Made available by Hasselt University Library in https://documentserver.uhasselt.be

Effect of resolvins on sensitisation of TRPV1 and visceral
hypersensitivity in IBS

Peer-reviewed author version

Perna, Eluisa; Aguilera-Lizarraga, Javier; Florens, Morgane V; Jain, Piyush;
Theofanous, Stavroula A; Hanning, Nikita; De Man, Joris G; Berg, Maya; De Winter,
Benedicte; AGUIAR ALPIZAR, Yeranddy; Talavera, Karel; Vanden Berghe, Pieter;
Wouters, Mira & Boeckxstaens, Guy (2021) Effect of resolvins on sensitisation of
TRPV1 and visceral hypersensitivity in IBS. In: Gut, 70 (7), p. 1275 - 1286.

DOI: 10.1136/gutjnl-2020-321530
Handle: http://hdl.handle.net/1942/32447



EFFECT OF RESOLVINS ON SENSITIZATION OF TRPV1 AND VISCERAL

HYPERSENSITIVITY IN IRRITABLE BOWEL SYNDROME
Word count: 4207
AUTHORS

Eluisa Perna't, Javier Aguilera-Lizarraga't, Morgane V. Florens', Piyush Jain', Stavroula
Theofanous', Nikita Hanning?, Joris G. De Man?, Maya Berg?, Benedicte Y. De Winter?, Pieter
Vanden Berghe®, Yeranddy A. Alpizar*, Karel Talavera®, Mira M. Wouters', Guy E.

Boeckxstaens”.

AFFILIATIONS

' Laboratory for Intestinal Neuroimmune Interactions, Translational Research Center for

Gastrointestinal Disorders, University of Leuven, Leuven, Belgium

2 Laboratory of Experimental Medicine and Pediatrics (LEMP) and Infla-Med, research

consortium of excellence, University of Antwerp, Antwerp, Belgium

3 Laboratory for Enteric NeuroScience, Translational Research Center for Gastrointestinal

Disorders, University of Leuven, Leuven, Belgium
4BIOMED, uHasselt, Hasselt, Belgium.

S Laboratory of lon Channel Research, Dept. of Cellular and Molecular Medicine, KU Leuven,

Leuven, Belgium; VIB Center for Brain & Disease Research, Leuven, Belgium

tAuthors have contributed equally

PERSONAL CONTRIBUTIONS

EP, MVF, MMW and GEB planned and designed the experiments. BDW, NH, JDM and MB

planned and designed the experiments in the post-TNBS colitis model. EP, JAL and PJ



performed and analyzed the Ca?' experiments in DRG neurons and rectal biopsies
experiments. MVF carried out the in vivo animal protocol and analyzed visceromotor
responses and compliance. MVF and JAL performed and analyzed colonic permeability
assessments. NH and JDM performed and analyzed the experiments in the post-TNBS-colitis
model. ST and JAL performed the staining in retrograde labelled DRG neurons. PVB, YAA and
KT provided technical expertise. EP, MVF, JAL and GEB wrote and revised the manuscript.

All other authors corrected and approved the final version of the manuscript.

CORRESPONDING AUTHOR:

Prof. Dr. Guy E. Boeckxstaens

Department of Chronic Diseases, Metabolism and Ageing, Translational Research Center for
Gastrointestinal Disorders (TARGID), University Hospital of Leuven, KU Leuven

Herestraat 49, 3000 Leuven, Belgium

Tel: secretary +32-16-330671 / +32-16-330237

E-mail address: guy.boeckxstaens@kuleuven.be

DISCLOSURE: The authors have nothing to disclose.

ABBREVIATIONS

DRG: Dorsal root ganglion; GPCR: G protein-coupled receptor; GPR18: G protein receptor 18;
IBS: Irritable Bowel Syndrome; OVA: ovalbumin; PI-IBS:Post-infectious IBS; HV: healthy
volunteer; PTX: pertussis toxin; RvD1: Resolvin D1; RvD2: Resolvin D2; RvE1: Resolvin E1;
SN: supernatans; TNBS: 2,4,6-trinitrobenzene sulphonic acid; TRPV1: Transient receptor

potential vanilloid 1; VHS: visceral hypersensitivity; VMR: visceromotor response;






ABSTRACT

Objective: Resolvins (RvD1, RvD2 and RvE1) are endogenous anti-inflammatory lipid
mediators that display potent analgesic properties in somatic pain by modulating TRPV1
activation. To what extent these molecules could also have a beneficial effect on TRPV1
sensitization and visceral hypersensitivity (VHS), mechanisms involved in irritable bowel
syndrome (IBS), remains unknown.

Design: The effect of RvD1, RvD2 and RvE1 on TRPV1 activation and sensitization by
histamine or IBS supernatans was assessed on murine dorsal root ganglion (DRG) neurons
using live Ca?* imaging. Based on the results obtained in vitro, we further studied the effect of
RvD2 in vivo using a murine model of post-infectious IBS (PI-IBS) and a rat model of post
inflammatory VHS. Finally, we also tested the effect of RvD2 on submucosal neurons in rectal

biopsies of IBS patients.

