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ABSTRACT

Background & Aims: Separation of newborn rats from their mothersuaes visceral
hypersensitivity and impaired epithelial secretogyl lineages when they are adults. Little is
known about the mechanisms by which maternal sgparaauses visceral hypersensitivity
or its relationship with defects in epithelial story cell lineages.

Methods: We performed studies with C3H/HeN mice separatednftheir mothers as
newborns and mice genetically engineered (8% -vil-cre on C57BL/6 background) to
have deficiencies in Paneth cells. Paneth cellgidaty was assessed by lysozyme staining
of ileum tissues and lysozyme activity in fecal pggs. When mice were 50 days old, their
abdominal response to colorectal distension wagsaed by electromyography. Fecal
samples were collected and microbiota were analysedy GULDA quantitative PCR.
Results: Mice with maternal separation developed viscesgiensensitivity and defects in
Paneth cells, as reported from rats, compared toe nwithout maternal separation.
Soxd¥"*_yijl-Cre mice also had increased visceral hypeiigitg¢ compared to control
littermate Sox®™°* mice. Fecal samples from mice with maternal sejmaraand from

goxfiex_yil-cre mice had evidence for intestinal dysbiasighe microbiota, characterized

Sox
by expansion oEscherichia coli. Daily gavage of conventional C3H/HeN adult micghw
10° commensaE. coli induced visceral hypersensitivity. Converselyydaral administration
of lysozyme prevented expansion & coli during maternal separation and visceral
hypersensitivity.

Conclusions: Mice with defects in Paneth cells (induced by nredk separation or
genetically engineered) have intestinal expansidn E0 coli leading to visceral
hypersensitivity. These findings provide evidenbattPaneth cell function and intestinal

dysbiosis are involved in visceral sensitivity.

Keywords: Stress, antimicrobial activity, abdominal pairgdgyme.



INTRODUCTION

The intestine is colonized by trillions of commensécroorganisms that constitute a complex
microbial community . These microorganisms live in symbiotic and muistial relationship

with the host and, as such, the microbiota is eésddor mediating physiology, metabolism
and host immune response. Intestinal homeostabes ren a tightly regulated crosstalk
between commensal bacteria, intestinal epitheldls and mucosal immune cells. Innate
immunity provides the first line of defense agaiimstading microorganisms and confers

protection by triggering inflammatory and antimioral responses.

Paneth cells producing enteric antimicrobial pegdidre important players in small intestine
innate immunity. Paneth cells located at the bottwntrypts produce and secrete various
antimicrobial proteins or peptides (AMP) like lysoze, phospholipase A2 (PLA2), Reg3
lectins ando-defensin named cryptdin in mice (for reviéy Many studies performed in
rodent models highlight Paneth cells contribution establishment of an appropriate
colonization with commensal microbiotaand host protection from enteric pathog&is
Studies show that both, gut microbiota profilend AMP repertoiré® are dependent on
mouse strain suggesting the role of Paneth cell AiMBhaping intestinal microbiota. Even
though some AMPs are dependent on microbiota cxdtion, Paneth cells derived AMPs
such as cryptdin® lysozyme and PLAZ'''? are expressed independently of microbiota

colonization.

A defect in Paneth cell nhumbers and/or antimicrolaetivity (functionality) has been
incriminated in susceptibility to enteric infect®as well as in multifactorial organic gastro-
intestinal disorders like necrotizing enterocol{fiéEC) ** and Crohn's diseases (CH)°both

characterized by intestinal microbiota dysbiosisiehypothesis is that Paneth cell failure



triggers microbiota dysbiosis in favor of opporstic bacteria that might trigger intestinal

disorders in predisposed individuals.

Furthermore, it is well accepted that genetic andirenmental factors contribute to the
development of organic gastrointestinal disordéms CD *°*” but also functional ones like
Irritable bowel syndrome (IBS). Despite high dig@ecies concerning the severity of
intestinal inflammation between CD and IBS some wmm pathophysiological features such
as visceral hypersensitivit{y and microbiota dysbiosis have been reported. Interestingly,
among environmental factors affecting the coursthe$e diseases, early life adverse events
play a crucial rolé®?%, Indeed, maternal separation (MS) performed imleateases epithelial
secretory cell lineages including Paneth céfls and induces visceral hypersensitivity
However, a mechanistic link between Paneth celeaeénd visceral hypersensitivity has

never been investigated.

In the present study, by establishing a mouse moid®1S and using various mouse models
including Sox&"°*.vil-Cre mice genetically engineered to be defitienPaneth cells, we
sought to assess the direct influence of Panethacgimicrobial functions on host fecal

microbiota composition and subsequent consequencegestinal pathophysiology.

Our results reveal for the first time a key role Raneth cell-produced lysozyme on visceral

sensitivity regulation through the preventiorEotcoli expansion in intestinal microbiota.



MATERIALS AND METHODS

Mouse models

All experimental protocols described in this stwdgre approved by the local Animal Care
Use Committee (Comité d'Ethique de Pharmacologidebiogie de Toulouse - Midi-
Pyrénées, France) registered as N°86 at the MinidtResearch and Higher Education (N°
0029/SMVT), and conducted in accordance with theopean directive 2010/63/UE. All
experiments were performed on D50 mice. More detié in Supplementary Materials and

Methods.

Maternal Separation protocol

To minimize cannibalism induced by perinatal stress used C3H/HeN mice known to be
excellent breeders. Pups were separated from daeir and the rest of the litter 3 hours per
day. MS was repeated for 10 working days, weekextlided, between D2 and D15. Control
pups were left with their dam (Figure S1A). Mordails are in Supplementary Materials and

Methods.

glox/ﬂox

Sox -vil-cre mice

Heterozygote Villin-Cre (vil-Cre) mice (kindly gimeby S. Robine) in which the Cre
recombinase is expressed specifically in the imaktepithelium were crossed with
Soxd"* mice (kindly given by T. Pedron), which have b&ix9 alleles flanked by floxP
sequences. This generated S8¥8*-vil-Cre mice, with an intestinal epithelium lackin

Sox9 protein, indicating effective vil-Cre—mediateecombination of the So¥¥ allele.

glox/ﬂox éox/ﬂox) )

Sox -vil-Cre mice developed as their control litternsa(8ox



Oral gavage of commendal coli streptomycin resistant

Live E. coli were isolated from feces of naive healthy C3H/Heide by culture on
selective ChromID coli plates (Biomérieux, Marcyétdile, France). In order to facilitate
monitoring of this commensa&t. coli isolate in feces of mice after gavage, a spontameo
streptomycin resistant mutant of the commensahisolvas generated. More details are in

Supplementary Materials and Methods.

