chem. 2015;290
(22):13875-13887. doi:10.1074/jbc.M115.642736.
Vergnolle N. Clinical relevance of proteinase activated
receptors (pars) in the gut. Gut. 2005;54(6):867-874.
doi:10.1136/gut.2004.048876.

Holzhausen M, Spolidorio LC, Ellen RP, Jobin M-C,
Steinhoff M, Andrade-Gordon P, Vergnolle N.
Protease-activated receptor-2 activation: a major role
in the pathogenesis of porphyromonas gingivalis
infection. Am ] Pathol. 2006;168(4):1189-1199. doi:10.
2353/ajpath.2006.050658.

Dulon S, Leduc D, Cottrell GS, D’Alayer J, Hansen KK,
Bunnett NW, Hollenberg MD, Pidard D, Chignard M.
Pseudomonas elastase  disables
proteinase-activated receptor 2 in respiratory epithelial
cells. Am J Respir Cell Mol Biol. 2005;32(5):411-419.
doi:10.1165/rcmb.2004-02740C.

aeruginosa

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Liang HP, Kerschen EJ, Hernandez I, Basu S, Zogg M,
Botros F, Jia S, Hessner M]J, Griffin JH, Ruf W, et al.
Epcr-dependent PAR2 activation by the blood coagula-
tion initiation complex regulates lps-triggered inter-
feron responses in mice. Blood. 2015;125(18):2845-
2854. doi:10.1182/blood-2014-11-610717.

De Palma G, Shimbori C, Reed DE, Yu Y, Rabbia V,
Lu ], Jimenez-Vargas N, Sessenwein ], Lopez-Lopez C,
Pigrau M, et al. Histamine production by the gut micro-
biota induces visceral hyperalgesia through histamine 4
receptor signaling in mice. Sci Transl Med. 2022;14
(655):eabj1895. doi:10.1126/scitranslmed.abj1895.
Dewhirst FE, Chien C-C, Paster BJ, Ericson RL,
Orcutt RP, Schauer DB, Fox JG. Phylogeny of the
defined murine microbiota: altered Schaedler flora.
Appl Environ Microbiol. 1999;65(8):3287-3292.
doi:10.1128/AEM.65.8.3287-3292.1999.

Llewellyn SR, Britton GJ, Contijoch EJ, Vennaro OH,
Mortha A, Colombel J-F, Grinspan A, Clemente JC,
Merad M, Faith JJ, et al. Interactions between diet and
the intestinal microbiota alter intestinal permeability
and colitis severity in mice. Gastroenterol. 2018;154
(4):1037-1046.¢2. doi:10.1053/j.gastro.2017.11.030.
Hayes CL, Dong J, Galipeau HJ, Jury J, McCarville J,
Huang X, Wang X-Y, Naidoo A, Anbazhagan AN,
Libertucci J, et al. Commensal microbiota induces colo-
nic barrier structure and functions that contribute to
homeostasis. Sci Rep. 2018;8(1):14184. doi:10.1038/
541598-018-32366-6.

Wallace JL, MacNaughton WK, Morris GP, Beck PL.
Inhibition of leukotriene synthesis markedly accelerates
healing in a rat model of inflammatory bowel disease.
Gastroenterol. 1989;96(1):29-36. doi:10.1016/0016-
5085(89)90760-9.