Results: RvD1, RvD2 and RvE1 prevented histamine-induced TRPV1 sensitization in DRG
neurons at doses devoid of an analgesic effect. Of note, RvD2 also reversed TRPV1
sensitization by histamine and IBS supernatant. This effect was blocked by the GPR18
antagonist O-1918 (3-30 uM) and by pertussin toxin. In addition, RvD2 reduced the capsaicin-
induced Ca?* response of rectal submucosal neurons of IBS patients. Finally, treatment with
RvD2 normalized pain responses to colorectal distention in both preclinical models of VHS.

Conclusions: Our data suggest that RvD2 and GPR18 agonists may represent interesting

novel compounds to be further evaluated as treatment for IBS.



SUMMARY

What is already known about this subject?

¢ Abnormal activation and sensitization of TRP channels, i.e. TRPV1, is recognized to
be an important mechanism of VHS, both in preclinical models of VHS and patients
with IBS.

e Sensitization of TRPV1 is mediated by mast cells mediators such as histamine.

o Resolvins, a novel class of endogenous mediators with potent analgesic properties,

have been demonstrated to reduce somatic pain via interaction with TRP channels.

What are the new findings?

e Our study shows that resolvins and especially RvD2 are able to normalize histamine-
and IBS supernatant-induced sensitization of TRPV1 in DRG neurons. This effect is
mediated by GPR18.

¢ RvD2 restores pain responses to colorectal distension in two preclinical models of VHS,
i.e. a post-infectious mouse model and a post-inflammatory rat model.

¢ RvD2 normalizes the TRPV1 activation of submucosal neurons in rectal biopsies of IBS

patients
How might it impact on clinical practice in the foreseeable future?

o Our study provides evidence that RvD2 represents a novel potential approach to
intervene with VHS and suggests that RvD2 and GPR18 agonists may represent

interesting novel compounds to be further evaluated as treatment for IBS.



INTRODUCTION

Irritable bowel syndrome (IBS) is a functional gastrointestinal disorder characterized by an
altered defecation pattern in the absence of a known organic cause'™. The main hallmark of
IBS is abdominal pain or discomfort that is linked to abnormal perception of visceral stimuli
such as intestinal distension or nutrient infusion, also referred to as visceral hypersensitivity
(VHS)*>°. The mechanisms underlying VHS, however, remain largely unknown.

To date, evidence is accumulating that VHS can result from aberrant mast cell activation.
Indeed, colonic and rectal biopsies from IBS patients release higher levels of tryptase'®'* and
histamine'"'31%, compared to healthy controls. These mediators can activate and sensitize gut
afferents via a variety of cell surface receptors and channels'®. In particular, transient receptor
potential (TRP) cation channels are thought to play a crucial role in visceral nociception as
they can be directly or indirectly activated by pro-inflammatory mediators. These channels are
involved in several cellular functions such as maintainance of cellular homeostasis, detection
and transduction of chemical and physical stimuli from their environment or transduction of cell
activation mediated by G protein-coupled receptors (GPCRs) or ion channels. TRP channels
are present on peripheral nerve endings where their activation and signaling to the central
nervous system results in nociception. Alterations in this process lead to VHS. Interestingly,
upregulation and/or sensitization of TRP channels is now recognized to be an important
mechanism of VHS both in preclinical models of VHS and patients with IBS'-2°, TRPV1, a
receptor responding to capsaicin, heat, acidosis and endovanilloids, is one of the most studied
nociceptors involved in this process?'. The expression of TRPV1 is indeed increased in
preclinical models of VHS and in rectal biopsies of IBS patients?22%, while we recently provided
evidence of TRPV1 sensitization in IBS patients?®. Rectal submucosal neurons of IBS
patients responded more to the TRPV1 agonist capsaicin, a phenomenon that could be
mimicked by incubation of neurons from healthy controls with histamine. Of interest,
treatment of IBS patients with the histamine 1 receptor antagonist ebastine resulted in a

significant improvement of abdominal pain in 46% of IBS patients compared to 13% in the



placebo group?. It should be emphasized though that only half of the patients improve on
histamine 1 antagonism, stressing the need for an alternative therapeutic strategy.

Recently, a novel class of endogenous mediators with potent analgesic properties, i.e.
resolvins, has been identified. Resolvins are generated from w-3 poly-unsaturated fatty acid
(PUFA) precursors docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) and are
classified into D- and E-series, respectively?*28. In preclinical models of acute and chronic
somatic inflammatory pain, RvD1, RvD2 and RvE1 act as potent endogenous inhibitors of
thermal and mechanical hypersensitivity upon modulation of TRP channels?®-3'. A similar effect
has been shown in a murine model of reserpine-induced fibromyalgia, where RvD2 injections
were able to decrease the nociceptive animal behaviour®?. Resolvins exert their analgesic
effect at different levels: 1) by reducing inflammation via the downregulation of pro-
inflammatory signals, including nuclear factor- B, several cytokines, and leukotrienes?%:3334
and 2) by activating specific GPCRs that modulate the activity of specific TRP channels?42%:3°,
For example, through the activation of ChemR23 on DRG neurons, RvE1 inhibits the ERK-
dependent activation of TRPV1 and TNF-a-mediated hyperalgesia, thereby reducing
inflammatory pain?®.

