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Epithelial expression and function of trypsin-3
In irritable bowel syndrome
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! Ad_ditional r_naterial is _ ABSTRACT
B;‘2‘::3%?’::}'2?O%THAITO"”K'”G;’Dbjectives Proteases are key mediators of pain a
(http:/idx.doi.org/10.1136/ altered enteric neuron_al S|gnaII|r_lg, alt_hough th_e t
gutjnl-2016-312094). and sources of these important mtestmal me(_jlatq
unknown. We hypothesised that intestinal epitheli
a major source of trypsin-like activity in patients
and this activity signals to primary afferent and en
nerves and induces visceral hypersensitivity.
Correspondence to Design Trypsin-like activity was determined in tiss
Dr Nathalie Vergnolle, Insermfrom patients with IBS and in supernatants of Cac
gg"cﬁlriﬁg'égsggtgelmgestivcelIs stimulated or not. These supernatants were
CS60039 CHU Purpan, 3pplied_to cultures of primary afferents. mRNA is
Toulouse, Cedex-3 31024, Of trypsilRRSS2 and3) were detected by reverse
France; _ transcription-PCR, and trypsin-3 protein expressi
nathalie.vergnolle@inserm.fr siydied by western blot analysis and

For numbered ladtions see
end of article.

contributed equally. and C&' imaging in response to trypsin-3 were
- performed in mouse primary afferent and in hum
Received 18 April 2016 submucosal neurons, respectively. Visceromotor
Accepted 26 December 2016y, ¢olorectal distension was recorded in mice
administered intracolonically with trypsin-3.
Results We showed that stimulated intestinal epit
cells released trypsin-like activiteajpediom the
basolateral side. This activity was able to activate
sensory neurons. In colons of patients with IBS,
increased trypsin-like activity was associated with
epithelium. We idéad that trypsin-3 was the only
form of trypsin upregulated in stimulated intestinal
epithelial cells and in tissues from patients with |
Trypsin-3 was able to signal to human submucos
enteric neurons and mouse sensory neurons, and
induce visceral hypersensitivity in vivo, all by a pr
activated receptor-2-dependent mechanism.
Conclusionsin IBS, the intestinal epithelium prod
and releases the active protease trypsin-3, which
to signal to enteric neurons and to induce visceral
hypersensitivity.

IBS is the most common functional Gl disordet.
Patients with IBS suffer from abdominal pain,

'T:O CiteaRogarl‘Dc" i cramping and altered bowel habit. While the patho-
SgﬂrZC;Ae Ci’ri”ggraala(l.\;ut physiology remains poorly understood, there is
Published Online First: growing evidence that neurons innervating the suggest that a number of mediators that are present

[please incluflmy Month | intestine in patients with IBS are hyperexcitable, within tissues from patients with IBS underlie these
Year] doi:10.1136/gutjnl{  including both enteric neurons and extrinsic neuronal changes, and among them, proteases seem
2016-312094 primary sensory afferents. Numerous studies to be particularly important.?®*
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Studies reported that protease inhibitors completely inhibited
neuronal activation induced by IBS tissue supernatarits?
However, the origin and the nature of proteases that could be
responsible for neuronal hyperactivity in tissues from patients
with IBS are still unclear. Identi cation of the origin and nature
of such proteases would be an important step for potential
therapeutic approach and drug development in théeld of IBS.
Here, we made the hypothesis that the intestinal epithelium
could be an important source of proteases that are inducing
neuronal signalling, and potentially hypersensitivity symptoms
associated with IBS. Therefore, we have investigated proteolytic
activity released by human cultured intestinal epithelial cells and
tested their effect on sensory neuron activation. In humans,
three serine proteaseRRS¥ genes encode trypsinogen®?RSS1
encodes trypsinogen-1 (cationic trypsin), PRSS2 encodes
trypsinogen-2  (anionic  trypsin) and PRSS3 encodes
trypsinogen-3, where at least two isoforms with overlapping

mature peptide sequences, formerly designated as mesotrypsino-

gen and trypsinogen IV, have been functionally characterised.
The mature protein of PRSS3gene uses the nomenclature of
trypsin-3 protein, common to all transcripts of this gene. Here,
we have determined that stimulated (by lipopolysaccharide
(LPS) or epinephrine) intestinal epithelium released spéchally
on the basolateral side of trypsin-3, is able to signal to human
enteric neurons and sensory neurons through a protease-
activated receptor (PAR)-2 (PAR-dependent mechanism. In
addition, trypsin-3 was able to induce increased epithelial per-
meability in vitro and visceral hypersensitivity in vivo, when
delivered into the colon. Finally, in tissues from patients with
IBS, we determined that the vast majority of trypsin-like proteo-
lytic activity was associated with the epithelium, where trypsin-3
was upregulated compared with the levels of healthy controls.
Our data demonstrated in IBS that the intestinal epithelium pro-

were approved by Animal Care Committees at Que&
University (protocol 2016-1644), University of Calgary (proto-
col M08068-70) and Toulouse (protocol PI-U1220-NV19).