Ghia JE, Blennerhassett P, Kumar-Ondiveeran H,
Verdu EF, Collins SM. The vagus nerve: a tonic inhibi-
tory influence associated with inflammatory bowel dis-
ease in a murine model. Gastroenterol. 2006;131
(4):1122-1130. doi:10.1053/j.gastro.2006.08.016.
Galipeau , H. J. et al. Sensitization to gliadin induces
moderate enteropathy and insulitis in nonobese
diabetic-DQ8 mice. ] Immunol 187, 4338-4346 (2011).
Santiago A, Hann A, Constante M, Rahmani S,
Libertucci J, Jackson K, Rueda G, Rossi L,
Ramachandran R, Ruf W, et al. Crohn’s disease proteo-
lytic microbiota enhances inflammation through PAR2
pathway in gnotobiotic mice. Gut Microbes. 2023;15
(1):2205425. doi:10.1080/19490976.2023.2205425.
Kechin A, Boyarskikh U, Kel A, Filipenko M.
cutPrimers: a new tool for accurate cutting of primers
from reads of targeted next generation sequencing.
] Comput Biol. 2017;24(11):1138-1143. doi:10.1089/
c¢mb.2017.0096.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW,
Johnson AJA, Holmes SP. DADA2: high-resolution
sample inference from illumina amplicon data. Nat
Methods. 2016;13(7):581-583. doi:10.1038/nmeth.3869.


https://doi.org/10.1152/ajpgi.00328.2015
https://doi.org/10.1097/00054725-200307000-00002
https://doi.org/10.1016/S0002-9440(10)64466-5
https://doi.org/10.1016/S0002-9440(10)64466-5
https://doi.org/10.1172/JCI156436
https://doi.org/10.1182/blood.2019001530
https://doi.org/10.1182/blood.2019001530
https://doi.org/10.1038/mi.2009.120
https://doi.org/10.1038/mi.2009.120
https://doi.org/10.1074/jbc.M115.642736
https://doi.org/10.1136/gut.2004.048876
https://doi.org/10.2353/ajpath.2006.050658
https://doi.org/10.2353/ajpath.2006.050658
https://doi.org/10.1165/rcmb.2004-0274OC
https://doi.org/10.1182/blood-2014-11-610717
https://doi.org/10.1126/scitranslmed.abj1895
https://doi.org/10.1128/AEM.65.8.3287-3292.1999
https://doi.org/10.1053/j.gastro.2017.11.030
https://doi.org/10.1038/s41598-018-32366-6
https://doi.org/10.1038/s41598-018-32366-6
https://doi.org/10.1016/0016-5085(89)90760-9
https://doi.org/10.1016/0016-5085(89)90760-9
https://doi.org/10.1053/j.gastro.2006.08.016
https://doi.org/10.1080/19490976.2023.2205425
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1089/cmb.2017.0096
https://doi.org/10.1038/nmeth.3869

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Price MN, Dehal PS, Arkin AP, Poon AFY. FastTree 2—
approximately maximume-likelihood trees for large
alignments. PLoS One. 2010;5(3):€9490. doi:10.1371/
journal.pone.0009490.

McMurdie PJ, Holmes S, Watson M. Phyloseq: an
R package for reproducible interactive analysis and
graphics of microbiome census data. PLoS One.
2013;8(4):e61217. doi:10.1371/journal.pone.0061217.
Whelan FJ, Surette MG. A comprehensive evaluation of
the sllp pipeline for 16S rRNA gene sequencing
analysis. Microbiome. 2017;5(1):100. doi:10.1186/
s40168-017-0314-2.

Strugala V, Allen A, Dettmar PW, Pearson JP. Colonic
mucin: methods of measuring mucus thickness. Proc
Nutr Soc. 2003;62(1):237-243. doi:10.1079/pns2002205.
Tarlton JF, Whiting CV, Tunmore D, Bregenholt S,
Reimann J, Claesson MH, Bland PW. The role of
up-regulated serine proteases and matrix metallopro-
teinases in the pathogenesis of a murine model of
colitis. Am ] Pathol. 2000;157(6):1927-1935. doi:10.
1016/S0002-9440(10)64831-6.

Vergnolle N. Protease inhibition as new therapeutic
strategy for GI diseases. Gut. 2016;65(7):1215-1224.
doi:10.1136/gutjnl-2015-309147.

