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Synopsis : Mucosal thrombin is hundred times increased in mucosa of inflammatory bowel
disease patients. This causes mucosal damage and barrier dysfunction through a Protease-

Activated Receptor (PAR-1 and PAR-4)-dependent mechanism.
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Abstract Manuscript Doi: 10.1093/ecco-jcc/jjaa229

Background and Aims: Thrombin levels in the colon of Crohn’s disease patients have recently been
found to be elevated 100-fold compared to healthy controls. Our aim was to determine whether and
how dysregulated thrombin activity could contribute to local tissue malfunctions associated with

Crohn’s disease.

Methods: Thrombin activity was studied in tissues from Crohn’s disease patients and healthy
controls. Intracolonic administration of thrombin to wild-type or protease-activated receptor-
deficient mice was used to assess the effects and mechanisms of local thrombin upregulation. Colitis

was induced in rats and mice by the intracolonic administration of trinitrobenzene sulfonic acid.

Results: Active forms of thrombin were increased in Crohn’s disease patient tissues. Elevated
thrombin expression and activity were associated with-intestinal epithelial cells. Increased thrombin
activity and expression were also a feature of experimental colitis in rats. Colonic exposure to doses
of active thrombin comparable to what is found in inflammatory bowel disease tissues caused
mucosal damage and tissue dysfunctions in mice, through a mechanism involving both Protease-
Activated Receptors-1 and -4. Intracolonic administration of the thrombin inhibitor Dabigatran, as
well as inhibition of protease-activated receptor-1, prevented trinitrobenzene sulfonic acid-induced

colitis in rodent models.

Conclusions: Our data demonstrated that increased local thrombin activity, as it occurs in the colon
of patients with inflammatory bowel disease, causes mucosal damage and inflammation. Colonic
thrombin and protease-activated receptor-1 appear as possible mechanisms involved in mucosal
damage and loss of function and therefore represent potential therapeutic targets for treating

inflammatory bowel disease.

Keywords: thrombin; protease-activated receptors; colitis; epithelium; inflammation; barrier
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INTRODUCTION

The pathogenesis of inflammatory Bowel Diseases (IBD) which include Crohn’s disease (CD)
and ulcerative colitis (UC) results from the complex interplay between genetic susceptibility,
environmental input and immunological disorders'. To date, many therapeutic approaches for I1BD
have targeted the infiltration of inflammatory cells into the colonic tissue. However, it has been well
established that leaky barrier and tissue dysfunctions also play roles in the pathology of IBD,
complementing the immune system overactivation’. Among the mucosal factors that could
contribute to tissue malfunctions, serine proteases are of particular interest®. Indeed, increased
serine protease activity has been associated with both CD and UC, when measured in tissue
biopsies*” or in feces of IBD patients®, compared to healthy controls. In a recent study, we have used
activity-based probes in order to identify the proteases that were the most actively released by IBD
patient tissues. This study found that thrombin levels were elevated 100-fold in biopsy supernatants
of CD patients compared to healthy controls®. This increased thrombin activity in the colon of CD
patients can originate either from the general circulation, or from the intestinal epithelium, which

we have identified as a source of active thrombin®.

Several clinical studies suggest that thrombin could be a target for the treatment of IBD.
Indeed, increased systemic thrombin generation was observed in IBD patient’s blood, particularly in
patients with high C-reactive protein levels''. Coagulation cascade or platelet activation markers

(including  beta-thromboglobulin, D-dimer, or thrombin activatable fibrinolysis inhibitor) are

12-1

associated with increased disease activity in CD patients**™*. Acquired hypercoagulation, along with

15,16
d

microthrombi formation in bowel capillaries of IBD patients have been reporte . Further, despite

the recognized complication of increased intestinal bleeding, treatments of IBD patients with the

anticoagulant, heparin (an indirect thrombin inhibitor), have demonstrated some clinical and

17-19

endoscopic benefits™ ™. This result was rather counter-intuitive considering the pro-coagulant role
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of thrombin and the fact'\fﬁé}ul%iBE%islgxﬁgﬂéﬁ%Ecﬁ’fJG%ﬂﬁMing. However, th

effects of thrombin inhibition in IBD patients were clearly reported, suggesting that thrombin itself
might play a pro-inflammatory role in IBD, independent of its effect on coagulation. However,
neither a proinflammatory role for thrombin in IBD nor its potential mechanism of action have yet

been demonstrated.

Thus, our general objective was to determine the potential role of mucosal thrombin in
intestinal inflammation and its mechanisms of action. First we evaluated whether there is an
increased presence of active thrombin in CD: both in patient tissues and in an animal model of IBD.
Second, recognizing the advantages and disadvantages of rodent models of colitis, we investigated
the effects on mucosal damage and tissue dysfunction resulting from the intracolonic administration
of thrombin in wild type (WT) and Protease-Activated Receptor (PAR)-1 or PAR4-null mice at doses
comparable to levels detected in the tissue of CD patients. Finally, we evaluated the effects of

thrombin or PAR inhibition in recognized rodent models of IBD.

MATERIALS AND METHODS
Studies in patients: Crohn’s disease and controls

Tissue collection and patients- Human colonic tissue collection received ethical approval from the
French Ethic Committee (Identifier: NCT01990716). Patients received written and verbal information
about the study and signed informed consent before the enroliment in the study. Colonic tissue
samples were obtained from diagnosed CD patients undergoing colonoscopy at the Toulouse
Hospital, Gastroenterology Pole. All CD patients had active disease and all samples were collected in
inflammatory zones, only from colons, at no specific location within the colon. Healthy control

samples were from individuals undergoing colon cancer screening who were negative for cancer
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diagnosis and otherwise HXL,GIWQFJI@ﬁ&;@ib%@é@%%%ﬁ%%mé&a%%%&omw collected fro

colon areas. Details on patient disease and demographics are provided in Supplementary Table 1.