To what extent these new mediators can also affect TRP channels sensitization involved in
VHS remains however to be studied. In the present work, we therefore investigated the effect
of D (RvD1, RvD2) and E (RVE1) resolvins on TRPV1 sensitization in vitro. Based on these
data, RvD2 was further evaluated in vivo using two preclinical models of VHS, namely a mouse
model of post-infectious VHS and a rat model of post-inflammatory VHS®. Finally, we studied
the effect of RvD2 on the capsaicin-induced TRPV1 activation of submucosal neurons in rectal

biopsies of healthy volunteers and IBS patients.

MATERIAL AND METHODS

Ca?* imaging of murine DRG neurons and human submusal neurons:



The experiments were performed as previously described?®. For details please see the

Supplementary Methods.
In vivo experiments:

Mouse model of post-infectious VHS

Balb/c mice of at least 20 grams were implanted with Physiotel ETA-F10 telemetric transmitters
(Data Sciences International St. Paul, Minnesota, USA) connected to electromyography (EMG)
electrodes that were sutured into the abdominal wall musculature to record visceromotor
responses (VMR)%¢. Mice remained on a heating pad for 12 h after the surgery and were then
left to recover for 10 days®. VMRs were evoked at different time points (Fig. 6A) by colorectal
distensions (increasing volumes from 20 uL to 80 uL) using a distension catheter (Fogarty
catheter for 106 arterial embolectomy, 4F; Edwards Lifesciences, Irvine, California, USA)
inserted into the colon (3 cm from the rectum). Data were calculated as percentage VMR
relative to the maximum pain response before infection (i.e. 80 yL distention is set at 100%)
and were presented as area under the curve (AUC) of the volume-response curve. Mice with
an AUC superior to 4.8 %*mL were considered hypersensitive, based on the 95" percentile of

measurements performed in naive mice.

To induce VHS, eight- to nine-week old mice were infected by oral gavage of 1 x 10" colony
forming units (CFU) C. rodentium and first exposed to ovalbumin (OVA) by oral gavage (50
mg, dissolved in 0.9% NaCl) (Grade Il, Sigma-Aldrich® St Louis, Missouri, USA) 3 h after
infection®’. From then onwards, OVA was dissolved in the drinking water (1% v/v) and renewed
daily for 10 consecutive days. Five weeks after infection, mice were re-exposed to OVA (50
mg) by oral gavage every other day until sacrifice, resulting in VHS to colorectal distension®’.
To assess the effect of RvD2 on VHS, starting from the 9" OVA gavage at week 7 post-
infection, hypersensitive mice were injected intraperitoneally (i.p.) with 300 ng RvD2
(solubilized in ethanol, Cayman Chemical, Ann Arbor, Michigan, USA) or vehicle (= ethanol

100%, VWR, Radnor, Pennsylvania, USA), diluted in 100 pL saline, 30 min after OVA gavage



every other day for one week (4 treatments in total). The dose of RvD2 was previously reported
to be effective in a mouse model of fibromyalgia®2. Mice were randomly assigned to the
treatment or vehicle group. After the last assessment of visceral sensitivity to colorectal
distention, mice were sacrificed by CO- intoxication and colonic tissue was collected for Ussing

chamber experiments.

Rat model of post-inflammatory VHS

Colitis was induced in male Sprague-Dawley rats by 2,4,6-trinitrobenzene sulphonic acid
(TNBS) as previously described®+8. Three days later, the presence of colitis was confirmed
and scored colonoscopically. From day 10 onwards, colonoscopy was repeated every 4 days
until the colonic mucosa did not show any remaining signs of inflammation. After full mucosal
healing, EMG electrodes were implanted in the abdominal musculature and the animals
received an i.p. injection with either RvD2 (1500 ng) or its vehicle (250 pL of a 2.4% ethanol
solution). The RvD2 dose chosen is based on that used in the post-infectious mouse model
but adjusted for rats as previously described®. Treatment was repeated every day after
mucosal healing until the VMR measurements 3 days later, resulting in the total administration
of 4 dosages. Thirty min after the last treatment, VMR was assessed followed by the colonic

compliance.

Finally, animals were sacrificed (exsanguination under 100 mg/kg pentobarbital anaesthesia)
and the inflammatory parameters (colonoscopy, macroscopy, microscopy and
myeloperoxidase (MPO) activity) were scored. Unequal group sizes are due to loosening of

the EMG electrodes in one animal, part of the control group treated with RvD2.

Human studies

Patients that fulfilled the Rome Il criteria for IBS were recruited at the outpatient clinic of the
University Hospital Leuven. Healthy volunteers free of symptoms, without history of

gastrointestinal disease or previous gastrointestinal surgery and not taking any gastrointestinal



medication were recruited by public advertisement. All participants gave informed consent and
Leuven University Hospital Human Ethics Committee approved the protocol (ethical approval

number ML9438 and S55484).

Eleven healthy volunteers (7 F and 4 M, median age of 31 years IQR [28-50]) and 15 IBS
patients (14 F and 1 M, median age of 34 years IQR [27-58]; 3 IBS-C, 9 IBS-D, 3 IBS-U) were
invited to undergo a proctoscopy to collect rectal biopsies. Eight biopsies were incubated for
24 h in Roswell Park Memorial Institute medium (RPMI) (Lonza, Verviers, Belgium)
supplemented with fetal calf serum (FCS) (10%) (Pan Biotech, Aidenbach, Germany),
Penicillin/Streptomycin (1%) (Lonza, Verviers, Belgium), Amphotericin B/gentamycin (0.2%)
(Invitrogen, Gent, Belgium) at 37°C, 5% CO: to generate supernatants (SN). After overnight
incubation, SN were collected and stored at -80 °C until further experiments*. In addition,
freshly isolated biopsies were processed for Ca?* imaging of submucosal neurons, as

previously described 2°4'. For more details, please see Supplementary Methods.