Adult Wistar rats (aged &9 weeks, Harlan Laboratory, Indianapolis,
Indiana, USA), males (248800g) and females (176220 g)
exposed to limited bedding stress as neonatesor nasve
Sprague-Dawley rats (agedEB weeks, 25275 g) with free access
to food and water and in 12 hours light/dark cycles were acclimated
for 1week before starting experiments. Experiments followed
National Institutes of Health gudelines according to protocol
#09026-11 and #9906-020 approved by the Institutional Animal
Care and Use Committee of the \Veteran Affairs Greater Los
Angeles Healthcare System under the auspice of the !©& of
Laboratory Animal WelfareN Assurance of Compliance (A3002-01).
Two methods were used to induce visceral hypersensitivity:
repeated water avoidance stress (WAS), (10 days, 1 hour/day)
and the cortagine administration via intraperitoneal injectiorf.
Visceral sensitivity was assessed as previously describ&d.

Section and live imaging were performed on Zeiss confocal
LSM710 and ApoTome.2 microscopes, respectively.

Dorsal root ganglia (DRG) neurons were isolated from mic@.
Cells were washed and incubated with Har® Balanced Salt
Solution (HBSS)+C&", Fluo-4-AM (Invitrogen) and 20%
pluronic F-127 (Invitrogen) during 30 min at 37;C followed by
30 min at room temperature before imaging. Supernatants
from apical or basal compartments of Caco-2 cells culture, sti-
mulated or not by LPS Escherichia coli serotype K235,

duces and releases active proteases, that is, trypsin-3 is able toATCC13027), were pre-incubated with the serine protease

signal to submucosal neurons, primary afferents and to induce
visceral hypersensitivity.

Colon tissues were obtained from patients with IBS and healthy
controls at the Kingston General Hospital (Ontario, Canada)
(ethic approval 6004988, collected between 2013 and 2016),
Nantes (ethic approval DC-2008-402 collected between 2012
and 2016) and Toulouse (ethic approval DC-2015-2443 for the
COLIC project collected in 2015 and 2016) Hospitals (France)
(see online supplementary table S1). Patients with IBS were
de! ned by the Rome Il criteria. Descending colonic biopsies
collected during colonoscopy procedures were used for immu-
nohistochemistry and mRNA expression randomly. For immu-
nohistochemistry, fresh biopsies were coated in optimal cutting
temperature (OCT) compound (Dako) and stored at 80;C. For
MRNA expression, complementary DNA (cDNA) samples gen-
erated from RNA extracts were used. For submucosal neuron
imaging, samples of large bowel were harvested from non-
pathologic zones of resections from six patients undergoing col-
ectomy for colon cancer.

Male C57BL/6 mice (6010 weeks, Charles River Laboratories,
Wilmington, Michigan, USA, or Janvier St Quentin-Fallavier,
France) and male PARde! cient mice or wild-type littermates
were used® Mice had free access to food and water and were
subjected to 12 hours light/dark cycles. Animal protocols fol-
lowed the Canadian Council of Animal Care Guidelines and

inhibitor FUT-175 (Futhan) (50! g/mL) or the trypsin inhibitor
leupeptin (100! M) (all from Calbiochem) for 15 min.
Additional recordings were made from DRG neurons after add-
ition of trypsin-3 (10 nM, R&D) or its vehicle (HBSS+0.025%
Brij35) in the presence or absence of spéd PAR, (SCH79797,
Tocris Bio-Techne, UK) or PAR (ML-354, Tocris Bio-Techne)
antagonists (all at 10vM for 5 min). Neurons were identi! ed
by addition of high K™ (50 mM) solution at the end of the
recording. Fluo-4 was excited at 475 nm, and uorescence emis-
sion was collected at 490/515nm. Changes in [G4]; are
re" ected by Fluo-4" uorescence intensity.

To isolate submucosal ganglia from descending colon, we used
previously described methodd® ** The colon was placed in a
cold oxygenated sterile HBSS (Sigma), cut along the mesenteric
border and pinned "at with the mucosa facing upwards.
Ice-cold HBSS was changed every 5min. The submucosal
plexus was dissected from the mucosal and underlying circular
muscle, cut in small pieces"(1.5! 1.5 mm) and digested at 37

C in an enzymatic solution (1 mg/mL; Sigma) and collagenase
(1.25 mg/mL; Sigma) for 45 min. The suspension was centri-
fuged, the ganglia were plated onto 96-well plates (Greiner),
topped-up with neurobasal medium (Invitrogen) supplemented
with 10% heat-inactivated fetal bovine serum (FBS), 1%
antibiotic-antimycotic solution (Sigma) and nerve growth factor
25 ng/mL, and kept in an incubator at 37{C continuously gassed
with 95% O,E6% CO,'' Ganglia were cultured for 3 days
before performing C&* imaging experimentst® Tissues were
loaded with 10 MM Fluo-4 AM (Molecular Probes, Invitrogen)
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for 30 min at 37;C, then rinsed with HBSS and transferred on

table S2)!” For qPCR, cDNA was amplied with the SYBR

the microscope stage. Recordings were made at room tempera- Green Master | Kit (Roche) and sequence-spéci primer pairs

ture to monitor Ca2* ! ux after addition of trypsin-3 (0.5B1D
10 nM) to the wells, in the presence or absence of spéci PAR
(SCH79797), PAR, (GB83, Axon Medchem, The Netherlands)
or PAR; (ML-354) antagonists (all at 10mM for 15 min).
Neurons were identl' ed by addition of high-K* (75 mM) solu-
tion at the end of the recording. Fluo-4 was excited at 475 nm,

(see online supplementary table S2) in a LightCycler 480
Instrument (Roche). The analysis of stability of three standard
housekeeping genes HPRT1, GAPDH and TBP by using

RefFinder ranked HPRT1 as the overall most stable housekeep-
ing gene in our experimental conditions. Thus, the relative level
of MRNA expression for target genes was calculated with the

and ! uorescence emission was collected at 525/50 nm. Changes method 2-DDCt*’ by usinghHPRT1 as reference gene. For con-

in [Ca2"]; are rel ected by Fluo-4! uorescence intensity.