Upon collection, fresh colonic biopsies were either immediately embedded in optimal cutting
temperature (OCT), snap-frozen in dry ice and stored at -80 °C for further in situ zymography or

immunohistochemistry analysis, or stored at -80 °C in 400 uL of RP1 buffer (Macherey-Nagel).

Western-blot- Tissue protein extraction from colonic biopsies was performed by using the
RNA/Protein Nucleospin Kit, according to manufacturer’s instructions (Macherey-Nagel). Upon
protein quantification by using the Pierce Protein BCA Assay Kit, according to/adapted to
manufacturer’s instructions (Thermo Scientific/Macherey-Nagel), protein content was adjusted to 5
pg/uL in protein solving buffer (PSB) supplemented -with the reducing agent tris(2-
carboxyethyl)phosphine (PSB-TCEP; Macherey-Nagel). Samples were heated at 95°C for 5 min,
before being used for further western-blot analysis. Fifty pug (10 ulL) of protein per sample were
loaded per lane, run into 4-20% Mini-Protean TGX precast gels (BioRad, 456-1085) and transferred
onto Nitrocellulose membrane by using the Trans-Blot Turbo System (BioRad). The membrane was
blocked for 1h in Phosphate Buffer Saline (PBS) supplemented with 1% bovine serum albumin and
0.05% Tween-20, and then incubated overnight in the same buffer complemented with the goat IgG
anti-thrombin (1:200; K-20; 'sc-16972, Santa Cruz Biotech). Membrane was then washed and
incubated for 1h with secondary antibody donkey anti-goat 1gG conjugated to Horse Raddish
Peroxydase (HRP) (1:50,000; Jackson Immunoresearch). Immunoblots were resolved by using the kit
ECL Prime, according to instructions (GE Healthcare). Membranes were visualized by using a
Chemidoc XRS (Bio-Rad). Hence, membranes were striped and subjected to the same steps to
immunodetect B-actin (1:10,000, A544041, Sigma), followed by incubation with anti-mouse IgG
conjugated to HRP (V805A, Promega). The molecular weight of bands of interest and the relative
abundance to B-actin were estimated with the software Imagelab (version 5.0, build 18; Bio-Rad).

Data are expressed as fold change relative to the control group.
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Immunostainings- As deMﬁBléacrénlBBPé?i:W%&Sﬁ%‘j%ﬁ,ﬁ%z%/ere cryopreserve
compound and sectioned at 6um thickness. Slices were thawed at room temperature for 20 min and
incubated with blocking solution (1% bovine serum albumine, 0.3% Triton X-100, PBS 1X) for 1h.
They were then incubated in the same solution complemented with the anti-thrombin described for
Western-blot analysis (1/250 dilution) overnight. The secondary antibody used for detection was an
Anti-Goat Alexa-555 from Life Technologies (A211432) used at 1/1000 dilution as previously
described®. Counterstaining of nuclei was performed using 4’,6-diamidino-2-phenylindole (DAPI)
from Invitrogen France. EpCAM (epithelial cell adhesion molecule) staining was used as an epithelial
marker (anti-EpCAM, ab71916, Abcam). Representative images were obtained from random
acquisition of 4 different fields, and images were acquired using a Leica LSM710 confocal

microscope. FlJI freeware was used for final image mounting (v 1.51).

In situ zymography in human samples- Thrombin activity was detected in tissues by in situ
zymography. Cryo-sections of colonic human tissue were rinsed with 2% Tween in PBS, and 50 pl per
slice of 400 uM BOC-Val-Pro-Arg-amino-4-methylcoumarin hydro-chloride were applied for 4-hours
at 37°C. To confirm specific thrombin activity on tissues, frozen sections were pre-incubated with 10
UM dabigatran for 30 min and incubated with substrate buffer plus 10 uM dabigatran. Nuclei were
counterstained using 4’,6-diamidino-2-phenylindole. Sections were visualized with LSM 710 confocal
microscope. Representative images were obtained from random acquisition of minimal 4 different

fields. Imaging analysis was performed with Zen 2009 software (Carl Zeiss).
Studies in animal models

Animals- Wistar rats (150-200 g) and C57BL/6 and BalbC mice (8-weeks old) were purchased from
Janvier laboratories, Saint-Quentin Fallavier (France). PAR1-deficient mice (PAR1”) and littermates
(C57BL/6 background) were originally provided by Johnson & Johnson Pharmaceutical Research and
Development. PAR4-deficient mice (PAR4”) and littermates (C57BL/6 background) were originally

provided by Shaun Coughlin, University of San Francisco, California. PAR1”, PAR4”" and littermates
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were all bred at the Univéfsity of Calgéry; and '\Ailérie'houserd ir'1”a térﬁberature—controlled room and
had free access to food and water. The Animal Care Committee of the University of Calgary
approved all experimental protocols for experiments using PAR-deficient mice. For all the other
animal experimentation, they were performed in Toulouse, under the approval of the Animal Care
and Ethics Committee of US006/CREFRE (CEEA-122, APAFIS#7762-20161125092278235). For all
animal experiments, distal colon was considered for tissue collection and analysis. Schematic study

outline for in vivo studies is resumed in Supplementary Figure 1.