Statistical analyses

All statistical analyses were performed using GraphPad Prism 8 (La Jolla,USA) or SPSS 24.0
(IBM, New York, USA). The results are presented as the mean * standard error of the mean
(mean £ SEM) or median % interquartile range (median + IQR), as indicated in the figure
legends. Statistical analyses of the peak F340/380 ratio for the Ca?* imaging experiments were
performed after correction for the individual baseline. The effect of resolvins on TRPV1
activation on DRG neurons was analyzed by mixed effects model (RELM) followed by
Dunnett’s multiple comparisons. The effect of resolvins on TRPV1 sensitization and on the
effect on the VMR in the murine model was analyzed by Kruskal Wallis test followed by Dunn’s
multiple comparison test. The effect of RvD2 on TRPV1 sensitization in submucosal neurons
from human biopsies was analyzed by Friedman test followed by Dunn’s multiple comparison
test. The effect of resolvins on the visceromotor response and in colonic permeability in our
murine model was analyzed by two-tailed Mann-Whitney test. The effect of resolvins on the

visceromotor response in our rat model was analyzed by generalized estimating equations



(GEE) followed by least significant difference post hoc test. Inflammatory parameters
(assessed by endoscopy) in rats were analyzed by two-way ANOVA, followed by Student-
Newman-Keuls (S-N-K) post hoc test when appropriate. A p-value less than 0.05 was

considered statistically significant.

RESULTS
Effect of RvD1, RvD2 and RvE1 on TRPV1 in murine DRG neurons

To evaluate if RvD1, RvD2 or RvVE1 interfered with the direct activation of TRPV1, DRG
neurons were pre-treated for 30 min with different doses of RvD1, RvD2 or RvE1 or vehicle
prior to administration of increasing concentrations (10 nM-100 nM-1 uM) of the TRPV1-
agonist capsaicin. As shown in Figure 1, administration of capsaicin resulted in a
concentration-dependent increase in the Ca?* response of vehicle-treated DRG neurons.
Incubation of DRG neurons with RvD1 (10 nM-100 nM-1 uM), did not inhibit the Ca?* response
to capsaicin compared to vehicle (Fig. 1A). Incubation with a low dose of RvD2 or RvE1 (10
nM) did not decrease TRPV1 activation while higher concentrations (100 nM-1 uM) led to a

decrease of the capsaicin-induced TRPV1 response (Fig. 1B-C).

Taken together, these results demonstrate that higher concentrations of RvD2 and RvE1, but
not of RvD1, inhibit TRPV1 activation, thereby confirming their analgesic properties at higher

concentrations.

Effect of RvD1, RvD2 and RvE1 on histamine-induced sensitization of TRPV1

We previously demonstrated that TRPV1 is sensitized by histamine and by biopsy supernatant
from IBS patients?. First, we examined whether sensitization of TRPV1 by histamine could be
prevented by pre-treatment of DRG neurons with RvD1, RvD2 or RvE1 (Fig. 2A). To avoid an
effect of the tested dosages on TRPV1 activation, we selected concentrations that did not

affect the TRPV1 concentration-response curve. As shown in Figure 2, histamine (10 pM)



induced an increased response of TRPV1 to capsaicin (10 nM) compared to vehicle, an effect

that was prevented by the 3 resolvins tested (Fig. 2B-D).

Next, we evaluated if RvD1, RvD2 or RvVE1 could revert histamine-induced TRPV1
sensitization (Fig. 2E). To this end, DRG neurons were first sensitized with histamine and
subsequently treated with RvD1 (100-300 nM) (Fig. 2F), RvD2 (10 nM) (Fig. 2G), RvE1 (30
nM) (Fig. 2H) or vehicle. The highest dose of RvD1 (300 nM) and RvD2 (10 nM), but not 100
nM of RvD1 or RvE1 (30 nM), were able to reverse established histamine-mediated TRPV1

sensitization compared to vehicle treated cells (Fig. 2).

Taken together, these results indicate that resolvins, in particular RvD2, can prevent and

reverse TRPV1 sensitization at concentrations that do not affect TRPV1 activation.

RvD2 inhibits histamine-mediated sensitization of TRPV1 through GPR18 and Gai

signaling pathway

Next, we further investigated the receptor and intracellular signaling pathway mediating the
effect of RvD2 on TRPV1 sensitization. GPR18 and FPR2/ALX were recently identified as the
receptor for RvD2 and RvD1, respectively*2. To investigate if the modulating effect of RvD2 on
TRPV1 sensitization is mediated by GPR18, DRG neurons were incubated with increasing
concentrations of the GPR18 antagonist 0-1918 (3-30 uM)*243 (Fig. 3A). As shown in Figure
3B, 0-1918 dose-dependently inhibited the effect of RvD2 on TRPV1 sensitization. In contrast,
the FPR2/ALX receptor antagonist Boc2 (10 uM)** failed to affect TRPV1 response, suggesting

that RvD2 acts on GPR18 but not FPR2/ALX to block histamine-induced TRPV1 sensitization.