Cenac N, Garcia-Villar R, Ferrier L, Larauche M,
Vergnolle N, Bunnett NW, Coelho A-M, Fiora-
monti J, Bueno L. Proteinase-activated receptor-
2-induced colonic inflammation in mice: possible
involvement of afferent neurons, nitric oxide, and para-
cellular  permeability. ] Immunol. 2003;170
(8):4296-4300. doi:10.4049/jimmunol.170.8.4296.
Fiorucci S, Mencarelli A, Palazzetti B, Distrutti E,
Vergnolle N, Hollenberg MD, Wallace JL, Morelli A,
Cirino G. Proteinase-activated receptor 2 is an
anti-inflammatory signal for colonic lamina propria
lymphocytes in a mouse model of colitis. Proc Natl
Acad Sci USA. 2001;98(24):13936-13941. doi:10.1073/
pnas.241377298.

Lohman RJ, Cotterell AJ, Suen J, Liu L, Do AT,
Vesey DA, Fairlie DP. Antagonism  of
protease-activated receptor 2 protects against experi-
mental colitis. ] Pharmacol Exp Ther. 2012;340
(2):256-265. d0i:10.1124/jpet.111.187062.

Sebert M, Sola-Tapias N, Mas E, Barreau F, Ferrand A.
Protease-activated receptors in the intestine: focus on

inflammation and cancer. Front Endocrinol
(Lausanne). 2019;10:717. doi:10.3389/fendo.2019.
00717.

Saffarzadeh M, Grunz K, Nguyen TS, Lee YK,
Kitano M, Danckwardt S, Rodrigues CDS, Weiler H,
Reyda S, Ruf W, et al. Macrophage protease-activated
receptor 2 regulates fetal liver erythropoiesis in mice.
Blood Adv. 2020;4(22):5810-5824. doi:10.1182/bloodad
vances.2020003299.

Cottrell GS, Amadesi S, Schmidlin F, Bunnett N.
Protease-activated receptor 2: activation, signalling

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

GUT MICROBES (&) 21

and function. Biochem Soc Trans.
(6):1191-1197. doi:10.1042/bst0311191.
DeFea, K. A. et al. beta-arrestin-dependent endocytosis
of proteinase-activated receptor 2 is required for intra-
cellular targeting of activated ERK1/2. J Cell Biol 148,
1267-1282 (2000).

Greenberg DL, Mize GJ, Takayama TK. Protease-
activated receptor mediated RhoA signaling and cytos-
keletal reorganization in LNCaP cells. Biochem.
2003;42(3):702-709. doi:10.1021/bi027100x.

Sriwai W, Mahavadi S, Al-Shboul O, Grider JR,
Murthy KS, Ushio-Fukai M. Distinctive G
protein-dependent signaling by protease-activated
receptor 2 (PAR2) in smooth muscle: feedback inhibi-
tion of RhoA by cAMP-Independent PKA. PLoS One.
2013;8(6):e66743. doi:10.1371/journal.pone.0066743.
Scott G, Leopardi S, Parker L, Babiarz L, Seiberg M,
Han R. The proteinase-activated receptor-2 mediates

2003;31

phagocytosis in a rho-dependent manner in human
keratinocytes. ] Invest Dermatol. 2003;121(3):529-541.
doi:10.1046/j.1523-1747.2003.12427 x.

Kida Y, Higashimoto Y, Inoue H, Shimizu T,
Kuwano K. A novel secreted protease from Pseudo-
monas aeruginosa activates nf-kB through protease-
activated receptors. Cell Microbiol. 2008;10(7):
1491-1504. doi:10.1111/j.1462-5822.2008.01142.x.
Nagataki M, Moriyuki K, Sekiguchi F, Kawabata A.
Evidence that PAR2-triggered prostaglandin E2
(PGE2) formation involves the erk-cytosolic phospho-
lipase A2-COX-1-microsomal PGE synthase-1 cascade
in human lung epithelial cells. Cell Biochem Funct.
2008;26(2):279-282. doi:10.1002/cbf.1434.

McDaniel DK, Eden K, Ringel VM, Allen IC. Emerging
roles for noncanonical nf-kB signaling in the modula-
tion of inflammatory bowel disease pathobiology.
Inflamm Bowel Dis. 2016;22(9):2265-2279. doi:10.
1097/M1B.0000000000000858.