Intracolonic administration of thrombin- Thrombin (specific activity 2000 NIH units/mg protein,
T6884, Sigma) was administered daily for 10-days intracolonically (5 U/mouse in 50 pl saline, 0.9%
NaCl) under light anaesthesia (3% isoflurane) in PAR1”, PAR4™, their WT littermates and in mice
purchased from Janvier laboratories. Controls received heat-inactivated thrombin (same dose, 10
minutes at 100°C) or saline alone. After intracolonic instillation, mice were kept upside-down for 2-
min to allow colonic diffusion of the administered solution. After 10-days, mice were sacrificed by

cervical dislocation and inflammation parameters were measured.

Colitis models and inflammation parameters- Trinitrobenzene sulfonic acid (TNBS) colitis was

d*?!, Animals were

induced in fasted male rats (280-300g, 9 to 10 weeks old) as previously describe
housed in ventilated cages, acclimatized for one week before experiment started and beddings were
mixed twice. Briefly, TNBS was prepared at a final concentration of 120 mg/ml in 50% ethanol in
saline and was kept in the dark before use. A catheter was inserted at 8 cm from the anus and 30 mg
of the TNBS solution was instilled through the catheter into the lumen in a final volume of 250
pl/rat. For TNBS colitis induction in mice (20-25g, 8 weeks old), animals were fasted and were lightly
anesthetized with halothane. A polyethylene catheter was inserted intracolonically 4 cm from the
anus and TNBS (40 mg/ml) dissolved in a solution of saline plus 40% ethanol was pushed into the

catheter. At time of the sacrifice, colonic tissues were harvested. Before opening the colon, luminal

washes with PBS solution (1 ml) were performed in order to measure thrombin activity in those
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washes. Colons were then cut opéned."Mat}oéédbié damégelécoréé were evaluated as previouél{/
described®, by a skilled observer unaware of the treatments. When observed, the following
parameters were given score of 1: hemorrhage, edema, stricture, ulceration, fecal blood, mucus, and
diarrhea. Erythema was scored a maximum of 2 depending on the length of the area being affected
(0, absent; 1, less than 1 cm; and 2, more than 1 cm). Adhesion was scored based on its severity (0,
absent; 1, moderate; and 2, severe). Colon thickness was measured using an electronic caliper
(Mitutoyo, Mississauga, Canada, resolution 0.01 mm). Myeloperoxydase (MPO) activity was
measured as an index of granulocyte infiltration as previously described. Tissue samples were
homogenized in a solution of 0.5% hexadecyltrimethylammonium bromide dissolved in phosphate
buffer solution (pH 6.0) for 1 min. Homogenized tissues were centrifuged at 13 000 g for 2 min.
Supernatants were added to a buffer supplemented with 1% hydrogen peroxide, and O-dianisidine
dihydrochloride solution. Optical density readings were taken for 1 min at 30 s intervals at 450 nm?.
Results were normalized to total protein content and expressed as ODgsg nm/min/ug/ml. For bacterial
translocation assays, mesenteric lymph nodes were collected aseptically, weighed and homogenized
before being plated at 37°C in Columbia blood agar (BD Biosciences) for 24 h for aerobes, and for 48
h for anaerobes left in anaerobic jars’. For permeability assays, mice received orally 4-kDa FITC
Dextran (Sigma Aldrich) at the dose of 600 mg/kg body weight in PBS, and blood was collected 1-h
after. Fluorescence for FITC-Dextran presence in serum was measured by spectrophotometry
(excitation 485 nm, emission 528 nm)®. Epithelial apoptosis was measured by TUNEL (terminal
deoxynucleotidyl transferase dUTP nick end labeling) staining in mouse colonic tissues as previously

24,25
d

describe . Five random fields were captured per tissue section and percent of apoptotic cells in

the total cell population was determined by an observer unaware of the treatments.

Thrombin and PAR1 inhibition during experimental colitis in rats-. Rats were randomly divided into
control group without colitis (intracolonic administration of vehicle PBS, 100 pul, n=6) and two TNBS-
induced colitis groups (intracolonic administration of TNBS 120 mg/ml in 50% ethanol), in which one

was administered intracolonically dabigatran (100 pl, 5 UM dabigatran, n=10), and the other one was
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administered drug vehiclMPfU@)s‘f.ﬂi,p@.@%i:Méﬂgmdﬁ,c/ﬁj@@.zgﬁtracolonic admin
dabigatran or vehicle were performed daily during 4 days. Animals were euthanized by lethal dose of
pentobarbital. Disease activity index was evaluated daily throughout the experimentation based on
i) fecal consistency (0 for normal feces, 1 for soft feces, 2 for diarrhea), ii) rectal bleeding (0 for
negative, 1 for positive, 2 for gross bleeding), iii) prolapses (0 for negative, 1 for positive, 2 for gross
prolapses), and iiii) the presence of abdominal mass (0 for negative, 1 soft abdominal mass, 2 hard

abdominal mass).

Oral administration of Vorapaxar- Vorapaxar (PAR-1 antagonist, CVasThera, 2.5 mg/kg) or its vehicle
(0.1% dimethylsulfoxyde in corn oil) was administered by daily oral gavage (100 ul) to rats or mice.
Vorapaxar administration was concomitant with daily intrarectal administration of Thrombin (in

mice), or administered 1 hour before TNBS instillation (in rats or mice).