Nulliparous female 35 days old C3H/HeN mice (JanpvRoubaix, France) were
randomized in two groups: vehicle, which receiv@@l of bicarbonate buffer (0.2M pH8.2)
per os per day, ancE. coli gavage, which received 1@olony Forming Unit (CFU) of
streptomycin resistari. coli in 100 pl of bicarbonate buffeer os per day. Animals were

analyzed after fifteen days of daily gavage (Fighi®).

Lysozyme treatment

Mice submitted or not to the MS protocol received aal gavage with lysozyme
(SIGMA, ref L6876) from D35 to D50. Animals werendomized in two groups: vehicle,
which received 200ul of bicarbonate buffgar os per day, and lysozyme gavage, which
received 240 U of active lysozyme in 200 pl of bbomate bufferper os per day (Figure

s1C).

Visceral sensitivity

Mice were equipped with 3 NiCr wire electrodes iamged into the abdominal

external oblique muscle at D47 and kept individualfter surgery. The electromyographic



(EMG) activity was recorded and analyzed with a Bxab Chart from AD instrument. EMG
recordings began 3 days after surgery. Mice weaeaal in polypropylene tunnels. A balloon
consisting of an arterial embolectomy catheter @fg 4F, Edwards Laboratories, Santa
Ana, CA) was introduced into the rectum at 2.5 comf the anus and fixed at the base of the
tail. The balloon was progressively inflated duritfgy seconds by step of 0.02 ml, from 0.02
to 0.1 ml, with 10 minutes wait between each stdye Fogarty embolectomy catheter balloon
was calibrated using an electronic caliper gaugd #me maximal pressure applied
(corresponding to 0.1 ml) was calculated as 63A#imHg meaning that volume progressive
distension corresponds to a range of pressuresebat@ and 63.1+1.7 mmHg . Basal EMG
activity was subtracted from the EMG activity reégred during the periods of distension. The
use of Forgaty probe and volumes rather than katrasid pressures was selected to obtain

reliable VMR at low volumes.

TNFa and IFNy measurement in the ileum

TNFa and IFNy were measured in supernatant on ileal fragmestspended in RIPA
buffer (0.5% deoxycholate, 0.1% SDS and 1% IgepallBS) containing complete anti
protease cocktail (Roche), protein concentratiomsewmeasured using BCA uptima kit

(Interchim).

TNFo and IFN/ concentrations were assayed using commercial emzinked

immunosorbent assays (ELISA kits; Duoset R&D Systenile, France).

Enteric antimicrobial analysis

Lysozyme expression in Paneth cells



We used 1:100 diluted rabbit anti-mouse lysozyméady (Abcam, Paris, France),
0.75ug/ml Alexa fluor 488-conjugated donkey anbbih IgG (Jackson, Sullfolk) and
10pg/ml Alexa fluor 594-conjugated Wheat Germ Agigin (WGA) (Life Technology,
Cergy Pontoise, France), mounted in Prolong golifaal®e mounting medium with DAPI
(Invitrogen) to examine lysozyme expression in MBaneells. More details are in

Supplementary Materials and Methods.
Lysozyme activity in fecal content

Activity of lysozyme against the peptidoglycan whetermined in feces suspended in
PBS using the EnzChek® Lysozyme Assay Kit (Molecpl@bes, life technology, St Aubin,

France)More details are in Supplementary Materials andhides.

Antimicrobial activity of fecal content against coransakE. coli

Antibacterial activity of fecal supernatant resusged in 20% ethanol was tested
against commensal. coli isolated from our mice. 2. coli CFU grown to mid-logarithmic
phase were coincubated 2h at 37°C in 10mM phosjtheter containing 1% LB with 2mg of
fecal material (20l in 100ul final volume, 4% eatbhfinal so 0.2mg/ml). The resulting
viable bacteria (CFU) were then enumerated by rmasierial dilutions on LB agar plate

incubated 24h at 37°C. The growth control was nweitle 4% ethanol.

Fecal microbiota composition analysis

Total community DNA was extracted from stool samsped adjusted to 1 ng/ul prior
to use as described fl. Changes in the relative abundance of 21 relewsintobial 16S
rRNA gene targets (supplementary method) were obthiusing the GULDA platform

approach>?® with minor adaptation$’ described in Supplementary Materials and Methods.



The normalized Mvalues were reported per g feces, logl0-transfdrared processed by
MixOmics package (5.2.0 version) with RStudio saitev(0.99.902 version) to build a partial
least-squares discriminant analysis (PLS-DX) PLS-DA is a multivariate supervised
approach that operates by projecting the sampl¢o(¥0 a low-dimensional space of so-
called latent variables that maximizes the sepamabietween different groups of samples
according to their class labels (Y= mice treatmentéissing normalized Nvalues were
reconstituted using the NIPALS algorithm and leame-out cross-validation was used to
select the optimal number of latent variables fa6#DA models with minimal error rate.
Variable Importance in Projection (VIP, weightedrsaf squares of the PLS loadings) scores
were estimated and allowed to classify the micilohmaplicon groups according to their

explanatory power of class latFél

Monitoring of fecal E. coli loads

E. coli was quantified by plating tenfold serial dilutiohfeces homogenates in PBS
on selective ChromID coli plates (Biomérieux, Maicgtoile, France). For experiments of
oral gavage with streptomycin resistant commeiisatoli, stools samples were plated on
selective ChromID coli plates supplemented with @@p streptomycin. Plates were

incubated at 37°C and CFU were numerated afteio4sh

Statistical analyses

Statistical analysis was performed using GraphPashPversion 6.0h (GraphPad
Software, San Diego, California, USA). Resultsdmgle comparisons were displayed as box

plots [min to max] and analyzed by performing MaNhitney test. Multiple groups were

10



displayed either as kinetics with SEM or box plotsn to max] and compared per family by
Holm-Sidak’s multiple comparison test or by Newm&euls multiple comparison test as
appropriate after a significant two-way ANOVA. GEfences were considered significant for

p<0.05.