Schreiber S, Nikolaus S, Hampe J. Activation of nuclear
factor kappa B in inflammatory bowel disease. Gut.
1998;42(4):477-484. doi:10.1136/gut.42.4.477.
Montrose DC, Nakanishi M, Murphy RC, Zarini S,
McAleer JP, Vella AT, Rosenberg DW. The role of
PGE2 in intestinal inflammation and tumorigenesis.
Prostaglandins Other Lipid Mediat. 2015;116-
117:26-36. doi:10.1016/j.prostaglandins.2014.10.002.
Sheibanie AF, Yen J-H, Khayrullina T, Emig F,
Zhang M, Tuma R, Ganea D. The proinflammatory
effect of prostaglandin E2 in experimental inflamma-
tory bowel disease is mediated through the IL-23—1L-
17 axis. ] Immunol. 2007;178(12):8138-8147. doi:10.
4049/jimmunol.178.12.8138.

Rius J, Guma M, Schachtrup C, Akassoglou K,
Zinkernagel AS, Nizet V, Johnson RS, Haddad GG,
Karin M. Nf-kB links innate immunity to the hypoxic
response through transcriptional regulation of HIF-1a.
Nature. 2008;453(7196):807-811. do0i:10.1038/nat
ure06905.


https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/s40168-017-0314-2
https://doi.org/10.1186/s40168-017-0314-2
https://doi.org/10.1079/pns2002205
https://doi.org/10.1016/S0002-9440(10)64831-6
https://doi.org/10.1016/S0002-9440(10)64831-6
https://doi.org/10.1136/gutjnl-2015-309147
https://doi.org/10.4049/jimmunol.170.8.4296
https://doi.org/10.1073/pnas.241377298
https://doi.org/10.1073/pnas.241377298
https://doi.org/10.1124/jpet.111.187062
https://doi.org/10.3389/fendo.2019.00717
https://doi.org/10.3389/fendo.2019.00717
https://doi.org/10.1182/bloodadvances.2020003299
https://doi.org/10.1182/bloodadvances.2020003299
https://doi.org/10.1042/bst0311191
https://doi.org/10.1021/bi027100x
https://doi.org/10.1371/journal.pone.0066743
https://doi.org/10.1046/j.1523-1747.2003.12427.x
https://doi.org/10.1111/j.1462-5822.2008.01142.x
https://doi.org/10.1002/cbf.1434
https://doi.org/10.1097/MIB.0000000000000858
https://doi.org/10.1097/MIB.0000000000000858
https://doi.org/10.1136/gut.42.4.477
https://doi.org/10.1016/j.prostaglandins.2014.10.002
https://doi.org/10.4049/jimmunol.178.12.8138
https://doi.org/10.4049/jimmunol.178.12.8138
https://doi.org/10.1038/nature06905
https://doi.org/10.1038/nature06905

22 (& L E RONDEAU ET AL.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Bren GD, Solan NJ, Miyoshi H, Pennington KN,
Pobst L], Paya CV. Transcription of the RelB gene is
regulated by nf-kB. Oncogene. 2001;20(53):7722-7733.
doi:10.1038/sj.onc.1204868.

Kondylis V, Kumari S, Vlantis K, Pasparakis M. The
interplay of IKK , NF -kB and RIPK 1 signaling in the
regulation of cell death, tissue homeostasis and inflam-
mation. Immunol Rev. 2017;277(1):113-127. doi:10.
1111/imr.12550.

Cario E. Toll-like receptors in inflammatory bowel dis-
eases: a decade later. Inflamm Bowel Dis. 2010;16
(9):1583-1597. doi:10.1002/ibd.21282.

Ramelli G, Fuertes S, Narayan S, Busso N, Acha-
Orbea H, So A. Protease-activated receptor 2 signalling
promotes dendritic cell antigen transport and T-cell
activation in vivo. Immunol. 2010;129(1):20-27.
doi:10.1111/j.1365-2567.2009.03144.x.