Trypsin-3 (10 nM) was added to the submucosal tissue that was
isolated from colonic biopsies and cultured in neurobasal
medium supplemented with 10% heat-inactivated FBS, 1%
antibiotic-antimycotic solution for 2 hours. The plexus was then
washed in phosphate buffer saline (PBS)xed in paraformalde-
hyde 4% and processed for immunostaining, using chicken anti-
neuro" lament 200 kDa (NF200, 1:500, ab134306-Abcam), to
identify neurons and nerve' bres, and mouse anti-PARantibody
(1:200, SAM-11-LifeSpan BioSciences, Seattle, USK)Primary
antibody incubation (overnight at 4;C) was followed by incuba-
tion with appropriate ! uorescently labelled secondary antibodies
(2 hours room temperature). The tissue was mounted on a micro-
scope slide in Citl uor (Citi! uor, Leicester, UK). PAR involve-
ment speci city was investigated in the presence of the PAR
antagonist GB83 (10! M), ** added 30 min before trypsin-3.

Caco-2 cells were grown to cohuence as monolayers in
Transwell plates (2 10° cells per well) (Corning)!® After
21 days in culture (transepithelial electrical resistance of 330
cm?),*® culture medium was replaced by OptiMEM (Life
Technologies) and cells were exposed for 24 hours to trypsin-3
(0.5B10 nM) on the basolateral side, in the presence or absence
of the (PARy) antagonist (GB88). Paracellular permeability was

ventional PCR and gPCR, negative controls consisted of
samples from reverse transcription, where the enzyme was not
added to reactions. The identity of amplicons fromPRSS12
and 3 was corf rmed by automated DNA sequencing (Eurbns
MWG Operon, GmbH).

Proteins from Caco-2 cells were extracted with the Nucleospin
RNA/Protein Kit (Macherey-Nagel) as per manufacturéd
instructions. Supernatar® proteins were precipitated by tri-
chloroacetic acid/acetone, separated by sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (12%) and transferred onto a
nitrocellulose membrane (Life Science). Membranes were incu-
bated with antitrypsin-3 antibody (1/100, ab107430-Abcam)
overnight at 4;C and secondary antibody conjugated with HRP
(1/3000, w4018-Promega) and then visualised by chemilumines-
cence (Chemidoc XRS Bio-Rad).

Cell cultures were "xed using formaldehyde (4%) during
10 min followed by washes in 0.1 M glycine (2 10 min).

Immunostaining was performed with antitrypsin-3 (1/500
ab107430-Abcam), anti-occludin  (1/100 711500 Life
Technologies), antizonula occludens (ZO)-1 (1/100, 617300
Invitrogen) and 670 phalloidin (PHDN1-cytoskeleton), to label
actin network. Human colonic biopsies were included in OCT
and tissue cryosections (Bm thickness) were cut with cryostat

measured by the passage of dextran-Fluorescein IsoThioCyanate (Leica Microsystems, GmbH). Tissue slices were costained with

(FITC) (3000 kDa, Sigma) from the apical to the basal medium,
as previously described®

Basal media were concentrated 3 times using Vivaspin 500
(Dutcher). Trypsin activity was measured in basal and apical
medium with the substrate N-p-Tosyl-GPR-amino-
4-methylcoumarin hydrochloride (0.1 mM) in 50 mM Tris,
10 mM CacCl,. Substrate degradation was calculated by the
change in! uorescence (excitation: 355 nm, emission: 460 nm),
measured over 30min at 37iC on a microplate reader
NOVOstar (BMG Labtech). OCT-included biopsies of control
and patients with IBS were cryostat sectioned (8n thickness)
and washed with PBS, 2% Tween-20. All samples were incu-
bated overnight at 37iC with the substrate
N-p-Tosyl-GPR-amino-4-methylcoumarin hydrochloride (50 g/
mL, Sigma) in 0.3% low melting agarose. Nuclei were stained with
Topro3 (Invitrogen). Images were analysed with ImageJ software.

Total RNA was extracted with the Nucleospin RNA/Protein Kit

(Macherey-Nagel, GmbH). DNAse-treated RNA was reverse
transcribed using the Maxima First Strand cDNA Synthesis Kit
for reverse transcription-quantitative PCR (RT-qPCR) (Thermo
Scientl' ¢). Resulting cDNA samples were amgled by conven-

tional PCR with Taqg DNA polymerase (Invitrogen, USA) and
sequence-spett primer pairs (see online supplementary

antibodies against trypsin-3 and the epithelial cell maker
EpCAM/CD326 (1/500 VU1D9-Cell Signalling). Cells and
tissue slices were then incubated with appropriate secondary
antibodies conjugated to AlexaFluor 488 or 555 (Molecular
Probes). Slides were mounted with Prolong Gold Antifading
Reagent with £6Gdiamidino-2-phenylindole (DAPI) (Molecular
Probes), to counterstain cell nuclei. The mean uorescence
intensity corresponding to trypsin-3-immunoreactivity in epithe-
lial cells, as delimited by EpCAM costaining, was quarited
with ImageJ software'®