Histology and Immunostaining in mouse tissues- Mouse colon tissues were formalin-fixed and
paraffin-embedded. Slides were processed for hematoxylin-eosin conventional staining for histology
analysis. Other tissues were embedded in OCT and cryo-preserved at -80°C. Sections were fixed in
100% acetone and incubated with blocking solution (1% bovine serum albumin, 0.3% Triton X-100,
PBS 1X) for 1h. Sections were then incubated overnight at 4°C in the same solution containing anti-
claudin-1 antibody (ref7178000 Invitrogen, 1/100 dilution) or anti-Zonula Occludens-1 (ZO1)
antibody (ref402300 Invitrogen, dilution 1/100). The secondary antibody used for detection was an
anti-rabbit Alexa-488 used at 1/1000 dilution (ref A-21206 Invitrogen). Slides were counterstained
with DAPI (Invitrogen, France). Representative images were obtained from blind acquisition of 4
random fields per animals (total of n=3 per group). We acquired all images on Leica LSM 710

confocal microscope and FlJl freeware was used for final image coloring and mounting (v 2.0).

Measurements of thrombin activity in rat colonic samples- Serine-protease activity was quantified in
colonic washes from rat with BOC-Val-Pro-Arg-amino-4-methylcoumarin (VPR-AMC) hydro-chloride

(200 uM, Sigma-Alrich B9395) as substrate in 50 mM Tris, 10 mM CaCl2, 150 mM NacCl, pH = 8.3.
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Initial velocity was calcuIaMarH\'/SﬂﬂaO@lQﬁgelﬂ-ﬁgg%m&q%&ﬁ%gi%ﬂ: 355 nm, emissiSfe 2
measured over 15 min at 37 °C using a Varioskan Flash microplate reader (Thermo Fisher Scientific).
Thrombin specific proteolytic activity was accounted for in the VPR-AMC assay, by pre-incubating

samples with Dabigatran (1 uM, Sigma) for 10 min at 37°C prior starting enzymatic reaction.

Statistics- Statistical comparisons among groups were performed according to dataset
structure using either unpaired Student or Mann-Whitney test, one-way analysis of variance
(ANOVA) followed by the Student-Newman-Keuls multiple comparison test, and two-way
ANOVA followed by Bonferroni multiple comparison test. Outliers were identified using
ROUT test set at Q = 1%. Graphic representation and statistical analyses were performed
using GraphPad Prism (v6, La Jolla, USA). Data are expressed as mean * standard error
means, and n of groups appear in figures. Probability (p value) was considered statistically

significant for p<0.05.

RESULTS
Human Studies
-Mucosal thrombin is up-regulated upon intestinal inflammation-

We and others have previously reported that thrombin activity released by tissues from IBD

10,11
>1011 ‘Here, we wanted

patients is significantly increased compared to tissues from healthy controls
to confirm that human intestinal tissues could indeed produce the thrombin protein, further
identifying the presence of the different active and inactive forms of thrombin. We performed
Western-Blot analysis on tissue extracts of human biopsies (Figure 1A). Under reducing conditions,

thrombin bands®® corresponding to the pro-thrombin form (~70 kDa), along with bands

corresponding to active forms of thrombin: meizothrombin (~53 kDa), alpha-thrombin (~32 kDa),
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gamma-thrombin (~15 kD¥japsscHptePRid W&QBW%@S%J’HCJJJ@Q&%,%W healthy con 8
(Figure 1A). Quantification of the detected bands revealed that pro-thrombin, alpha-thrombin,
meizothrombin and gamma-thrombin forms were all significantly up-regulated in biopsies from CD
patients, compared to healthy controls (Figure 1B). Immunohistochemistry showed that thrombin
expression was associated with intestinal epithelial cells and was present at the mucosal surface of
both healthy controls and CD patient tissues (Figure 1C). We then used in situ zymography to gain
more insights into the localization of thrombin’s activity in human colonic tissues from IBD patients
(2 examples of CD patient tissues, Supplementary Figure 2), using the fluorogenic thrombin
substrate VPR-AMC. We observed that the thrombin activity detected in tissues from CD patients
was elevated in the mucosa and the submucosa, showing a strong association with the epithelium
(Supplementary Figure 2 left panels). The detected tissue activity was inhibited by incubation with
Dabigatran, a thrombin inhibitor classically used therapeutically (Supplementary Figure 2 right
panels). Proteolytic activity was also blocked using another thrombin inhibitor, lepirudin (not
shown), hence confirming the specificity of thrombin activity detected in situ in the frozen colonic

tissues.

Taken together, these results showed that thrombin is present both as a pro- and an active
form in human mucosal tissues, with a prominent expression and activity associated with the

mucosa. Mucosal thrombin activity is up-regulated in IBD.
Experimental models
-Thrombin activity is also up-regulated in TNBS-induced experimental colitis-

In a rat model of colitis, where inflammation was induced by the intra-colonic administration of
TNBS in 50% ethanol, we detected specific thrombin activity in colonic washes, 7-days after the
induction of colitis. This activity was compared to the activity detected in colonic washes of rats that

have received saline (0.9% NaCl) intracolonic administration. Like in CD patients, we observed that

0202 18qwisos(] 9] UO J8SN JUSWSUUOIIAUT,| 1@ Uonejuswi|y,| ‘eJnnouby,| 1nod ayoiayosy ap [euoneN 1Mnsul IvSNI A #£95865/62zeell/00-0008/S60 10 | /10p/3|21e-80UBAPE/20[-0008/W00° dNo"oIWapeoe.//:sdny WoJj papeojumoqd



inflamed rat colons releaMﬂnHéﬁffREHW:High]eqwgﬁ%’iﬂcﬁéﬂ@ﬁg%%mpared to non-

colons (9.1-times increase in TNBS colitis versus healthy controls, Supplementary Figure 3).
-Luminal thrombin up-regulation recapitulates mucosal inflammation-