11



RESULTS

Maternal Separation (MS) in mice induced visceral fipersensitivity.

As a first step in this study, we established art&lel in C3H/HeN mice.

No weight differences were observed among groupsioé from D2 to D50.

The electromyographic (EMG) response to gradedreotal distension (CRD) was
used as an index of visceral sensitivity. MS ledltodynia at day 50 in response to colorectal
distension with low volume (p=0.028 at 0.02 ml; @B@¥ at 0.04 ml; p=0.003 at 0.06 ml
compared to control; Figure 1A; representative EMGording is presented in supplementary
Figure 2A). Accordingly, Area Under the Curve (AUGH EMG in response to increasing

volumes of CRD was higher in MS mice compared tatr@d mice (p=0.048; Figure 1B).

Maternal Separation (MS) reduced lysozyme expressioin Paneth cells and fecal

antimicrobial activity.

MS decreased ileal expression of lysozyme by Paradth (p=0,0043; Figure 2A and
B) without modification of the number of crypts pgiing lysozyme (Figure S3). Those

results differ from observations in rats where M8uced Paneth cell number.

Moreover, fecal anti-peptidoglycan activity of lggmne was decreased in MS mice
compared to controls (p=0.031 of fecal proteingamtrol; Figure 2C). MS also decreased
antimicrobial activity of fecal supernatant agaiostmmensak. coli (p=0.022; Figure 2D). In
order to assess whether MS leads to inflammatian mhight be responsible for visceral

hypersensitivity and/or Paneth cells defect, cytekiproduction was measured in mice ileum.

12



The defect of lysozyme expression in ileal Panetls ovas associated with higher
concentrations of TNk in ileum of MS mice compared to control (p=0.0F8ure 2E) but
not IFNy (Figure 2F). Of note, myeloid cells as sourcethar elevated TNé concentrations
in ileum had been considered but immunofluorescericlsozyme positive cells did not
provide evidence for an influx of myeloid cells slsown in Figure S4. Furthermore, no
modification of IL17 nor IL22 nor IL10 concentratiovas observed in response to MS in

ileum (Figure S5).

Loss of Paneth cells in SoX9‘"*.vil-cre mice was associated with visceral

hypersensitivity.

glox/ﬂox

Sox -vil-cre mice presenting a decrease of the golditioeage and an absence

of Paneth cells’®* displayed visceral hypersensitivity at day 50 nokirig the effect

observed in MS mice. Indeed, SE%¢°

-vil-cre mice responded with higher EMG activity to
colorectal distension at the volume of 0.04 ml careg to litermate Sof&"* (p=0.0014;

Figure 3A). Representative EMG recording is presgnh supplementary Figure 2B. More
generally, AUC of EMG activity in response to inese1g volumes of distension was higher

glox/ﬂox

in Sox -vil-cre mice compared to littermate (p=0.021; Fe3B).

Paneth cell depletion in S%Y"*-vil-cre mice led to a smaller antimicrobial activity of &c
supernatant against commeng&alcoli (p=0.01, Figure 3C). However, no modification of
TNFa concentrations was observed in ileum of $8%8*-vil-cre compared to littermate

mice (Figure 3D).

13



Both C3H/HeN submitted to MS and Sox®*"*_vil-cre mice induced fecal dysbiosis
characterized by an expansion of E. coli positively correlated with visceral

hypersensitivity.

Based on measurement of the relative abundancé aofi@robial taxa in feces, two
distinct partial least-squares discriminant analy@?LS-DA) were built to depict fecal
microbial signature associated with MS (Figure 4A}l Paneth cell depletion in SEX§'°*-
vil-cre (Figure 4B). Both score plots revealed pagation of microbial mice profile according
to MS and genotype respectively. Associated VIRes@Figure 4C and D) allowed to rank
key microbial phylotypes based on their importamcdiscrimination between mouse groups.
Fecal microbial signature associated with MS cdedisn an increase of the relative
abundances oMethanobrevibacter smithii (p=0.028), Ruminococcus gnavus (p=0.043),
Eubacterium hallii (p=0.18) ancE. coli (p=0.1) associated with a decrease ofRbseburia at
the genus level (p=0.36) (Figure 4C, Figure S6grdase of the relative abundances of
Bacteroides fragilis (p=0.0014) and. coli (p= 0.041) (Figure 4D) in So¥&™*-vil-cre mice
was accompanied by a global increase of bacterialynaelonging to Bacteroidetes phylum
(Bacteroides spp. andPrevotella spp., p=0.05 and p=0.019 respectively) daaterococcus

spp. and a decrease of relative abundandgifodlobacterium spp. (Figure 4D, Figure S7).

Among the main contributors to dysbiosis (VIP>EGdIE. coli expansion represents
a common feature associated with MS and Panethdeééict in Sox&*"*-vil-cre mice.
These gPCR-based analyzes of the relative abunda#ngecoli (Figure 5A and 5B) were
confirmed using bacterial culture. IncreaseEofcoli abundance was indeed observed by
plating fecal pellet on selective agar in fecesnofe submitted to MS (Figure 5C, p=0.0002)

and Sox&"*_yil-cre mice (Figure 5D, p=0.042).

14



E.coli increase in MS and So%¥"**-vil-cre positively correlated with high AUC of

EMG attesting of visceral hypersensitivity (Figlte and F).