Mouse DRG were dissected from T9 to L1 and were enzymati-
cally dissociated, plated onto coverslips and cultured overnight,
as described. Neurons were incubated with active trypsin-3
(10 nM) 20 min prior electrophysiological studies, the PAR
antagonist GB83 (10! M) ** was added 30 min before trypsin-3.
Whole-cell perforated patch current-clamp recordings were
made using amphotericin B (240 g/mL, Sigma) on small diameter
neurons (<40 pF capacitance). Changes in excitability were
quanti" ed by measuring rheobase and numbers of action poten-
tials discharged at twice rheobase. Recordings were performed
using Multiclamp 700B, digitised by Digidata 1440A, were
stored and processed using pClamp 10.2 software (all by
Molecular Devices, Sunnyvale, California, USA). The recording
chamber was continuously perfused with external solution

Rolland-FourcadeetCal Gut20170:1P12. doi:10.1136/gutjnl-2016-312094

3



Downloaded from http://gut.bmj.com/ on September 4, 2017 - Published by group.bmj.com

(! 2mL/min) at room temperature (23jC). Standard solutions
used were (in mmol/L); pipette solution: K-gluconate 110, KCI
30, 4-(2-hydroethyl)-1-piperazineethane sulfonic acid (HEPES)
10, MgCl, 1 and CaCk 2; pH adjusted to 7.25 with 1 M KOH,;
external solution: NaCl 140, KCI 5 HEPES 10, glucose 10,
MgCl, 1 and CaC} 2; pH adjusted to 7.307.4 with 3 M NaOH.

Recombinant human trypsinogen-IV was purchased and acti-
vated into trypsin-3 by enteropeptidase following commercial
recommendations. Then, mice were submitted to intracolonic
administration of trypsin-3 (10 U/mouse), followed by colorectal
distensions at 0, 1, 3, 6 and 9 hours time points, as previously
described® In another set of experiments, mice were intracoloni-
cally administered with increasing doses of trypsin-3 (0.1, 1 or
10 U/mouse), followed by colorectal distension 3 hours later. Mice
from the control group were administered intracolonically with
vehicle (10% vi/v absolute ethanol and 10% viv Tween-83f.
Similar experiments were repeated in PARde! cient mice and
wild-type littermates?

Data were expressed as mean+SEM, except for RT-qPCR, immu-
nostaining and in situ zymography quantication of patient biop-

observed predominantly in the epithelium, with similar activity
at the base and the tip of the crypts!(gure 2B, middle panel).
The epithelial trypsin activity was sigrlicantly increased in
tissues from all IBS subgroups (IBS-C, IBS-D and IBS-M)
(! gure 2B, right panel). Hypersensitivity was induced in rats by
submitting them to WAS. Colonic tissues from rats with demon-
strated hypersensitivity (not shown) were used for in situ zymo-
graphy. Trypsin activity was also increased in the colon
epithelium of hypersensitive rats compared with nasve controls
(! gure 2C).

We then examined the forms of trypsin present in human intes-
tinal epithelium and/or tissues from patients with IBS. We found
that all three human trypsin genesPRSS1PRSS2and PRSS3
forms were present in intestinal epithelial cells!@ure 3A, B),
and in human colonic tissues!(gure 3B). However, only PRSS3
mMRNA (codes for the trypsin-3 protein) expression was upregu-
lated in epithelial cells after LPS exposure, or after addition of
epinephrine to the basolateral side!(gure 3A). Cortisol expos-
ure of intestinal epithelial cells had no effect on PRSS1, 2 or 3
mRNA expression (see online supplementary gure S1). In
human colon, PRSS3was the predominant form of trypsin

sies, where each dot represents one patient. Statistical analysis wasletected ( gure 3B) and no difference was observed foPRSS1

performed using parametric t-tests, two-way or one-way analysis
of variance and Bonferron@ post-test (see! gure legends).
GraphPad Prism V5.0 software was used for analysis. Statistical
signil cance was accepted at p<0.05.

Culture media from the apical compartment of Caco-2 cells sti-
mulated or not with LPS, induced very small amplitude C&
response in a limited number of mouse sensory neurons
(Y gure 1A, B). Similarly, culture media from the basal compart-
ment of unstimulated Caco-2 cells had little effect on the Ca
signal in DRG neurons { gure 1A, B). However, culture media
from basal compartment of LPS-stimulated Caco-2 cells induced
a signl cant increase in the number of responding neurons
(! gure 1A), and in the amplitude of their response [(gure 1B).
This increase was completely suppressed by pre-incubation with
the non-selective trypsin inhibitors (FUT or leupeptin)
(! gure 1A, B), and the effect of the LPS-stimulated supernatant
was not observed using DRG neurons from PAR mice (! gure
1C). These experiments demonstrated that LPS stimulation of
intestinal epithelial cells releases proteolytic activity spécially
on the basal compartment, and that this activity can signal to
sensory neurons, through the activation of PAR

Residual trypsin activity was released in culture supernatants of
intestinal epithelial Caco-2 cells, both in basal and apical com-
partments. This trypsin activity was signicantly increased in the
basal, but not the apical compartment after stimulation of
Caco-2 cells by LPS!(gure 2A). Thus, epithelial trypsin activity
follows the same pattern as the epithelial proteolytic mediators
activating primary afferents described above.