As GPCRs can regulate TRPV1 via Ga-mediated modulation of intracellular phospholipases
or kinases?'*, and knowing that GPR18 acts through the inhibitory Gai GPCRs signaling
pathway*®, we hypothesized that RvD2 inhibits TRPV1 sensitization via Gai proteins. Hence,
we incubated DRG neurons with pertussis toxin (PTX), known to prevent Gai from binding
GPCRs*. As shown in Figure 3C-D, PTX incubation blocked the effect of RvD2 on histamine-

induced TRPV1 sensitization.



Next, to investigate if GPR18 could be linked to visceral nociception, we evaluated the
expression of this receptor in DRG neurons projecting to the colon. To this end, thoracolumbar
(TL; splanchnic) and lumbosacral (LS; pelvic) DRG were collected from healthy mice one week
after injection of retrograde fluorescent tracer Fast Blue in the colon. We observed that GPR18

was widely present in DRG neurons projecting to both splanchnic and pelvic nerves (Fig. 3E).

Taken together, these results suggest that RvD2 blocks histamine-induced TRPV1
sensitization via GPR18 coupled to Gai proteins and expressd by colon-innervating DRG

neurons.

RvD2 interferes with TRPV1 sensitization mediated by IBS supernatants

Knowing that RvD2 can prevent and reverse histamine-induced TRPV1 sensitization, we next
evaluated if similar results could be obtained using DRG neurons sensitized by IBS
supernatants. In a first series of experiments, DRG neurons were incubated with RvD2 (10
nM) in the presence or absence of 0O-1918 (10 yM) and subsequently exposed to biopsy
supernatants from HV or IBS patients (Fig. 4A). As previously reported?®®, DRG neurons
incubated with histamine (10 uM) or IBS supernatant showed an increased Ca?* response to
capsaicin compared to neurons treated with RPMI medium (vehicle) or with supernatants from
healthy subjects. Notably, RvD2 was able to prevent TRPV1 sensitization by IBS supernatant,
an effect that was blocked by the GPR18 antagonist O-1918. No effect of RvD2 or O-1918 on

HV supernatant was detected (Fig. 4B).

Next, we tested if RvD2 could revert TRPV1 sensitization induced by IBS supernatant. To this
end, DRG neurons were first sensitized by overnight incubation with supernatants from IBS
patients or with histamine. RPMI (vehicle) and supernatant from HV were used as negative
controls. After an overnight incubation, DRG neurons were treated for 30 min with GPR18
antagonist O-1918 or vehicle, followed by a 30-min treatment with RvD2 10 nM prior to

capsaicin administration (Fig. 4C). RvD2 incubation reverted TRPV1 sensitization mediated



by IBS supernatant and histamine. This effect was abolished in the presence of 0-1918 (Fig.

4D).

Altogether, these results show that RvD2, through GPR18 signaling, blocks TRPV1
sensitization by IBS supernantant, suggesting potential therapeutic properties for RVD2 and

GPR18 agonists to treat VHS.

RvD2 reverses TRPV1 sensitization in neurons of IBS patients

As we previously demonstrated TRPV1 sensitization of submucosal neurons in IBS patients
compared to HV'®2° | we next evaluated the effect of RvD2 on the Ca?* response to capsaicin
(10 nM) in rectal biopsies of IBS patients (n=7). As shown in Figure 5, 1 nM of capsaicin
activated between 40 and 100% of submucosal neurons in rectal biopsies of IBS patients. The
% of responding neurons nor the amplitude of this response was affected by 30 min of
perfusion with vehicle, indicating that the response of submucosal neurons to 1 nM capsaicin
is reproducible. In contrast, after 30 min perfusion with RvD2 (10 nM), the amplitude of the
Ca?* response to 1 nM capsaicin was significantly decreased compared to vehicle. The number
of responding submucosal neurons, however, remained unaffected. These data indicate that

RvD?2 is also able to revert TRPV1 sensitization in human submucosal ganglia (Fig. 5).

RvD2 reverses VHS in two preclinical models of IBS

Based on the results obtained in vitro, we next studied the effect of RvD2 in vivo in two

preclinical models of VHS.

1. Mouse model of post-infectious VHS: We previously reported that BALB/C mice infected
with C. rodentium in the presence of ovalbumin (OVA) develop an aberrant local immune
response to OVA leading to the production of OVA-specific IgE antibodies in the colon. Serum
levels of these antibodies and an ear prick test to OVA are however negative confirming the
local nature of the immune response*®. Re-exposure to OVA by oral gavage leads to mast cell
activation and histamine-mediated VHS in the absence of intestinal inflammation®’. In the

present study, re-exposure to OVA in mice exposed to OVA during C. rodentium infection



resulted in VHS (VMR response: AUC > 4.8 %*mL) compared to baseline in 13 out of 20 mice.
As shown in Figure 6B, all hypersensitive mice treated with vehicle (n=6) remained
hypersensitive. In contrast, RvD2 significantly reduced the VMR to colorectal distension (Fig.
6C-D) resulting in normalization of visceral sensitivity to colorectal distention in 6 out of 7 mice.