E. coli gavages induced fecal dysbiosis associated witlsagral hypersensitivity without

inflammation

By comparing key microbial features (VIP) previgustentified as important in
discrimination of mouse microbiota according toitrentimicrobial activity, we noted that

E. coli expansion was observed in both mouse models (MSard*/">

-vil-cre mice.) We
wondered if the defect in Paneth cells associatéufecal dysbiosis in favor d&. coli could
be responsible for the observed visceral hyperseitgi To answer this question, C3H/HeN
mice was submitted to 15 days of oral gavage withaatochthonous commendal coli
resistant for streptomycin in order to follow itaplantation (Figure S1B). After 15 days of

gavage, streptomycin resistaft coli represented 90% of fec&8l. coli as enumerated on

ChromID agar plates supplemented or not with 50jigfraptomycin.

Variance in selected fecal microbial taxa abundamiigcriminated dailf. coli fed mice
compared with vehicle treated mice (Figure 6A).ekpectedE. coli was the most important
contributor responsible for difference observedmitrobial profile of mice (Figure 6B).
Increase of relative abundance of feBaktoli was observed on mice after oral gavage by
plating fecal pellet on ChromID agar (p=0.0007; ey 6C) and by gPCR (p=0.017; Figure

6D).

The resulting dysbiosis in favor &f coli induced visceral hypersensitivity in response
to colorectal distension at the volume of 0.04 p#(Q.017) and 0.06 ml (p=0.0003; Figure

6E). Representative EMG recording is presentedpplementary Figure 2C. More generally,

15



AUC of EMG activity in response to increasing voksnof distension was higher in mice

submitted tce. coli oral gavage compared to vehicle-treated mice (82).Figure 6F).

E. coli gavage did not trigger ileal inflammation as ToNHFeal concentrations remained
unchanged afteE. coli gavages (Figure 6G) and no modification of yalMas observed (data

not shown).

Oral treatment of young MS mice with lysozyme preveted stress-inducedE. coli

expansion and associated visceral hypersensitivity adult.

We wondered if an oral supplementation of MS midh \lsozyme could conversely
preventE. coli expansion and visceral hypersensitivity. Dailyl @avage of MS mice with
240U of lysozyme from day 35 to day 50 (Figure Si@as performed. By plating fecal pellet
on selective agar at day 35, no differencé&.imroli counting was observed between MS and
control (data not shown). Fifteen days of lysozymeatment of MS mice prevented fecal

increase oE. coli (p<0.001; Figure 7A).

However, increase of TNFin ileum of MS mice was not prevented by lysozyme

treatment (p<0.05; Figure 7B).

Lysozyme treatment also prevented visceral hypsitety in 50 days old adult MS mice
(p<0.0045 at 0,04 ml; p<0.0001 at 0.06ml; p<0.080D.08 ml; Figure 7C). Representative
EMG recording is presented in supplementary Fi@éteAccordingly, AUC of EMG activity
in response to increasing volumes of distensionigiser in MS mice compared to MS mice

orally treated with lysozyme (p=0.0006; Figure 7D).
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Discussion

Paneth cells producing enteric antimicrobial pegdidre important players in small intestine
innate immunity. In mice, Paneth cells appear dhlweeks after birth*>*and they are

%36 and early life stres&

sensitive to environmental factors including emterifections
Indeed, MS performed in rat decreases epitheliatesary cell lineages number including
Paneth cells?. Furthermore, neonatal maternal separation (MSJudes visceral
hypersensitivity at adulthoo®f. This observation questioned a potential role afid?h cell

defect triggered by an environmental factor like MS the induction of visceral

hypersensitivity.

In the mice model of MS established in this studg, show that MS impaired Paneth cell
functions attested by a decrease of lysozyme egijoredut not the number of Paneth cells as
observed in rats. We also demonstrated that inghdaneth cell functionality induced by
maternal separation or Paneth cell deficiency imetie engineered So%&"*-vil-Cre mice
led to fecal dysbiosis in favor &. coli and visceral hypersensitivity in response to caltale

distension.

Regarding these results, we wondered if the obdeateéect of lysozyme expression in Paneth
cells in MS mice might be responsible for viscdrgbersensitivity. To answer this question,

godiox_vil-Cre mice deficient for Paneth cells were usdisceral hypersensitivity in

Sox
response to colorectal distension was observed ox9'&"*vil-Cre mice compared to
littermate Sox®"™ mimicking the phenotype of MS mice. Then, we aina¢dieciphering

the mechanisms by which Paneth cell defect carcmdisceral hypersensitivity.

The role of Paneth cells derived antimicrobial coompds is not limited to the small intestine

where they are produced and secreted but theyaalsim lumen of caecum and coldh™®

17



lox

Consequently, we undertook to address the consegsi@i Paneth cell defect in S8
vil-Cre mice and MS mice on fecal microbiota. legingly, both mice models MS and
Soxd¥™"*_yil-Cre mice developed a dysbiosis and the comtalfmark of this dysbiosis
was a specific increase &f coli, a representative straof Enterobacteriaceae family. This
characterization was obtained by performing theviptesly described GUt Low Density
Array platform?, and confirmed by bacterial culture. The gPCR GWLmDethod used only
focused on luminal microbiota. A potential involvem of adherent bacteria in MS-induced
dysbiosis was therefore questioned and in partictila role of Segmented Filamentous
Bacteria (SFB), a representative adherent bactkemavn to be a strong inducer of Th17
response in intestinal lamina propA%*. MS did not induce any modification of IL17

production in ileum suggesting no major modificatadf SFB population by MS.