Using in situ zymography, we next investigated where trypsin
activity was located in human colonic tissues. Very low trypsin
activity was detected in colonic tissues from healthy controls
(Y gure 2B, left panel), while in patients with IBS, increased
activity was detected (gure 2B, middle panel), and this was

and PRSS2xpression in IBS tissues versus healthy controls (see
online supplementary! gure S2A, B). However,PRSS3expres-
sion was signicantly upregulated in tissues from IBS-C
(constipation-predominant IBS), compared with healthy con-
trols, while changes in PRSS3 expression was not sigrant in
IBS-D (diarrhoea-predominant IBS) or IBS-M (mixed-IBS), com-
pared with healthy controls ( gure 3C). We further investigated
the splice variants ofPRSS3hat would be expressed in colonic
tissues, and we determined thaPRSS3/ariant 1 was the major
transcript expressed in intestinal epithelial cells and in colonic
tissue samples (see online supplementargure S2C). Tryptase
mMRNA expression (amplicons from theTPSAB1 TPSB2 and
TPSD1, the three tryptase genes) was not detected in Caco-2
cells stimulated or not with LPS (see online supplementary
! gure S2D).

We con! rmed the presence of the 33-kDa trypsin-3 protein in
intestinal epithelial cells and its LPS-induced upregulation in
those cells [gure 4A) as well as the epinephrine-induced
upregulation (data not shown). In Caco-2 cells, trypsin-3 was
associated with the plasma membrane colocalising with actin
(' gure 4B). We conl rmed the secretion of trypsin-3 in culture
supernatants of Caco-2 cells, at low level in apical supernatants
(basal or LPS stimulated), but at sigh¢antly higher level in the
basal compartment of Caco-2 cells after their stimulation with
LPS (@ gure 4C).

In human and rat tissues, epithelial trypsin-3 was just above
detection level in healthy controls but was sighcantly upregu-
lated in tissues from patients with IBS !(gure 4D) and from
hypersensitive rats (cortagine-treated)! ure 4E). All IBS sub-
groups (IBS-D, IBS-C and IBS-M) expressed sifjnantly larger
amounts of trypsin-3 compared with healthy controls
(! gure 4D, lower panel). We also found that trypsin-3 epithelial
expression was polarised towards the basolateral membrane in
these tissues!(ure 4F). This suggests that trypsin-3 would be
released from the basolateral membrane of intestinal epithelial
cells in vivo, as found in the in vitro studies. Taken together, we
con! rmed at a protein level that trypsin-3 matched the trypsin
activity detected in intestinal epithelial cells and tissues from
patients with IBS.

4
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Figure 1 Conditioned medium from
intestinal epithelial cells activates
dorsal root ganglia (DRG) sensory
neurons by the release of trypsin-like
serine protease. Effect of the serine
protease inhibitor FUT or the trypsin
inhibitor leupeptin on the percentage
of responsive neurons (A) and on the
Fluo-4(F/k) measured €alevels (B)
stimulated by apical or basal
supernatants recovered from control or
lipopolysaccharide (LPS)-treated Caco-2
cell monolayers. (C) Percentage of
sensory neurons dissociated from DRGs
of wild-type (wt) or PARnockout

(KO) mice responding to apical or
basal supernatants recovered from
control or LPS-treated Caco-2 cell
monolayers. Data are expressed as
mean=SEM and were compared using
a one-way analysis of variance
followed by Bonferr@post-test

(n=6, 2 wells per condition for this
experimentation) **p<0.01,

***n<0.001.

Trypsin-3 administered intracolonically, in a Tween-based

saline solution (in order to allow the passage of trypsin-3
The addition of trypsin-3 (1 and 10 nM) to the basal compart-  through the intestinal barrier) caused visceral hyperalgesia in
ment of Caco-2 monolayers caused an increased passage ofresponse to colorectal distension, compared with baseline mea-
dextran-FITC (! gure 5A). It also caused a decreased staining and sures { gure 7ABEC). This was evident by 1 hour and persisted
disorganisation of the epithelial tight junction protein ZO-1 and  for 6 hours (! gure 7A). No effect was seen with vehicle alone
occludin, compared with control (trypsin-3 vehicle) conditions  and the trypsin-3 effect was dose-dependent gure 7B).
(' gure BB). Trypsin-3 increased excitability of mouse DRG
neurons compared with controls { gure 6AEC). The mean rheo-
base of neurons was decreased by 30% and the mean action The effects of trypsin-3 in mouse sensory neurons were blocked
potential number at twice rheobase increased by 39% (n=23, by the PAR, antagonist GB83, which also blocked the effect of
p<0.05), compared with control neurons. Trypsin-1 (10 nM) trypsin-1 but had no effect on thrombin, a PAR/PAR, agonist
and thrombin (50 nM) also increased neuronal excitability (! gure 6C). PAR, or PAR, antagonists had no sighicant effect

(! gure 6C) to a similar level to that seen with trypsin-3 (10 nM). on trypsin-3-induced rise in [C&"]; (see online supplementary

Trypsin-3 was able to induce C& transients in human sub- !gure S3A). In human colonic submucosal neurons, the
mucosal neurons {gure 6D) in a dose-dependent manner trypsin-3-induced rise in [C&"]; was completely abolished by
(! gure 6E). pre-incubation with the PAR, antagonist GB83 { gure 6E), but
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Figure 2 Intestinal epithelial cells released trypsin-like activity. (A) Trypsin-like activity measured in apical and basal supernatants recovere
control or lipopolysaccharide (LPS)-treated Caco-2 cells. Assembled data from seven independent ekpenielispemtist4Representative
confocal photomicrographs of in situ zymography assays performed in colonic tissue slices from healthy controls and patients with IBS (sce
50! m), (B) from control (Ctrl) or water avoidance-induced hypersensitive rat (s¢afg), &) @didencing the level of trypsin-like activity.