RvD2 had no effect on colonic compliance (Supplementary Fig.1).

In addition to visceral pain, we also assessed colonic permeability using Ussing chambers.
Here, we observed no significant difference in the passage of Na*-fluorescein or transepithelial
electrical resistance (TEER) between mice treated with RvD2 versus vehicle, while both

showed increased colon permeability compared to uninfected control mice (Fig. 6E-F).

2. Rat model of post-inflammation VHS

As shown in Figure 7B, post-inflammation animals treated with vehicle displayed higher VMR
responses compared to control animals treated with vehicle, indicating the development of
VHS. In control (normosensitive) rats, RvD2 did not affect visceral pain responses to colorectal
distension, confirming the lack of an analgesic effect of the dose used. In contrast, RvD2
significantly reduced the VMR in post-inflammation rats restoring pain responses to the same
level as that of control animals. RvD2 had no effect on colonic compliance (Supplementary

Fig. 1) or post mortem inflammatory parameters (Supplementary table 1-4).

DISCUSSION

In the present study, we showed that RvD1 and, in particular, RvD2, prevent and reverse
TRPV1 sensitization mediated by histamine or IBS supernatants at concentrations that do not
affect normal TRPV1 activation. The effect of RvD2 was mediated by GPR18 and blocked by
PTX, suggesting the involvement of Gai signaling. Notably, in two preclinical models of VHS
treatment with RvD2 reversed VHS. Of interest, in rectal biopsies from IBS patients, treatment

with RvD2 also reversed TRPV1 sensitization of submucosal neurons. Taken together, our



results suggest that RvD2 or agonists of GPR18 could be an interesting novel approach to

treat VHS in IBS patients.

Resolvins are endogenous lipid mediators mainly studied for their anti-inflammatory properties
and their role in the recovery phase of an inflammatory process?*. In inflammatory models,
resolvins exert their analgesic effect not only indirectly by dampening the inflammatory
process, but also through binding to their GPCRs on afferent nerve fibers. Acute spontaneous
pain evoked by intraplantar injection of TRPV1, TRPV4 and TRPA1 agonists is indeed potently
inhibited by RvD1, RvD2 and RVE1, even at concentrations in the nanomolar range®3'4°_ In
line with these findings, these resolvins inhibited TRPA1, TRPV1 and TRPV4 activation in DRG
neurons and transiently transfected HEK cells®3'. In a first set of in vitro experiments using
DRG neurons, we confirmed the inhibitory properties of RvD2 and RvE1, while RvD1 did not
alter TRPV1 activation at any of the doses used, in keeping with a previous study by Bang et
al?. As previously shown??, incubation of DRG neurons with histamine induced an increased
Ca?* response to capsaicin, indicative of TRPV1 sensitization. RvD2 and, to a lesser extent,
RvD1 and RvE1, prevented and reversed this sensitizing effect of histamine. The effect of
RvD2 was inhibited by O-1918, a blocker of the recently identified receptor for RvD2, i.e.
GPR18%, expressed by DRG neurons projecting to the colon. Along the same line, TRPV1
sensitization evoked by incubation with IBS supernatant was prevented and reversed by RvD2.
This is of particular interest as we previously demonstrated TRPV1 sensitization as an
important mechanism underlying abnormal pain perception in IBS®. Of note, we here show
that this response in IBS biopsies can also be reduced by RvD2, indicating that our findings
can be translated to the human intestine. Similar results showing resolvin-mediated inhibition
of TRPV1 sensitization were previously reported by Jo et al°. In this study, TRPV1 potentiation
in murine DRG neurons was induced by substance P and was blocked by RvE1 acting on its

receptor ChemR23.

To further explore its therapeutic potential, the effect of RvD2 was evaluated in two preclinical

models of VHS. In a first model, mice were infected with Citrobacter rodentium while exposed



to OVA. These mice developed pronounced increased pain responses to colorectal distention
and altered mucosal permeability®” (i.e. 2 characteristic symptoms of IBS) when re-exposed
to OVA in the post-infectious phase. This process results from an aberrant local immune
response to OVA (but not a systemic immune response as in food allergy) with IgE-mediated
sensitization of colonic mast cells and mast cell activation upon re-exposure to OVA leading
to histamine release and sensitization of TRPV15'. Of note, visceral hypersensitivity in this
post-infectious model is not associated with upregulation of pro-inflammatory genes, influx of
inflammatory cells or changes in morphology?’, illustrating that intestinal inflammation is not
involved. Interestingly, the VMR to colorectal distension was normalized in hypersensitive mice
treated with RvD2. These results were further supported in a rat model of post-inflammatory
VHS. RvD2 normalized the aberrant VMR to colorectal distension in post-TNBS colitis rats
while it had no effect on colonic compliance or inflammatory parameters. In control rats, RvD2
did not affect pain responses suggesting that pain transmission under normal conditions
remains unaffected by the dosis tested. The VHS present in this post-inflammatory model was

however potently prevented by treatment with RvD2.