E. coli expansion in both mouse models (MS and &% -vil-Cre mice) is in agreement
with literature showing in various rodent modelsattimpaired Paneth cell functions
potentiateEnterobacteriaceae growth. Defects in Paneth cell granule compositiaiuding
lysozyme observed in Cdidmice result inE. coli expansion not only in small intestine
content, but also in fecdd In the mouse graft-versus-host disease (GVHD)ehilucing
Paneth cell defect in number and function, a redudiersity of the fecal microbiota is
observed, as well as an overwhelming expansida obli leading to GVHD mice death due
to E. coli-induced septicemia™. Finally, dithizone-induced Paneth cell depletié
detrimental to host defense agairt coli infection in rat neonatal small intestirfé
Interestingly, previous works showed that MS induericrobiota dysbiosis in favor of
coliforms in rats* and monkeys'®. Finally, in 8 week old rats, MS induced microkiot
dysbiosis characterized by reduced diversity arghdr representation of Proteobacteria
phylum (includingEnter obacteriaceae family) *’. All these data strongly support the role of

Paneth cells in control &. coli population in small and large intestine.
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E. coli expansion in our models of Paneth cell defect (M@ Sox&"*.vil-Cre) was
observed without a broader microbiota overgrowtigfe S8). This is in agreement with
previous studies showing that Paneth cell defeigad microbial dysbiosis occurs without

microbiota overgrowtf*®

Interestingly, in both models, MS and SEX°*-vil-Cre a strong positive correlation
was observed betweén coli fecal CFU and AUC of EMG attesting of visceral sénity.
Next, we aimed to decipher if visceral hypersewsytitriggered by Paneth cell genetic or
functional defect in SoX8/"*-vil-Cre and MS mice respectively was a consequefde.
coli expansion. Fifteen days of oral gavage on conveatimice with autochthonous coli
induced fecalE. coli expansion and visceral hypersensitivity, showihgt tthe E. coli
expansion is responsible for the visceral hypeiteitg occurrence. Interestingly, early life
vancomycin treated rats displayed an increas®rmteobacteria associated with visceral
hypersensitivity at adulthoctl. Here, we further dissected the mechanism and dsimated
for the first time thatE. coli, a member of this phylum, is responsible for viater

hypersensitivity.

The mechanism involved in Paneth cell functiondede observed in MS model is still
unknown. As, TNE is known to damage Paneth celfs one can hypothesizes that MS-
induced ileal inflammation attested by an increasdleal TNFo concentration may be
responsible for Paneth cell dysfunction. Howevdre tsource of the increased TiNF
concentration is still unknown and will warrant theer investigations. In this study we have
not observed changes in ileal concentrations oérofino-inflammatory cytokines known to
impair Paneth cells such as FRf. On the other hand, the ileal increase of &N¥as only
observed in the MS model but neither in SBX&*-vil-Cre mice nor in mice receiving. coli

by oral gavage excluding a direct role of Td\Nia the visceral hypersensitivity observed in

these different models.
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Thereafter, we undertook to clarify the link betweke Paneth cell functional defect, namely
the decrease of lysozyme expression in the MS nmanttkhe associatdsfl coli expansion. In
our MS model on mice, Paneth cell function defeasattested by a decrease of lysozyme
expression. However, lysozyme is not the only aistiobial compound produced by Paneth
cells. Indeed, Paneth cells produce and secregg attiimicrobial proteins or peptides (AMP)
like phospholipase A2 (PLA2), Reg3 lectins amdlefensin (for review®). Nevertheless,
lysozyme oral treatment could prevent MS-inducEd coli overgrowth and visceral
hypersensitivity. Prevention d&. coli expansion by LZM treatment is either the result of
LZM anti-microbial activity againstE. coli or indirectly, a modification of microbiota
composition repressinde. coli expansion. Neither the less LZM treatment resutts
preventingE. coli overgrowth and visceral hypersensitivity induced MS. Interestingly,
lysozyme oral treatment prevented MS-indu&edoli expansion but not TNFincrease in
ileum suggesting that inflammation driven by TdNFelease may be responsible for Paneth
cell defect ancE. coli expansion and not the opposite Ee.coli overwhelming inducing
intestinal inflammation. This claim is supported biudies demonstrating that intestinal
inflammation boostE&. coli growth ™. Furthermore, De Palma et al. demonstrated that MS
induced changes in host physiology are the caus@estinal dysbiosis and not the opposite.
Indeed, control mice receiving MS mouse dysbioticrabiota by oral gavage were not able

to maintain this microbiota and failed to develoxiaty-like behavior observed in MS mice

52

Interestingly, even though mouse gut microbiotatigin-specific®, E. coli expansion was

observed in both tested models of Paneth cell idefiy: MS in C3H/HeN mice and genetic
engineered intestinal depletion 8x9 in C57BL/6 strainE. coli expansion due to Paneth
cell number and function defects has also beenrebdendependently of mouse genetic

background in a model of GVHEY. Those observations highlight the major role ofid®®a
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cells in controllingE. coli intestinal population independently of mouse strand mouse

antimicrobial repertoiré®.

flox

Taken together the results of this study showet!(thaoth MS mice and Sof -vil-Cre
mice exhibit fecalE. coli expansion and visceral hypersensitivity, (i) ogdvage of
conventional mice withe. coli induces fecakE.coli increase and visceral hypersensitivity and
(ii) lysozyme oral treatment of MS mice can prevén coli fecal expansion and visceral
hypersensitivity, we propose the following cascaflevents: the Paneth cells antimicrobial

defect induces microbiota dysbiosis characterizedhiy by E. coli population expansion,

responsible for visceral hypersensitivity in resp@to colorectal distension.

From a clinical point of view, the findings repatta this study are of particular importance
and highlight the role of Paneth cells in shapmgstinal microbiota and its consequences on
visceral hypersensitivity. For the first time, wetablish a cause-effect relationship between
Paneth cell-induced dysbiosis and visceral hypsiteity in preclinical models. Our results
raise the interesting possibility that Paneth cellay be an important player in the pain
symptomatology of a variety of multifactorial organ(CD) and functional (IBS)
gastrointestinal diseases sharing at least threemom features: visceral hypersensitivity,
microbiota dysbiosis and stress as contributorhto gathology. The allodynic response to
colorectal distension observed in MS mice enhartbesrelevance of our data in IBS
pathophysiology, since IBS patients exhibit lowescdmfort and visceral pain thresholds to
colorectal distension compared to healthy contfold Furthermore, it has been described
that intestinal tissues from NEC infants have fel#@M-producing intestinal cells compared
with healthy infant§’ and that NEC incidence is decreased in breastnfiadit °°. In a pig
model producing human LZM in milk, human LZM millarc inhibit E. coli growth in small

intestine of suckling piglet’ highlighting the role of LZM in controlling. coli expansion.
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Legends

Figure 1 — Visceral sensitivity on maternally sepated (MS) adult mice. (A)

Representative curves of electromyograph (EMG)esponse to colorectal distension with
increasing volumes (0.02 to 0.1ml) in MS (grey sgaalain line) compared to control (white
circles dashed line) (n = 12 to 21 mice per groapP<0,05 and ** P<0,01 compared to
control (Two-way ANOVA followed by Holm-Sidak’s ptgest).(B) Responses to colorectal
distension are depicted as Area Under the CurveQAW = 12 to 21 mice per group). *

P<0,05 compared to identical volumes for contriMarin-Whitney test).