Since thrombin activity was up-regulated in the lumen of inflamed colon (human and rats),
we hypothesised that thrombin itself might lead to an inflammatory response in colon tissues. We
have previously determined that the ambient physiological range of thrombin activity in healthy
colon lumenal samples is in the range of 20 U/ml (200 nM) per day in humans and 1.5 U/ml (15 nM)
per day in mice’. Relative to disease-free individuals, thrombin activity was 5 times and 98 times
increased in tissues from UC and CD patients respectively’. Therefore, to evaluate the impact of
elevated luminal thrombin levels on the mouse colon in vivo, we chose a concentration equivalent to
that observed in CD patients (100 U/ml, 1uM). We observed that daily intracolonic administration of
thrombin (50 ul of 100 U/ml per mouse), but not boiled thrombin (same dose) caused macroscopic
damage (Figure 2A), and a significant increase of colon thickness (Figure 2B), compared to vehicle
(saline)-treated mice. When administered intracolonically, active thrombin also caused the
translocation of aerobic bacteria into mesenteric lymph nodes, suggesting a disrupted intestinal
barrier function (Figure 2C). Translocation of anaerobic bacteria was not significantly different in
thrombin-treated mice, compared to the intracolonic administration of vehicle or boiled thrombin
intracolonic administration (Figure 2D). Histology sections of mouse distal colon showed no specific
histological damage in mice that were treated intracolonically with vehicle (Figure 2E). However,
moderate edema (stars in Figure 2F and G), epithelial erosion (arrows in Figure 2F and in
supplementary Figure 4 for higher magnification), and some inflammatory cell trans-epithelial
passage (arrow heads in Figure 2G and in supplementary Figure 4 for higher magnification) were
observed in distal colons of mice that were treated daily with intracolonic thrombin. Occasionally,
some depletion of mucus cells could also be observed in tissues from these mice (not shown).

However, no massive inflammatory cell infiltration or transmural inflammation was observed. We
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investigated the effects dYIRRMGTRERE Rl?ﬂhépfgoay%f&'df:%w%c tight junction
performing immunofluorescence staining of ZO1 or Claudin-1 in mouse colons (supplementary
Figure 5). The intracolonic administration of thrombin disrupted the continuous ZO1 or Claudin-1
staining observed in colons, compared with control mice that had received intracolonic PBS (arrows
upper left panel supplementary Figure 5). Instead, both ZO1 and Claudin-1 staining were severely
disorganized compared to control (PBS), clustered ZO1 staining and punctated Claudin-1 staining
were observed upon thrombin exposure, characteristic of morphological disruption of tight junctions

(supplementary Figure 5).

-PAR activation is involved in thrombin-induced intestinal inflammation-

We then investigated whether the pro-inflammatory effects of thrombin administered into
the colon of mice were dependent on the activation of PAR1, the first identified thrombin

receptor®’?®

. We first used a pharmacological approach, treating mice orally with the PAR1
antagonist Vorapaxar. We observed that all the thrombin-induced signs of inflammation (increased
macroscopic damage score, wall thickness and bacterial translocation) were significantly inhibited by
treating mice orally with the PAR1 antagonist Vorapaxar (Figure 2 G, H, | J). The disrupted ZO1
staining and the disrupted Claudin-1 staining observed in mouse colons after exposure to thrombin
was also ameliorated by vorapaxar treatment of mice (supplementary Figure 5). We then employed
a genetic approach, using mice deficient for the two signaling thrombin receptors: PAR1 and PARA4.
We administered thrombin intracolonically as described above, in WT as well as in PAR1- or PAR4-
deficient mice. In accordance with the data described above, we observed that in WT mice that
thrombin caused signs of inflammation characterized by an increased macroscopic damage score,
increased colonic wall thickness and increased bacterial translocation (Figure 3A, B, C). In addition,

we followed MPO activity, apoptosis and permeability (as measured by the passage of FITC dextran)

(Figure 3D, E, F). All of these inflammatory parameters were significantly increased in WT mice that
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received an intracolonic MaANHEEFRILAUF %Qrgme@%jwmpﬁg;%ay per mouse)
mice that received intracolonic saline alone (Figure 3). In comparison with the WT animals, PAR-1-
deficient mice did not show increased bacterial translocation, apoptosis or permeability in response
to intracolonic thrombin (Figure 3C, E, F), but still exhibited significant macroscopic damage,
increased colonic wall thickness and elevated MPO activity (Figure 3A, B, D). In contrast, thrombin-
induced damage score, increased wall thickness and elevated MPO activity were significantly
reduced in PAR4-deficient mice (Figure 3A, B, D), whereas the thrombin-induced increase in bacterial
translocation, apoptosis and increased permeability were unchanged in the PAR4-null mice (Figure
3G, E, F). Taken together, these data showed that both PAR1 and PAR4 activation are involved in the
inflammatory response to intracolonically administered thrombin. Thus, these two PARs appear to

regulate different responses triggered by thrombin.