Graph representation of méaarescence intensity queaadifrom 6 to 12 patients per group. Data are expressed as mean+SEM and were

compared using Stud@nitest. *p<0.05, *p<0.01, ***p<0.005.

was not modi ed by pre-incubation with PAR (SCH79797) or
PAR, (ML-354) antagonists (see online supplementary
I'gure S3B). In PAR-de! cient mice, trypsin-3-induced visceral
hypersensitivity was also sighcantly inhibited at the 30 mm Hg
pressure [gure 7C). The whole area under the curve of
trypsin-3-induced visceromotor response as a function of
increasing pressures of distension was sigoantly lower in
PAR;-de!l cient mice compared with wild-type (p<0.05, not
shown), thereby cor rming the notion that the enteric effects of

trypsin-3, including in vivo visceral hypersensitivity, are
mediated by PAR activation.
We further investigated in human colonic submucosal

neurons, trypsin-3-induced potential changes in PARexpres-
sion, as a marker of PAR activation. In basal (unstimulated)
conditions, PAR, staining was clustered seemingly at the plasma
membrane of submucosal neurond Qure 8, upper panel). After
trypsin-3 stimulation, PAR, expression radically changed,
becoming either diffuse or in intracellular clusters !(gure 8
middle panel). This suggested that PARhad been activated by
trypsin-3 and had been internalised into submucosal neurons.
Exposure to the PAR antagonist GB83 inhibited
trypsin-3-induced changes in PAR staining ( gure 8 bottom
panel).

Increased proteolytic activity, and in particular trypsin activity is
released by colonic tissues from patients with IBS. It is

considered to be involved in hyperexcitability of both extrinsic
and intrinsic enteric neurons, and in visceral hypersensitivitf*
However, the lack of knowledge on the origin and the nature of
the protease(s) responsible for this trypsin activity has hampered
further research on proteases as potential molecular targets for
the treatment of IBS. The current study provides the! rst
description of the expression and function of an epithelial form
of trypsin: trypsin-3 and its potential importance in IBS.
Trypsin-3 is presented as a valuable target for new therapeutic
development, further highlighting the importance of epithelial
biology in IBS.

Trypsin proteolytic activity is increased both in tissues from
patients with IBS ( gure 2B) and biopsy supernatant3.Several
potential sources could account for this increase. First, the
microbiota could be a major source of trypsin activity, and
indeed, such activity has been found in the faeces of patients
with 1BS.2° However, when the nature of the proteases present
in human faeces has been investigated, only host proteases were
identi! ed'® Second, pancreatic enzymes and in particular tryp-
sins could explain the luminal presence of trypsin activity. But
for both sources (microbiota or pancreas), it seems implausible
that luminal proteases could penetrate the mucus layer, cross the
epithelial barrier and reach the vicinity of enteric neurons,
remaining active to potentially induce hyperactivity in those
neurons. Therefore, we sought to investigate mucosal tissue
sources for trypsin activity in this study, by using in situ zymo-
graphy. We observed very low trypsin activity in colonic tissues

6
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Figure 3 Gene expression of trypsinogens A. Relative gene expiieBS$&(oationic trypsin: trypsin-1 precurB&)S@nionic trypsin:

trypsin-2 precursor) aARSS@rypsin-3 precursor) in control, lipopolysaccharide (LPS)-treated or epinephrine-treated Caco-2 cell monolayers.

are expressed as mean+SEM and were compared using one-way analysis of variance followel pysBtesertpsD.05, ***p<0.001. (B)

Analytical agarose-gel electrophoresis of RT-PCR products performed with RNA extracted from human colonic biopsies (healthy control), i

colonic crypts or Caco-2 cells. Amplicons wereedmith oligonucleotides spedbrPRSS1, PRSS2, PRESIPRTIC) Relative mRNA

expression 6fRSS®&ithin colonic biopsies from healthy control and different IBS subtypes: IBS-C (constipated), IBS-D (diarrhoea), IBS-M (m

Data are expressed as mean+SEM and were compared usifpt-$¢stierip<0.01 vs control (Ctrl).

from healthy controls, but this activity was markedly increased
in tissues from patients with IBS, and was strongly associated
with intestinal epithelial cells ( gure 2B). We therefore consid-
ered the intestinal epithelium as a potential important source of
trypsin activity. We demonstrated that LPS-stimulated intestinal
epithelial cells release trypsin activity, spdatally on the basolat-
eral side, and that this activity was able to signal to sensory
neurons by a PAR-dependent mechanism. The polarised secre-
tion of trypsin activity in LPS-treated intestinal epithelial cells
constitutes a major breakthrough in our comprehension of the
role of epithelial mediators in enteric neuron signalling. First, it

trypsin-3. The protein product of PRSS3trypsin-3, matched the

same pattern of overexpression in intestinal epithelial cells and
in tissues from patients with IBS !(gure 4), and is upregulated

in all IBS subgroups: IBS-C, IBS-D and IBS-M. Taken together,
our results clearly point to an increased presence of trypsin-3 in
tissues from patients with IBS. However, differential regulatory
mechanisms might be involved in patient subgroups with IBS,
with some (IBS-C) being submitted to transcriptional regulation
and others (IBS-D, IBS-M) being submitted to post-
transcriptional regulation. Furthermore, we showed here that of
the four different known alternative splice variants derived from

demonstrates that stressed intestinal epithelial cells (LPS-induced PRSS3ranscription (1£4), PRSS3sariant 1 was the major tran-
or epinephrine-induced stress) can overexpress and release script expressed in colonic tissues or in intestinal epithelial cells

active trypsin-like enzymes. Second, it demonstrates that this

(see online supplementary gure S2C). Interestingly, we found

release is oriented towards mucosa-submucosa, where enteric that the protein product of PRSS3trypsin-3 was expressed all

neurons and primary afferent nerve terminals are found. Our

results further suggest that polarised expression of trypsin pro-
teins also occurs in vivo in patier® tissues, as observed by the
presence of trypsin-3 protein on the basolateral side of epithelial
layers in tissues from patients with IBS! @ure 4F).