Figure 2 - Antimicrobial response on maternally seprated (MS) adult mice. (A)
Immunostaining of ileum paraffin section with alysozyme-(FITC), Wheat germ agglutinin
(WGA)-Texas red and DAP(B) Lysozyme fluorescence intensity per crypt cell i Kyrey)
compared to control (white) (n =5 — 6 mice perugno ** P<0,01 compared to contrdlC)
Enzymatic activity of lysozyme against peptidoglyda feces supernatants (n = 7 to 9 mice
per group)* P<0,05 compared to contrgD) Fecal antimicrobial activity against commensal
E. coli (fecal protein concentration: 20mg/ml) (n = 9 - fifice per group). *: P<0.05
compared contro(E) TNFa concentration in the ileum fragment measured by&2L(n = 15

to 17 mice per group). * P<0.05 compared contfB). IFNy concentration in the ileum

fragment measured by ELISA = 8 to 9 mice per group). (Mann-Whitney test).

Xfox_viil-cre mice. (A) Representative curves

Figure 3 — Visceral sensitivity on adult Sox!
of EMG in response to colorectal distension witlkergasing volumes (0.02 to 0.1ml) in
Soxd™%_vil-cre (grey square plain line) compared to fittate (white circle dashed line) (n
= 14 to 15 mice per group). ** P<0,01 compareddientical volumes for controls. (Two-way

ANOVA followed by Holm-Sidak’s post-test)B) Responses to colorectal distension are
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depicted as AUC (n = 14 to 15 mice per grodpp<0,05 compared to litterma(€) Fecal
antimicrobial activity against commendalcoli (fecal protein concentration: 20 mg/ml) (n =
9 to 10 mice per group) * P<0,05 compared to hi@te.(D) TNFa concentration in the

ileum fragment measured by ELISA = 14 to 15 mice per group). (Mann-Whitney test).

Figure 4 - Fecal microbiota analysis on maternallyseparated (MS) and Sox§"*vil-

cre adult mice.PLS-DA score plot of the relative quantitative atdances (Log10 No) of 21
microbial taxa in feces of MS and control mice (b& mice per group, confidence ellipse
level =0.5) (A) and of Soxd°"*.vil-cre mice and littermate (n= 10 mice per group,
confidence ellipse level =0.5B). VIP plot representing important features (micablaxa)
identified by PLS-DA in a descending order of infpoce (Increase of relative abundances

appeared in red and decrease in green) in MS amtdotanice(C) and in Sox¥*"**vil-cre

mice and littermat¢D).

Figure 5 — FecalE. coli analysis on maternally separated (MS) and So¥&¥"*-vil-cre
adult mice correlated with AUC of EMG. Relative abundances per g fecesotoli by
real-time gPCR in MS and control mi¢a) and Sox&"*.vil-cre mice and littermatéB)
(n=9 — 10 mice per group) *: P<0.05 comparedtterinate. Counting dk. coli colonies on
ChromID coli selective plates reported per g feiceMS and control mice (n = 8 mice per
group)***: P<0.001 compared to contr@C) and Sox¥*" vil-cre mice and littermate (n=

11 to 13 mice per group) P<0.05 compared to litterma(®). (Mann-Whitney test).

Correlation betweerk. coli CFU and AUC of EMG of control and MS mice (Pearson

r=0.6949, P=0.0028)F) and littermate and So%&"*-vil-cre (Pearson r=0.5513, P=0.0331)

(F).

Figure 6 - Fecal microbiota, inflammation and viscel sensitivity analysis on adult mice

receiving commensalE. coli by oral gavage. (A) PLS-DA score plot of the relative
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guantitative abundances (Logl0 No) of 21 microldeta in feces of mice receiving
commensakE. coli or vehicle by oral gavage (n= 10 mice per groumfidence ellipse level
=0.5).(B) VIP plot representing important features (micrblbgxa) identified by PLS-DA in

a descending order of importance (Increase of ivelaabundances appeared in red and
decrease in green{C) Counting of fecaE. coli colonies on ChromID coli selective plates
after 15 days of oral gavage wihcoli. (n = 11 - 12 mice per group) ***: P<0.001 compared
to control.(Mann-Whitney testD) Relative abundances per g fecesotoli by real-time
PCR (n = 10 - 11 mice per group) *: P<0.05 compacedontrol. (Mann-Whitney testE)
Representative curves of EMG in response to cdiarelistension with increasing volumes
(0.02 to 0.1ml) in mice receiving. coli by oral gavage (grey squares plain line) compaved t
control/vehicle (white circles dashed line) (n =nBice per group). **: P<0,01 and ***:
P<0.001 compared to identical volumes for contr@lsvo-way ANOVA followed by Holm-
Sidak’s post-test)(F) Responses to colorectal distension are depictedrea Under the
Curve (AUC) (n = 8 mice per group). ***. P<0,001 mapared to vehicle(G) TNFa
concentration in the ileum fragment measured bySAL(n = 10 to 11 mice per group).

(Mann-Whitney test).