-Thrombin-, PAR1- but not PAR4-inhibition protected against TNBS-induced colitis-

Having observed that the presence and activity of thrombin are substantially increased in
colons of IBD patients and in IBD models, and that intracolonic thrombin itself can induce signs of
inflammation, we next investigated the net contribution of thrombin to the generation of
inflammatory signs and overall to disease in a rat model of colitis induced by the intracolonic
administration of TNBS. Since we wanted to focus on the contribution of mucosal thrombin to colitis,
it was important to inhibit thrombin activity locally, in colonic tissues rather than inhibiting systemic
thrombin activity. Therefore, after the induction of colitis in rats by the intracolonic administration
of TNBS, rats were treated daily by an intracolonic administration of the direct thrombin inhibitor
Dabigatran. In addition, since we aimed to investigate the contribution of thrombin to the
generation of inflammatory signs, we choose to follow early inflammatory parameters (the first 4-
days after TNBS colitis induction). TNBS-induced colitis in rats caused significant disease activity

index, increased colon thickness, macroscopic damage score and increased MPO activity (Figure 4).
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Daily intracolonic adminiMﬁﬂHﬁCBiPFI'QOJﬁr@tlgﬁgé%ﬁpfmﬁ&ﬁﬁz@%igatran protect

TNBS colitis, reducing significantly all of these inflammation parameters (Figure 4). This result
suggests that increased thrombin activity in the colon of TNBS-treated rats contributes to the
development of intestinal inflammation. We then investigated the contribution of PAR1 to TNBS-
induced colitis in rats, and its possible role in maintaining tissue damage and delaying mucosal
repair. Rats in which colitis was induced by the intracolonic administration of TNBS were treated
with the well characterized PAR1 antagonist Vorapaxar, at a dose previously reported to inhibit PAR1
activation in vivo. Weight loss, increased colon thickness, damage score and elevated MPO activity,
which are associated with colitis were all significantly reduced by oral treatment with the PAR1
antagonist Vorapaxar (Figure 5). We also used the TNBS colitis model in mice (7-days of colitis)
treated or not with the PAR1 antagonist Vorapaxar. Similar to the rat model, increased wall
thickness and macroscopic damage score were significantly inhibited by Vorapaxar treatment (Figure
6). However, weight loss was not modified by Vorapaxar treatment in mice. PAR1 inhibition by oral
treatment with Vorapaxar was able to significantly inhibit TNBS-induced apoptosis, bacterial
translocation of both aerobic and anaerobic bacteria and increased permeability (Figure 6). In terms
of barrier disruption, ZO1 and Claudin-1 staining were considerably degraded in colons of TNBS-
treated mice (middle lower panels of supplementary Figure 5). Both staining showed clusters and
loss of the continuous staining observed at intestinal epithelial cell membrane in controls (PBS).
However, both tight junction proteins (ZO1 and Claudin-1) integrity appeared to be preserved in
distal colons of Vorapaxar-treated mice that have also received TNBS (right lower panel of
supplementary Figure 5). The data suggested that PAR1 activation is involved in ZO1 and Claudin-1
disruption associated with TNBS. Taken together, these data demonstrate that both in rats and mice,
PAR1 inhibition by the PAR1 antagonist Vorapaxar treatment is protective against TNBS-induced
colitis. Because there are no selective and easily bioavailable PAR4 antagonists for in vivo use, in
order to investigate the contribution of PAR4 in causing colitis, we used PAR4-deficient mice in

which we induced colitis with TNBS. Seven days after receiving an intracolonic administration of
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TNBS, WT mice showed s%ﬁﬂb@ﬁfi95@9&&3,1913@%%8%356@@%@ and MPO activit$
None of these inflammation-related parameters were different in PAR4-deficient mice compared to
WT mice after the induction of TNBS colitis. Only weight loss 5-days after the induction of colitis was
worse in PAR4-deficient mice, compared to WT. These results suggest that PAR4 inhibition does not
protect from colitis and that PAR4 contributes only marginally in generating inflammation in that

model (Figure 7).

DISCUSSION

While the implication of the hemostatic system in IBD has been investigated through the

13,15,16

presence of hemostatic factors , or the effects of indirect thrombin inhibitors such as Heparin

on clinical and endoscopic disease parameters*’™

, ho study has clearly defined the role of local
thrombin or other thrombosis factors in intestinal tissues. Is thrombin pro-inflammatory at the doses
that are found in IBD patient tissues? What thrombin-induced signaling pathways would be involved

in intestinal inflammation? Is thrombin a target for IBD treatment? Through the present study, we

aimed at providing some answers to such questions.

In a previous study, we reported that thrombin activity is increased 100-fold in tissues from
CD patients, compared to tissues from healthy controls®. What are the consequences for tissue
homeostasis of such concentrations of active thrombin in the colon? We demonstrate here in a
murine model, that exposing colon mucosa to high thrombin activity in vivo causes signs of
inflammation characterized by mucosal damage and increased epithelial permeability as observed
by bacterial translocation. Further, we demonstrate in a rat model of colitis that thrombin activity is
increased in the same proportions as in CD patient tissues (Supplementary Figure 3). In that
particular model, we demonstrated that local inhibition of thrombin activity achieved by the

intralumenal administration of the direct thrombin inhibitor Dabigatran was protective, inhibiting
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both mucosal damage, gMﬂﬂb‘éﬂél:’lhﬁl?ri'atlrgnlgﬁé/r%mmécéﬂaag)&gnt of intestinal i
(Figure 4). Taken together, these results clearly demonstrated the deleterious effects of high doses
of thrombin and reported the protection achieved by local thrombin inhibition in a model of IBD.
Therefore, these results clearly point to mucosal thrombin inhibition as a possible target to treat

intestinal inflammation and to reduce some inflammatory signs.

Thrombin exists under different forms. The inactive prothrombin form of ~70-kDa is
proteolytically converted to active a-thrombin (~32-kDa), which may be further hydrolyzed to B-
(~28-kDa) and y-thrombin (~15-kDa). In addition, a transient form of thrombin (meizothrombin, ~53-
kDa) is an intermediate form of prothrombinase catalyzation®. All the cleaved forms of prothrombin
retain catalytic activities, and all have been demonstrated to play important physiological roles,

including the activation of PARs*?!