Saito A, Osuga Y, Yoshino O, Takamura M, Hirata T,
Hirota Y, Koga K, Harada M, Takemura Y, Yano T,
et al. TGF- 1 induces proteinase-activated receptor 2
(PAR2) expression in endometriotic stromal cells and
stimulates PAR2 activation-induced secretion of IL-6.
Hum Reprod. 2011;26(7):1892-1898. d0i:10.1093/hum
rep/der125.

Asokananthan N, Graham PT, Fink J, Knight DA,
Bakker AJ, McWilliam AS, Thompson PJ, Stewart GA.
Activation of protease-activated receptor (PAR)-1,
PAR-2, and PAR-4 stimulates IL-6, IL-8, and prosta-
glandin E2 release from human respiratory epithelial
cells. ] Immunol. 2002;168(7):3577-3585. d0i:10.4049/
jimmunol.168.7.3577.

Kawasaki T, Kawai T. Toll-like receptor signaling
pathways. Front Immunol. 2014;5:461. doi:10.3389/
fimmu.2014.00461.

Flynn CM, Garbers Y, Lokau J, Wesch D, Schulte DM,
Laudes M, Lieb W, Aparicio-Siegmund S, Garbers C.
Activation of toll-like receptor 2 (TLR2) induces
interleukin-6 trans-signaling. Sci Rep. 2019;9(1):7306.
doi:10.1038/s41598-019-43617-5.

Pickert G, Neufert C, Leppkes M, Zheng Y, Wittkopf N,
Warntjen M, Lehr H-A, Hirth S, Weigmann B, Wirtz S,
et al. STATS3 links IL-22 signaling in intestinal epithelial
cells to mucosal wound healing. ] Exp Med. 2009;206
(7):1465-1472. d0i:10.1084/jem.20082683.

Agrawal K, Arora N. Serine protease allergen favours
Th2 responses via PAR-2 and STAT3 activation in
murine model. Allergy. 2018;73(3):569-575. doi:10.
1111/all.13315.

Tye H, Kennedy C, Najdovska M, McLeod L,
McCormack W, Hughes N, Dev A, Sievert W, Ooi C,
Ishikawa T-O, et al. STAT3-driven upregulation of

73.

74.

75.

76.

77.

78.

79.

80.

81.

TLR2 promotes gastric tumorigenesis independent of
tumor inflammation. Cancer Cell. 2012;22(4):466-478.
do0i:10.1016/j.ccr.2012.08.010.

Atreya R, Neurath MF. Involvement of IL-6 in the
pathogenesis of inflammatory bowel disease and colon
cancer. Clin Rev Allergy Immunol. 2005;28(3):187-196.
doi:10.1385/CRIAI:28:3:187.

Carey R, Jurickova I, Ballard E, Bonkowski E, Han X,
Xu H, Denson LA. Activation of an IL-6:
STAT3-dependent transcriptome in pediatric-onset
inflammatory bowel disease. Inflamm Bowel Dis.
2008;14(4):446-457. doi:10.1002/ibd.20342.
Gunasekera DC, Ma J, Vacharathit V, Shah P,
Ramakrishnan A, Uprety P, Shen Z, Sheh A,
Brayton CF, Whary MT, et al. The development of
colitis in I110(-/-) mice is dependent on IL-22.
Mucosal Immunol. 2020;13(3):493-506. do0i:10.1038/
s41385-019-0252-3.

Motta JP, Bermudez-Humaran LG, Deraison C,
Martin L, Rolland C, Rousset P, Boue ],
Dietrich G, Chapman K, Kharrat P, et al. Food-
grade bacteria expressing elafin protect against
inflammation and restore colon homeostasis. Sci
Transl Med. 2012;4(158):158ral44. doi:10.1126/sci
translmed.3004212.