Figure 7 - Fecal microbiota, inflammation and visceal sensitivity analysis on MS adult
mice orally treated or not with lysozyme for 15 dag. (A) Counting ofE. coli colonies on
ChromID selective plates after 15 days of oral kysoe treatment (D50/G15) (n = 14 to 15
mice per group). *: P<0,05 compared to controlspuR<0.001 compared to MS+LZM; #:
P<0.05 compared to control+LZM; ##: P<0.01 compaedontrol+LZM. controls. (Two-
way ANOVA followed by Newman-keuls post-tes{B) TNFa concentration in the ileum
fragment measured by ELIS@& = 14 to 22 mice per group). *P<0.05 compareddntrol.
(Two-way ANOVA followed by Newman-keuls post-tes{C) Representative curves of

EMG in response to colorectal distension with iasieg volumes (0.02 to 0.1ml) in MS
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(grey square), MS treated with LZM (pale grey seagarcontrol (white circles) and control
treated with LZM (grey circles) (n = 8-9 mice peogp). *: P<0,05 compared to identical
volumes for controls; ** P<0,01 compared to ideaktigolumes for controls; *** P<0,001
compared to identical volumes for controls; pp: P&0compared to MS+LZM; ppu:
P<0.001 compared to MS+LZM; ## P<0.01 compared datrol+LZM; ### P<0.001
compared to control+LZM. (Two-way ANOVA followed biolm-Sidak’'s post-test]D)
Responses to colorectal distension are depictefllUdS (n = 8 - 9 mice per group). ***:
P<0,001 compared to control; pup: p<0.001 comparedS+LZM and # p<0.05 compared

to control+LZM. (Two-way ANOVA followed by Holm-Sik’s post-test).
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Figure 3
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Supplementary Materialsand M ethods

Mouse models

In all experiments, mice were kept at a constamiperature (22+/-1°C) and maintained on a
12:12h light/dark cycle (light on at 7h30 am). Fdéthrlan, Gannat, France) and water were
availablead libitum. After delivery (D1), litters were homogenized&ol pups. Weaning was
performed on D21, siblings were sex matched.

Maternal Separation protocol

Nulliparous female C3H/HeN mice (Janvier, Roub&rance) were mated with male for 4
days. Maternal separation (MS) was performed dailythree consecutive hours (from 9 am
to 12 pm). Pups were kept in controlled temperaf@ie+/-1°C). MS was repeated for 10
working days, weekend excluded, between D2 and [@Hmtrol pups were left with their

dam. From D15 to D21, all pups were maintained witir dam.

Oral gavage of commensal E. coli streptomycin resistant

Live E. coli were isolated from feces of naive healthy C3H/Hheidle by culture on selective
ChromID coli plates (Biomérieux, Marcy L’étoile, &rce). Grown colonies belonged to B1
phylogenetic group. Further characterization of ceresentative isolate revealed to belong
to the O18 serogroup and none of checked virulgeres was harborett,(sTa, sTh, stx1,
stx2, eae, hly, cnf, Afa, cdt, pks). In order to facilitate monitoring of this comnsahE. coli
isolate in feces of mice after gavage, a spontaeatieptomycin resistant mutant of the
commensal isolate was generated by plating a PB®adaovernight culture on LB 1% agar
plates supplemented with 50ug/ml streptomycin. @Gmgwcolonies were then subcultured
either on LB 1% agar plate alone, LB 1% agar supplged with 50pug/ml or 500ug/ml
streptomycin in parallel. Colony able to growth alh three conditions was selected and
frozen at -80°C until use for gavage.

IL17, 1L22 and 1L10 measurement in the ileum

IL17, 1L22 and IL10 were measured in supernataniieafl fragments previously treated as
follow. Frozen ileal fragments were suspended iRARbuffer (0.5% deoxycholate, 0.1%
SDS and 1% Igepal in TBS) containing complete @ntitease cocktail (Roche), protein
concentrations were measured using BCA uptimarkie chim).

IL17, IL22 and IL10 present in ileal tissues wessayed using commercial enzyme linked
immunosorbent assays (ELISA kits; Duoset R&D Systerille, France). Cytokines
concentrations were normalized per mg of proteirthé supernatant and results expressed in
pg of cytokine per mg of proteins.



Lysozyme expression in Paneth cells

lleal samples were fixed in 4% formol, dehydratebtigh graded ethanol and embedded in
paraffin. Sections (5um) were rehydrated and sufetein antigen retrieval solution (citrate
buffer, 10mM, pH6, 99°C) for 30 minutes. After if@ation in blocking solution (PBS 0,01%
Tween 20, 1% bovine serum albumin and 2% donkeynabserum) for 15 min, sections
were incubated with rabbit anti-mouse lysozymelaraty (1/100, overnight, +4°C ;Abcam,
Paris, France) followed by a Alexa fluor 488-corgteyl donkey anti-rabbit IgG (0.75ug/ml,
1H, Room temperature, Jackson, Sullfolk). Antibaged would stained the mouse M and P
lysozyme isoforms. Sections were incubated withxal8uor 594-conjugated Wheat Germ
Agglutinin (WGA, 10ug/ml, 45 min; Invitrogen, Liféechnology, Cergy Pontoise, France),
mounted in Prolong gold antifade mounting mediurnthvidAPI (Invitrogen) and examined
under a Nikon 90i fluorescence microscope. Lysozflo@escence intensity in Paneth cells
were quantified employing the software Nis-ElemeAts(Nikon, Champigny sur Marne,
France) and results were expressed in fluoresdeteesity per cell. Analyses were done on
five well preserved crypts per animal and on fineéraals from each group.

Lysozyme activity in fecal content

Fecal proteins were mechanically extracted afteydetion of frozen feces in 500ul of PBS
(10mM; pH7.2). After 10 minutes of centrifugatioh B600g, supernatants were sterilized
with a 0.22 um filter and frozen (-80°C). Fecal tpin concentration was measured using
BCA protein Assay kit, Uptima (Interchim, MontlugdRrance). Activity of lysozyme against
the peptidoglycan was determined using the EnzChelk&@zyme Assay Kit (Molecular
probes, life technology, St Aubin, France).