When investigating the forms of trypsin that could be
expressed by intestinal epithelial cells, we demonstrated the
presence of transcripts from the three trypsin gene?RSS]1
PRSS2and PRSS3 However, only PRSS3mRNA was upregu-
lated in LPS-stimulated or epinephrine-stimulated intestinal epi-
thelial cells ( gure 3A), and in tissues from patients with IBS
(see online supplementary !gure S2, and !gure 3C).
Interestingly, PRSS3 mRNA was sign¢antly upregulated in
patients with IBS (in agreement with the results of a previous
study?®), but in our study, this overexpression was sightant
only in the IBS-C subgroup (gure 3C), suggesting that only
this condition is associated with transcriptional regulation of

along the colonic crypt ( gure 4D), indicating that potentially
most epithelial cell types express the protein. Low constitutive
expression of trypsin-3 was detected in tissues from healthy
controls (! gure 4D). However, it might not be active there since
very low trypsin-like activity was detected in tissues from
healthy controls ( gure 2B).

Very little is known about the physiological or pathophysio-
logical functions of trypsin-3. Work by the group of E Radisky
reported that trypsin-3 targets multiple endogenous human
canonical inhibitors, therefore presenting trypsin-3 as a gate-
keeper in the protease weB! 2> We demonstrated that active
trypsin-3 was able to signal both to primary afferent nerves and
to submucosal enteric neurons. In both cases, our data show
that trypsin-3 signals to PAR in neurons. This! nding is consist-
ent with previous studies reporting that PAR can be activated
by trypsin-3.2% Although our ! ndings are in keeping with previ-
ous evidence that proteases in IBS tissues signal to neurons by

Rolland-FourcadeetCal Gut20170:1P12. doi:10.1136/gutjnl-2016-312094
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Figure 4 Intestinal epithelial cells upregulate trypsin-3 secretiammatory condition and in IBS. (A) Relative trypsin-3catiantby

western blot analysis from protein extract of control or lipopolysaccharide (LPS)-treated Caco-2 cells. (B) Confocal photomicrographs of cor
LPS-treated Caco-2 cell monolayer evidencing trypsin-3-immunoreactivity (green) and actin cytoskeleton (reat), (€aRelative frypsin-3
protein quaritcation from apical and basal supernatants from control or LPS-stimulated Caco-2 cell monolayers. (D) Representative confoce
photomicrographs of colonic tissue slices from control (ctrl) and patients with IBS (deaje @@rC20onic tissues from control or
cortagine-induced hypersensitive rat (scale bar),Zhowing trypsin-3-immunoreactivity (green) for D and E, epithelial cell labelling
(EpCAM-positive cells, red) and nuclei counterstain (cyan) for D.! (yy&éeance intensity for trypsin-3-immunoreactivityegliapgtically

in epithelial (EpCAM-positive) cells. (F) Confocal photomicrographs showing the transversal view of a colonic crypt labelled for trypsin-3 (g
EpCAM (red) and nuclei (cyan), scale Han. Z5%e representative"pecat the bottom of the panel shows the polarisation of
trypsin-3-immunoreactivity towards the basolateral side of intestinal epithelial cells. Data are expressed as mean+SEM and were analysed
Studer® t-test in A and D, and a one-way analysis of variance followed by a @qudstsmst in C.

Figure 5 Trypsin-3 increases cellular permeability in intestinal epithelial cells. (A) Dextran passage from apical to basal medium of Caco-2
monolayers after trypsin-3 exposure (0.5, 1 and 10 nM) on the basolateral compartment. Assembled data from three independent experime
4 wells per test. (B) Representative confocal photomicrographs of Caco-2 cell monolayers after trypsin-3 exposure on the basolateral comp
(0.5, 1 and 10 nM) showing immunodetection of cellular junction occludin (top) and zonula occludens (ZO)-1 (bottom) in greem, scale bar: *
Data are expressed as mean+SEM and were analysed by one-way analysis of variance follow@&insBiesterropi<0.001.
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Figure 6 Trypsin-3 evokes BAIRRpendent hyperexcitability of nociceptive dorsal root ganglia neurons and calcium signals in human submuc
neurons. (A) Representative traces of current clamp recordings showing the rheobase and the action potential discharge at twice the rheob
control neurons (left panel), neurons incubated with trypsin-3 (10 nM) (middle panel) or neurons incubatedntidytmsPGR83 (101)