Denadai-Souza A, Bonnart C, Tapias NS, Marcellin M,
Gilmore B, Alric L, Bonnet D, Burlet-Schiltz O,
Hollenberg MD, Vergnolle N, et al. Functional proteo-
mic profiling of secreted serine proteases in health and
inflammatory bowel disease. Sci Rep. 2018;8(1):7834.
doi:10.1038/s41598-018-26282-y.

Steck N, Hoffmann M, Sava IG, Kim SC, Hahne H,
Tonkonogy SL, Mair K, Krueger D, Pruteanu M,
Shanahan F, et al. Enterococcus faecalis metalloprotease
compromises epithelial barrier and contributes to
intestinal inflammation. Gastroenterol. 2011;141
(3):959-971. doi:10.1053/j.gastro.2011.05.035.

Waller AK, Birch K, Gibbins JM, Clarke SR. Activation
of human platelets by staphylococcus aureus secreted
protease staphopain a. Pathogens. 2022;11(11):1237.
doi:10.3390/pathogens11111237.

Pietrocola G, Nobile G, Rindi S, Speziale P.
Staphylococcus aureus manipulates innate immunity
through own and host-expressed proteases. Front Cell
Infect Microbiol. 2017;7:166. doi:10.3389/fcimb.2017.
00166.

Chandrabalan A. Staphylococcus
protease-like protein B (SpIB) activates PAR2 and
induces endothelial barrier dysfunction. bioRxiv.
2020;2021:2012. doi:10.1101/2020.12.30.424670.

aureus-serine


https://doi.org/10.1038/sj.onc.1204868
https://doi.org/10.1111/imr.12550
https://doi.org/10.1111/imr.12550
https://doi.org/10.1002/ibd.21282
https://doi.org/10.1111/j.1365-2567.2009.03144.x
https://doi.org/10.1093/humrep/der125
https://doi.org/10.1093/humrep/der125
https://doi.org/10.4049/jimmunol.168.7.3577
https://doi.org/10.4049/jimmunol.168.7.3577
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1038/s41598-019-43617-5
https://doi.org/10.1084/jem.20082683
https://doi.org/10.1111/all.13315
https://doi.org/10.1111/all.13315
https://doi.org/10.1016/j.ccr.2012.08.010
https://doi.org/10.1385/CRIAI:28:3:187
https://doi.org/10.1002/ibd.20342
https://doi.org/10.1038/s41385-019-0252-3
https://doi.org/10.1038/s41385-019-0252-3
https://doi.org/10.1126/scitranslmed.3004212
https://doi.org/10.1126/scitranslmed.3004212
https://doi.org/10.1038/s41598-018-26282-y
https://doi.org/10.1053/j.gastro.2011.05.035
https://doi.org/10.3390/pathogens11111237
https://doi.org/10.3389/fcimb.2017.00166
https://doi.org/10.3389/fcimb.2017.00166
https://doi.org/10.1101/2020.12.30.424670

	Abstract
	Introduction
	Materials and methods
	Mice
	Overall experimental design
	Induction and assessment of DSS colitis
	Induction and assessment of TNBS colitis
	Evaluation of microscopic damage after colitis
	Intestinal permeability
	Bacterial translocation
	Pro-inflammatory and barrier gene expression analysis
	Microbiota analysis
	Proteolytic activities
	Isolation and identification of proteolytic bacteria
	Cleavage of the PAR2 external domain by bacteria
	Goblet cell determination
	Statistical analysis

	Results
	Functional external domain of PAR2 regulates barrier function during colitis
	PAR2 external domain determines colitis severity
	PAR2 external domain mediates pro-inflammatory gene expression during colitis
	Functional PAR2 dictates microbiome changes after colitis
	Colitis increases bacterial proteolytic activity and expands PAR2 cleaving bacteria
	Proteolytic microbiota worsens colitis in mice with protease sensitive PAR2
	Expanded proteolytic bacteria exacerbate intestinal inflammation

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Data availability statement
	References