Similar pain modulating properties of resolvins were previously reported in somatic pain
models. Local application of RvD1, RvD2 or RvE1 efficiently reduced mechanical and thermal
somatic allodynia evoked by carrageenan, formalin and complete Freund’s adjuvant3249.52.53,
Together with the in vitro data, our findings suggest that RvD2 and GPR18 agonists are

interesting compounds to reverse VHS, most likely by normalizing TRPV1 sensitization.

We recently reported that histamine potentiates TRPV1 via the activation of histamine 1
receptor'®? leading to phospholipase (PL) C activation and accumulation of cyclic AMP by
adenylyl cyclase?®. cAMP-dependent activation of protein kinase (PK) A subsequently triggers
the direct phosphorylation of TRPV1 on Ser116, resulting in sensitization of TRPV1 on primary
afferents®. The mechanism by which resolvins inhibit TRP channel activation and sensitization
is not entirely resolved. Of interest, however, morphine and y-opioid agonists block TRPV1

sensitization via activation of inhibitory GPCR signaling (Gai), resulting in the inhibition of



adenylyl cyclase-dependent cAMP production®®. Along the same line, we showed that, in the
presence of the Gai inhibitor pertussis toxin, RvD2 was unable to normalize the reponse of
DRG neurons to histamine, suggesting that the effect of RvD2 on TRPV1 sensitization is

mediated via inhibitory GPCR signaling.

Besides altered bowel habits, the hallmark of IBS is abnormal pain perception or VHS, reported
by ~60% of patients®>®°. Our group recently showed that TRPV1, TRPV4 and TRPA1 are
sensitized in IBS patients'®?, identifying these channels as promising drug targets to treat
VHS. Interfering with TRP channel activation is however not an attractive approach. TRPV1,
TRPV4 and TRPA1 are indeed widely expressed and are involved in crucial physiological
functions such as heat sensation, and can thus lead to severe side effects (e.g. hyperthermia,
impaired noxious heat sensation). On the contrary, the use of RvD2 in the treatment for VHS
in IBS appears particularly appealing since this compound did not interfere, in our experiments,
with TRPV1 activation by itself. Of interest, a recent study demonstrated lower serum
concentrations of RvD1 in IBS-C patients compared to healthy controls, correlating with

abdominal pain severity®.

To conclude, based on the current study, we propose an alternative approach, i.e. to interfere
with the process underlying TRP sensitization using resolvins, in particular RvD2 or GPR18
agonists. To what extent sensitization of TRPV4 or TRPA1 and sensitization of TRP channels
by other mast cell mediators, such as proteases**®” are similarly affected by RvD2 remains yet
to be studied. Moreover, resolvins are rather unstable and difficult to synthesize, while safety
issues remain to be evaluated®®®. Nevertheless, a clinical trial on infantile eczema reported
the first successful treatment with a pro-resolving mediator (15(R/S)-methyl-LXA(4), a topical
stable LXA4 analogue) in humans®. In addition, the synthetic resolvin RX-10045 (a derivative
of RVE1) has progressed to phasel/ll clinical evaluation in patients with ocular inflammation
and pain in cataract surgery (NCT02329743). Although further research is definitely required,
based on our data, we propose that RvD2 and GPR18 agonists should be further explored as

novel compounds to treat VHS in IBS.



ACKNOWLEDGEMENTS

We would like to thank the Cell and Tissue Imaging Cluster for the 470 use of the NIKON
inverted TillVision 471 microscope, epifluorescence microscope BX 41 Olympus and Zeiss
LSM880 — Airyscan 472 confocal microscope. Cell and Tissue Imaging Cluster, CIC,
Supported by Hercules 473 AKUL/15/37_GOH1816N and FWO G.0929.15 to Prof. Pieter
Vanden Berghe, KU Leuven.

This work was supported by the Research Foundation - Flanders (FWO-SBO grant nr.
S001017). MVF, MMW, PJ, JAL, and YAA were supported by an FWO doctoral or postdoctoral
fellowship (1110017N/1110019N, 1248513N, 12R5219N, 12X9820N and 12H8217N). EP was

supported by an Early Stage Researcher Marie Curie fellowship (NeuroGUT).

LEGENDS

Figure 1. Effect of resolvins on TRPV1 activation by capsaicin. Dose-response curves
after 30 min incubation with (A) RvD1, (B) RvD2 and (C) RvE1 or vehicle on the Ca** response
evoked by increasing concentrations of capsaicin (10 nM, 100 nM and 1 uM) in murine DRG
neurons. The number of neurons evaluated is depicted in the legend. *, P < .05; **, P < .01;
**** P < .0001. Mixed effects model (RELM) analysis was performed followed by Dunnett’s

multiple comparisons test compared to vehicle. Data are shown as mean + SEM.

Figure 2. Effect of RvD1, RvD2 and RVE1 on histamine-induced TRPV1 sensitization. (A)
Outline of experimental design evaluating the ability of resolvins to prevent histamine-induced
TRPV1 sensitization on DRG neurons. Vehicle or resolvins (RvD1, RvD2 and RvE1) were

administered before histamine perfusion and activation of TRPV1 by capsaicin. Effect of pre-

treatment with (B) RvD1, (C) RvD2, or (D) RvE1 on the Ca”’ response to capsaicin of DRG
neurons sensitized by histamine. (E) Outline of experimental design testing the ability of

resolvins to reverse histamine-induced TRPV1 sensitization on DRG neurons. Treatments with



vehicle or RvD1, RvD2 and RvE1 were administered after 10 min of histamine perfusion. Effect

of (F) RvD1, (G) RvD2, (H) RvE1 or vehicle on the Ca”’ response to capsaicin of DRG neurons
sensitized by histamine. The number of neurons evaluated is depicted above each column. *,
P <.05; **, P <.01; ***, P < .001; ****, P <.0001. Kruskal Wallis test was performed followed

by Dunn’s multiple comparison test. Data are shown as mean + SEM.