before trypsin-3 (right panel). (B) Mean data of the rheobase and the action potential number at twice rheobase for the control, and trypsin
or without GB83 (10M). *p<0.05 and **p<0.01 compared versus control, ##p<0.01 compared versus trypsin-3. (C) Representative data shov
the effect of trypsin and thrombin on the rheobase and action potential discharge is similar in magnitude to that observed with trypsin-3, sh
B. The PARwntagonist blocks the trypsin but not the thrombin effect on neuronal excitability. *p<0.05 compared with control, #p<0.05 compe
with trypsin-1. One-way analysis of variance with BoBfposntest. (D) Representative gray scale images of cultured human submucosal gang
loaded with Fluo-4 and®aesponses of three neurons (colour-coded numbers in the gray images) to trypsin-3 (10 nM). Matched colours are
represented between cell numbering and traces. The identity of human neurbmeedabycapplication of highd6lution (75 mM). Scale

bar: 20'm. (E) Average amplitude of trypsin-B1(018M)-induced [€3 rises in submucosal neurons in the presence or absence of the PAR

antagonist GB83. Data are expressed as mean+SEM and were analysed by one-way analysis of variance foll@vpddyteBorffergoni

subjects per group), *p<0.05, **p<0.01, jip<0.01.

activating PAR,® * 2* specl ¢ evidence for the role of trypsin-3
in IBS supernatants cannot be directly tested as trypsin-3 inhibi-
tors are not yet available. However, we did show that PARwas
present on human submucosal neurons and was internalised fol-
lowing exposure to trypsin-3 ( gure 8). This clearly suggests
that PAR, can be activated in human submucosal neurons, and
that trypsin-3 is a potential endogenous agonist of PARon this
cell type in humans. Previous reports have demonstrated that
PAR-activating peptides induced low C& signals in human
submucosal neurons, leading the authors to conclude that PAR
was minimally activated in human submucosal neurofs.
However, recent studies have highlighted the complex pharma-
cology of PARs and in particular the fact that these receptors
can be cleaved at multiple sites, triggering different intracellular
signalling pathways-® ** 2® Canonical PAR activation leading
to !-arrestin-dependent receptor internalisation has been well
documented?* In the present study, we provide evidence that

such signalling occurs in human submucosal neurons in response in

to trypsin-3 exposure. We also report that other PARs (PAR
and PAR;) are not implicated in trypsin-3-induced signalling to
mouse sensory neurons or human submucosal neurons, at least
on the amplitude of the response of neurons to trypsin-3 (see
online supplementary! gure S3). Interestingly, the data gener-
ated in PAR-de! cient mice demonstrated the implication of
PAR,, but trypsin-3-induced visceral hypersensitivity was not
fully inhibited in PAR,-de! cient mice ( gure 7C), suggesting
that other mechanisms than PARare involved. One possible
explanation could be a PAR-independent effect of trypsin-3 on
barrier function. This effect could either be direct: trypsin-3
inducing the cleavage of tight junction proteins, or indirect,
trypsin-3 degrading the endogenous protease inhibitors, which
maintain proteolytic homeostasis and barrier function. In-depth
analysis will be necessary to completely decipher trypsin-3
mechanisms of action on visceral hypersensitivity.
Our data also demonstrate increased expression of trypsin-3
rats with cortagine-induced visceral hypersensitivity
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Figure 7 Colorectal administration of trypsin-3 induces visceral hypersensitivity. (A) Kinetic visceromotor response (VMR) to intracolonic
administration of trypsin-3 (10 U/mouse) 1, 3, 6 and 9 hours after its administration. (B) Visceromotor response to intracolonic administratio
trypsin-3 (0.1, 1 or 10 U/mouse) or vehicle, 3 hours after intracolonic administration in wild:tymeice EZ)RData are expressed as mean

+SEM and were analysed by two-way analysis of variance followed by@po&testi (n=10 per group). *p<0.05, **p<0.01 and

***n<0.001.

Figure 8 Trypsin-3 causes internalisation of BARMan submucosal neurons. Representative images showing that the expression of PAR
human submucosal neurons changes in the presence of trypsin-3 (10 nM). Upper panel shows the clustered(ateomingarf<PAdrl) on

the plasma membrane of submucosal neurons (asterisks, NF200, green). Trypsin-3 (2 hours) caused inter(ralifatisideftRaAReuron
(asterisk, NF200, green). PAd&ning appeared diffuse or clustered (arrowheads) inside the neuron. Pre-incubation wi, GB&3ir{10

before trypsin-3) inhibited the internalisation of WARh was expressed on the plasma membrane (arrowheads, red) of neurons (asterisks,
NF200, green). Right panels show merged images. Scalé fars: 20
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(Ygure 4E) and show that intracolonic administration of
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and organisation or tight junction proteins ( gure 5). At this
point, it is impossible to determine the relative contribution of
trypsin-3-induced increased permeability and its action on
neuron signalling in the genesis of hypersensitivity symptoms. It
might well be that both participate to generate visceral hyper-
sensitivity, which could highlight trypsin-3 as a relevant target 1
for the treatment of IBS.

In summary, these results point to colonocytes as a novel
source of proteases that activate nociceptive and enteric nerves in
patients with IBS and that participate to barrier dysfunction. We
reveal that epithelial protease regulation might have profound
implications in IBS, particularly when considering signalling from 3
the lumen. Conceptually, most models in IBS have focused on
capacity of the epithelium to release serotonin and on its role in
barrier function. Here, we demonstrate that proteolytic homeo-
stasis in intestinal epithelium is also a major signalling pathway in
IBS and that luminal stimuli may be one important trigger 5
leading to mucosal proteolytic changes. Thus, epithelial trypsin-3
may be a potential new target for IBS therapeutic intervention.
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