. We detected in protein extracts of human colonic biopsies
prothrombin, meizothrombin, a-thrombin and y-thrombin. All isoforms, including the inactive
prothrombin form were upregulated in CD patients. At this point, it is impossible to know which
form of active thrombin might play a prominent role in inflammatory processes. In experiments
where thrombin was administered intracolonically and induced signs of inflammation, human a-
thrombin was used. However, we cannot conclude that all the inflammatory signs observed were
exclusively due to a-thrombin, because upon its administration into the colon of mice, this form of
thrombin might well undergo autolytic degradation into - or y-thrombin. Notwithstanding, our
results demonstrated that catalytically active thrombin was involved in the generation of
inflammation parameters. Indeed, inhibition of thrombin activity by local delivery of Dabigatran
protected from TNBS-induced colitis. The increased presence of all active forms of thrombin

associated with IBD is also in favor of a role for proteolytically active thrombin in the colon of IBD

patients.

Here, we also demonstrated that the pro-inflammatory effects of thrombin were mediated

through the activation of both PAR1 and PAR4, acting on different parameters of inflammation.
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macroscopic damage, granulocyte infiltration, and increased wall thickness, all of which were
significantly reduced in PAR4- but not in PAR1-deficient mice. Indeed, previous studies have
reported that PAR4 activation, but not PAR1 activation is responsible for thrombin-induced
leukocyte rolling and adhesion in rat mesenteric venules®’. Another report demonstrated in a model
of paw inflammation, that edema is formed as a consequence of PAR4-induced neutrophil
recruitment®, thereby linking these two inflammatory parameters: edema and leukocyte
recruitment, to PAR4 activation. Our present observations are in complete agreement with these
studies, as they are pointing to PAR4-dependent mechanism of action responsible for thrombin-
induced granulocyte recruitment and increased wall thickness (most likely due to edema). Other
thrombin-induced inflammatory signs, included increased intestinal permeability, bacterial
translocation and increased epithelial apoptosis, which were all dependent on the activation of
PAR1, but not PAR4. Previous reports have indeed identified that PAR1 activation on intestinal

242534 Therefore, in our

epithelial cells induced apoptosis leading to increased intestinal permeability
study it is tempting to suggest that the thrombin-induced increased intestinal permeability and

bacterial translocation were due to PAR1 activation on intestinal epithelial cells, and potentially to

an overactivation of apoptotic pathways.

Using animal models of IBD, we observed that thrombin was overexpressed and
overactivated, and that PAR1 inhibition appeared as a better target than PAR4 to reduce colitis in
this TNBS model. Several possible explanations could be proposed. In the TNBS model, other
proteases such as elastase are also hyperactive’** which could disarm PAR4, by cleaving its N-
terminal domain up-stream from the canonical thrombin activation site, thereby becoming a non-

%39 The forms of thrombin that are released in the TNBS colitis model might have

signalling receptor
a preferred PAR1 substrate, compared to PARA4. It is known that a-thrombin has a better affinity for

PAR1 cleavage, while B- and y-thrombin have a good affinity for PAR4 but not for PAR1 cleavage®.
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Finally, active thrombin pMa&asHipdIDak gi%&@?éé%ﬁc‘?l\jﬁg/ﬂélﬁ%zﬁ\ight not be in t

PAR4-expressing cells, but rather close to PAR1-expressing cells.

The source of thrombin at mucosal surfaces is an intriguing question in the context of IBD.
Tissue damage and ulcers are common features of IBD. Concomitant damage to blood vessels results
from the activation of the clotting cascade and the associated on-site activation of circulating
prothrombin. Part of the increased thrombin activity detected in IBD patient tissues might therefore
originate from prothrombin recruitment and activation at injured sites. However, a recent study
reports that intestinal epithelium is able to constitutively produce active thrombin®. In this study, the
epithelial expression of thrombin was shown to be upregulated by the presence of intestinal
microbes. A dysregulated epithelial production of active thrombin due to dysbiosis in the mucosal
gut biofilm could well be associated with IBD. In the present study, in situ zymography
(Supplementary Figure 2) and immunostaining (Figure 1C) determined that a large amount of
thrombin activity detected in tissues from CD patients, was associated with the epithelium, giving

credit to this hypothetical source of active thrombin in the context of IBD.

A major finding of this study is that high mucosal thrombin levels can be detrimental in IBD,
and can participate to inflammatory signs, through the activation of PARs. Inhibition of thrombin

719 |n agreement with our findings,

activity could thus be considered for the treatment of IBD
previous studies have reported in tissues from IBD patients the formation of microthrombi in bowel
capillaries, suggesting that prothrombotic status could be a determinant factor in IBD
pathogenesis™. Increased morbidity and mortality associated with hyperthrombosis in IBD can be
managed by available drugs*’. However, the bleeding associated with IBD renders the guidance for
anticoagulant thromboprophylaxis complicated in clinical practice®. In addition, it has recently been
demonstrated that epithelial thrombin is required to preserve mucosal homeostasis, in part by

maintaining spatial segregation between mucosal biofilms and host epithelium®. Although drugs are

available in human for thrombin inhibition, in the context of IBD the side effects of such approach on
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bleeding and on biofilm MRAuUsETARE %gh%%gQﬁﬁ/&HFQd%ﬁ%%ZQargeting downst

from high thrombin activity might thus be a better option for treating IBD. In the present study, we
showed that PAR1 activation plays a major role in the pro-inflammatory effects of thrombin, and
could therefore constitute a more appropriate target for IBD treatment. The compound we tested
here (Vorapaxar) is a PAR1 antagonist that has been approved for human’s use for cardiovascular
indications®’. Of importance, PAR1 can be activated via many other proteinases found in
inflammatory settings like IBD (e.g. tissue kallikreins/KLKs and neutrophil elastase). Vorapaxar would
also block the PAR-activating inflammatory stimulus of these enzymes, along with that of thrombin.
Considering our preclinical results with this compound, phase-Il clinical studies in IBD patients could
therefore be rapidly envisioned, particularly in CD patients who seemed to present the highest levels

of thrombin activity.
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FIGURE LEGENDS