Figure 3. RvD2 activates GPR18 and triggers Gai signaling. (A) Outline of experimental
design evaluating the effect of O-1918 or Boc2 on the ability of RvD2 to prevent histamine-

induced TRPV1 senstization. (B) Effect of the GPR18 antagonist O-1918 (3-30 uM) and the

FPR2/ALX antagonist Boc2 (10 uM) on the Ca”’ response to capsaicin of RvD2-treated DRG
neurons sensitized by histamine. (C) Outline of experimental design evaluating the effect of

pertussis toxin (PTX) on the ability of RvD2 to prevent histamine-induced TRPV1 senstization.

(D) Effect of PTX on the Ca”’ response to capsaicin of RvD2-treated DRG neurons sensitized
by histamine. The number of neurons evaluated is depicted above each column. (E)
Representative images (n = 3 mice) showing GPR18 immunoreactivity (red) in DRG neurons
retrogadely labelled from the colon (Fast Blue positive; green). White arrowheads indicate
GPR18 protein expression in colon-innervating DRG neurons and yellow arteriks indicate DRG
neurons projecting to the colon without GPR18 expression. *P < .05, **P < .01, ***P < .001,
****P < .0001. Kruskal Wallis test was performed followed by Dunn’s multiple comparison test.
Two-tailed Mann-Whitney test was performed in D to compare the Ca?* response after
incubation with histamine + RvD2 with PTX vs without PTX (8, P < .05). Data are shown as

mean + SEM.

Figure 4. RvD2 inhibits and reverses IBS SN-induced TRPV1 sensitization. (A) Outline of
the experimental design testing the ability of RvD2 to inhibit IBS SN-induced TRPV1

sensitization on DRG neurons. (B) Effect of pre-treatment with RvD2 in the absence or

presence of the GPR18 antagonist O-1918 on the Ca”’ response to capsaicin of DRG neurons

incubated with histamine, SN from HV (n = 8) or SN from IBS patients (n = 8). (C) Outline of



experimental design testing the ability of RvD2 to reverse IBS SN-induced TRPV1 sensitization

on DRG neurons. (D) Effect of RvD2 in the absence or presence of the GPR18 antagonist O-

1918 on the Ca’ response to capsaicin of DRG neurons pre-incubated with histamine, SN
from HV (n = 8) or SN from IBS patients (n = 8). The number of neurons evaluated is depicted
above each column. *P < .05, **P < .01, ***P < .001, ****P < .0001. Kruskal Wallis test was

performed followed by Dunn’s multiple comparison test. Data are shown as mean + SEM.

Figure 5. Effect of RvD2 on the Ca?* response to capsaicin of submucosal neurons from
rectal biopsies of IBS patients. (A) Representative tracing and (B) amplitude of the Ca?*
response of submucosal neurons in biopsies of IBS patients in response to capsaicin (1 nM)
before and after 30-min treatment with RvD2 (or vehicle). (C) Percentage of TRPV1 responding
submucosal in response to capsaicin (1 nM) before and after 30-min treatment with RvD2 (or
vehicle). *, P < .05. Friedman test was performed followed by Dunn’s multiple comparison test.

Data are shown as box-and-whiskers showing the median + 1.5 IQR.

Figure 6. Effect of RvD2 on the VMR to colorectal distention in a mouse model of post-
infectious visceral hypersensitivity. (A) Schematic representation of the experimental
design of the post-infectious murine model of visceral hypersensitivity. (B, C) Visceromotor
response to colorectal ditention in mice treated with vehicle (n = 6) or RvD2 (300 ng; n = 7).
Panel C depicts the visceromotor response after treatment with RvD2 vs. vehicle. (D) Colonic
permeability expressed as passage of fluorescein sodium (left) and transepithelial electrical
resistance (right) in mice treated with vehicle (n = 6) or RvD2 (300 ng; n = 7) and uninfected
control mice (n = 6). *, P < .05; ***, P < .001. Kruskal Wallis test was performed followed by
Dunn’s multiple comparison test for B and D. Two-tailed Mann-Whitney test was performed for
C. Data are shown as box-and-whiskers showing the median + 1.5 IQR in B and as median *

IQR for C and D.

Figure 7. Effect of RvD2 on the VMR in a post TNBS colitis rat model of visceral
hypersensitivity. (A) Schematic representation of the experimental design of the post-TNBS

colitis rat model of visceral hypersensitivity. (B) Visceromotor response to colorectal ditention



in rats treated with vehicle or RvD2. Generalized Estimating Equations (GEE) was performed
followed by least significant difference post hoc test (n = 5-6). **, P < .01; ***, P < .001;
significantly different from control + vehicle. 88, P < .01; 88, P < .001; significantly different from

post-colitis + vehicle. Data are presented as median + IQR.
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