Fecal microbiota composition

Changes in the relative abundance of 21 relevardramial 16S rRNA gene targets
(Supplementary table 1) was obtained using the GAJplatform approach (Bergstros al,
2012b, 2012a) with minor adaptations (Yveinal, 2016). According to this method, the
universal bacterial primer set (All phyla) was umbéd as the reference gene (four technical
replicas of each amplification). Each 384-well P@iRte (MicroAmp optical reaction plates,
Applied Biosystems, Naerum, Denmark) accommodatedilsaneous analysis of 8 DNA
samples per group. Quantitative real-time PCR vea®pmed in duplicate on an ViiA7 from
Applied Biosystems in a total volume of 5 pl contag 2,5 pl 2x Power SYBR Green PCR
Master Mix (Applied biosystems), 0,18 pl of eachmar (10 uM), 1 ul template DNA, and
1,14 pl nuclease-free water. Liquid handling wadgemed with a Bravo platform (Agilent
Technologies, Santa Clara, USA). Following the pmesly described thermocycling
program, the raw fluorescence data recorded bytiA&7 RUO Software were exported to
the LinRegPCR program to perform baseline corractaalculate the mean PCR efficiency
per amplicon group and calculate the initial qusegiNo (arbitrary fluorescence units) for
each amplicon. The relative abundance of the 2tifsp@amplicon groups were obtained by
normalization to the No value obtained for the ensal bacterial amplicon group determined



in the same array (No, specific/No, universal).ifil of detection of 18 (No, specific/No,
universal) was set and samples below this limitevest to 5.186,.
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Supplementary Table 1

Supplementary Table 1. Primers used in this study

Phylum Class/Family/ Genus Species /Group Primers sequences (5’-3')
ACTCCTACGGGAGGCAGCAGT
Allphyla Al Al GTATTACCGCGGCTGCTGGCAC
N . L . CGCGTCYGGTGTGAAAG
Actinobacteria  Bifidobacterium spp. CCCCACATCCAGCATCCA
. GGARCATGTGGTTTAATTCGATGAT
Bacteroidetes Al Al AGCTGACGACAACCATGCAG
. . GAGAGGAAGGTCCCCCAC
Bacteroidetes Bacteroides /Prevotella spp. CGCTACTTGGCTGGTTCAG
Bacteroidetes Bacteroides S| LA AT e
S GCTGGCACGGAGTTAGCCGA
Bacteroidetes Bacteroides fragilis grou CTGAACCAGCCAAGTAGCG
gills group CCGCAAACTTTCACAACTGACTTA
Bacteroidetes Bacteroides thetaiotaomicron GGCAGCATTTCAGTTTGCTTG
GGTACATACAAAATTCCACACGT
TGATCCCTTGTGCTGCT
B i P i i ist
acteroidetes arabacteroides distasonis ATCCCCCTCATTCGGA
Bacteroidetes Prevotella s G I U
b2 GGATAACGCCYGGACCT
Firmicutes Al Al TGAAACTYAAAGGAATTGACG
ACCATGCACCACCTGTC
Firmicutes Lactobacillus S| pSeAsTacEeACCcCs
L2 CACCGCTACACATGGAG
S - . GTGCCGCCGCTAACGCATTAAGTAT
Firmicutes Clostridium butyricum (Cluster 1) ACCATGCACCACCTGTCITCCTGEC
N T GCACAAGCAGTGGAGT
Firmicutes Clostridia Cluster IV (C. leptum group) CTTCCTCCG GTCAA
Firmicutes Clostridia Cluster XIVa ACTCCTACGGGAGGCAGC
(C. coccoides—E. rectale group) GCTTCTTAGTCAGGTACCGTCAT
o o  GGACTGCATTTGGAACTGTCAG
Firmicutes Cl eae gnavus (Blautia) AACGTCAGTCATCGTCCAGAAAG
Firmicutes Eubacterium hallii GCGTAGGTGGCAGTGCAA
GCACCGRAGCCTATACGG
Firmicutes Roseburia S| TACTGCATTGGAAACTGTCG
i CGGCACCGAAGAGCAAT
Firmicutes Enterococcus S| CCCTTATTGTTAGTTGCCATCATT
PP- ACTCGTTGTACTTCCCATTGT
N o . CATGCCGCGTGTATGAAGAA
Proteobacteria  Escherichia coli CGGGTAACGTCAATGAGCAAA
Proteobacteria  Desulfovibrio s, CCGTAGATATCTGRAGGAACATCAG
PP ACATCTAGCATCCATCGTTTACAGC
Verrucomicrobia Akkermansia muciniphila CAGCACGTGAAGGTGGGGAC
i CCTTGCGGTTGGCTTCAGAT
" e CCGGGTATCTAATCCGGTTC
Euryarchaeota  Methanobrevibacter smithii CTCCCAGGGTAGAGGTGAAA

tPrimer set B. distasonis targets the 16S-23S rRNA gene intergenic spacer region.



Supplementary Figure 1
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Supplementary Figure 1- Experimental protocols. Experimental protocol of Maternal Separation (MS) (A). Experimental protocol of E. coli gavage (B).
Experimental protocol of lysozyme gavage (C)



Supplementary Figure 2
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Supplementary Figure 2- Representative, illustrative EMG recording of one mice per group: control, MS mice of MS
mice receiving oral gavage of LZM (A) littermate and Sox9flox/flox-vil-cre (B) and vehicle or mice receiving E. coli by
oral gavage (C).



Supplementary Figure 3
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Supplementary Figure 3- Number of crypts stained with lysozyme in small intestine on MS mice (n=6 per group)



Supplementary Figure 4

A B

Supplementary Figure 4- Immunostaining of ileum paraffin section with anti-lysozyme-(FITC) (Green) Wheat germ agglutinin-(Texas red) (red) and DAPI (blue)
(10 fold magnification) in control mice (A) and maternally separated mice (B) (n=5-6 per group)



Supplementary Figure 5
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Supplementary Figure 6
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Supplementary Figure 6- Relative abundances of fecal microbial communities identified as important contributors in addition to these of E. coli to
differences between MS mice and control (n=9 to 10 mice per group). *: p<0.05 with control.
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Supplementary Figure 7 - Relative abundances of fecal microbial communities identified as important contributors in addition to these of E. coli to
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Supplementary Figure 8 — Microbial genomic DNA extracted per gram feces (n=9 to 10 mice per group).