Figure 1: Representative western-blot analysis (A) and relative abundance quantification (B) of
thrombin protein expression in protein extracts from human colonic biopsies harvested from healthy
control or Crohn’s disease (CD) patients, and incubated for 1-h in PBS buffer. Bands with different

molecular weights and corresponding to different forms of thrombin (Pro-thrombin, Meizothrombin,

a -thrombin, B -thrombin, ¥ -thrombin) were detected (A), and quantified (B). Significant

difference compared to controls were noted by ** for p<0.01, and *** for p<0.005, Student t test.
(C) Immunohistochemistry for nuclei (DAPI staining in Cyan), epithelial cell marker (EpCAM,
epithelial cell adhesion molecule, green) and thrombin (red) expression in human colonic biopsies
harvested from healthy controls or CD patients. Lines indicate the limit between intestinal

epithelium and lumen. Scale bar is 50 um.

Figure 2: Colonic macroscopic damage score (A and H), colon thickness (B, and 1), aerobic (C and J)
and anaerobic (D and K) bacteria translocated to mesenteric lymph nodes, distal colon histological
sections (E, F, G) in mice that have received daily intracolonic administration of vehicle (E for
histology), thrombin (50 ul'of 100 U/ml in saline) (F, G for histology), or boiled thrombin (same dose)
for 10 days, and in mice that have been treated additionally with oral vehicle or Vorapaxar (2.5
mg/kg) (H, 1, J, K). Panels F and G are two representative examples of histological sections of distal
colon from mice that have received the same treatment. Significant differences compared to
thrombin-treated mice were noted by * for p<0.05, ** for p<0.01, and *** for p<0.001, ANOVA with

Newman-Keuls post hoc test.

Figure 3: Colon macroscopic damage score (A), wall thickness (B), bacterial translocation to
mesenteric lymph nodes (C), Myeloperoxidase (MPO) activity (D), percent of apoptotic cells (E) and
FITC-Dextran passage to blood (F) in PAR1-deficient mice (PAR1”"), PAR4-deficient mice (PAR4”) and

littermates (WT) 10 days after daily intracolonic administration of saline or thrombin (50 ul of 100
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U/ml in saline). SignificarMaﬁﬁgﬂeépﬁh%@p%%ﬁ?erﬁ?ﬁmﬁég’?e% mice were not

p<0.01, and *** for p<0.005, ANOVA with Newman-Keuls post hoc test.

Figure 4: Effect of daily intracolonic administration of dabigatran on TNBS-induced colitis in rats
(n=10), compared to uninflamed controls (CTR, that have received intracolonic PBS administration,
n=6). A group of colitis rat (n=10) was treated daily with intracolonic administration of vehicle
(saline). Disease activity index was recorded daily (A), and at sacrifice, colon thickness (B),
macroscopic damage score (C), and myeloperoxidase (MPQ) activity (D) were measured. Significant
differences compared to CTR and vehicle-treated rats were noted * for p<0.05, ** for p<0.01 and
*** for p<0.001. two-way ANOVA with Bonferroni post hoc test in (A) and ANOVA with Newman-

Keuls post hoc test for (B-D).

Figure 5: Effects of daily Vorapaxar oral treatments (2.5 mg/kg) on TNBS-induced colitis in rats,
compared to uninflamed controls (receiving intracolonic PBS instead of TNBS in 50% ethanol).
Animal weight was recorded daily (A), and at sacrifice, colon thickness (B), macroscopic damage
score (C) and myeloperoxidase (MPO) activity (D) were measured. Significant differences compared
to vehicle-treated rats were noted by * for p<0.05, two-way ANOVA with Bonferroni post hoc test in

(A) and ANOVA with Newman-Keuls post hoc test for (B-D).

Figure 6: Effects of daily Vorapaxar oral treatments (2.5 mg/kg) on TNBS-induced colitis in mice,
compared to uninflamed controls (receiving intracolonic PBS instead of TNBS in 40% ethanol).
Animal weight was recorded daily (A), and at sacrifice, colon thickness (B), macroscopic damage
score (C) percentage of apoptotic cells (D), aerobic (E) and anaerobic (F) bacteria translocated to
mesenteric lymph nodes and FITC-Dextran passage to blood (G) were measured. Significant
differences compared to vehicle-treated mice were noted by * for p<0.05, ** for P<0.01, *** for
P<0.005, **** for P<0.001, two-way ANOVA with Bonferroni post hoc test in (A) and ANOVA with

Newman-Keuls post hoc test for (B-G).
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Figure 7: Effects of TNBSVAAUSSAIRD R A0V PR @ GERRIECERAAO mice (PAR4T),
uninflamed controls (WT mice receiving intracolonic PBS instead of TNBS in 40% ethanol). Animal
weight was recorded daily (A), and at sacrifice, colon thickness (B), macroscopic damage score (C)
and myeloperoxidase (MPO) activity (D) were measured. Significant differences compared to
vehicle-treated mice were noted by * for p<0.05, and by ** for p<0.01 , two-way ANOVA with

Bonferroni post hoc test in (A) and ANOVA with Newman-Keuls post hoc test for (B-D).
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Figure 7.



