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Irritable bowel syndrome (IBS) is a gastrointestinal disorder characterized by chronic abdominal pain, discomfort, and
bloating. Interestingly, there is now evidence of the presence of a low-grade inflammatory status in many IBS patients,
including histopathological and mucosal cytokine levels in the colon, as well as the presence of IBS-like symptoms
in quiescent inflammatory bowel disease (IBD). The use of a genetically engineered food-grade bacterium, such as
Lactococcus lactis, secreting the anti-inflammatory cytokine IL-10 has been proven by many pre-clinical studies to be a
successful therapy to treat colon inflammation. In this study, wefirstreproduced the recovery-recurrence periods observed
in IBS-patients in a new chronic model characterized by 2 episodes of DiNitro-BenzeneSulfonic-acid (DNBS)-challenge
and we tested the effects of a recombinant strain of L. lactis secreting IL-10 under a Stress-Inducible Controlled Expression
(SICE) system. In vivo gut permeability, colonic serotonin levels, cytokine profiles, and spleen cell populations were then
measured as readouts of a low-grade inflammation. In addition, since there is increasing evidence that gut microbiota
tightly regulates gut barrier function, tight junction proteins were also measured by qRT-PCR after administration of
recombinant L. /actis in DNBS-treated mice. Strikingly, oral administration of L. lactis secreting active IL-10 in mice resulted
in significant protective effects in terms of permeability, immune activation, and gut-function parameters. Although
genetically engineered bacteria are, for now, used only as a “proof-of-concept,” our study validates the interest in the use

of the novel SICE system in L. lactis to express therapeutic molecules, such as IL-10, locally at mucosal surfaces.

Introduction

Irritable bowel syndrome (IBS) is a functional gastrointestinal
disorder, heterogencous in terms of clinical symptoms and
pathogenesis."? It is characterized by chronic abdominal pain
and gut dysfunction.® Although IBS has been traditionally
associated with psychological distress, altered gut motility,
visceral hypersensitivity, and increased gut permeability,’ recent
evidence support the presence of a low grade inflammation
in the gut mucosa of IBS patients.” Notably, a modulation of
mucosal cytokine levels in the colon of IBS patients,* as well as
the presence of IBS-like symptoms in quiescent inflammatory
bowel disease (IBD) has been observed.”” The link between
inflammation and functional gastrointestinal symptoms is
based on the interaction between different potential pathogenic
factors involved in the development of IBS.* Many of them are
also related to the dysfunction of epithelial barrier which implies
a permeable gut. Indeed, impaired gut barrier permeability is
associated with several diseases and functional gastrointestinal
syndromes.

The use of live vectors to deliver therapeutic molecules at
the mucosal level has been extensively described before.'® They
are based on the use of recombinant bacteria producing and
delivering in situ the molecule of interest. For this purpose, there
are 2 basic types of bacterial vectors commonly used to deliver
compounds at the mucosal level: attenuated pathogens and
non-pathogenic bacteria. Gram-positive commensal or food-
grade lactic acid bacteria (LAB) constitute good alternatives to

112 they have been used for centuries in the

pathogenic ones:
fermentation and preservation of food, and are thus considered
to be safe organisms with a GRAS (Generally Recognized
As Safe) status. Most important, mucosal administration of
genetic engineered LAB for immunization purposes have been
shown to elicit both systemic and mucosal immunity."*'® These
encouraging results confirm the potential use of LAB as live
vectors for either mucosal immunization and/or therapy.

The use of LAB to prevent and treat inflammatory related
diseases was performed for the first time with a recombinantsstrain
of Lactococcus lactis, the model LAB, producing and delivering the
interleukin-10 (IL-10, an anti-inflammatory cytokine) in situ, in
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Figure 1. Experimental protocols for the mouse chronic micro-inflammation model. ‘

different mouse models of colitis. Dairy mucosal administration
of recombinant L. /actis secreting IL-10 reduces 50% of the colitis
induced by the administration of dextran sodium sulfate (DSS)
in mice.””?® This beneficial effect was dependent on the secretion
in situ of IL-10 by live recombinant lactococci.?! The rationale in
the use of recombinant L. lactis for a localized delivery of IL-10
in IBD is due to the large number of scientific studies proving
that the topical treatment with this cytokine has clinic benefits.?’
Moreover, local delivery of IL-10 requires much lower doses
than systemic treatments (intravenous injection) thus avoiding
secondary side-effects.

Recently, we described a new Stress-Inducible Controlled
Expression (SICE) system for the expression of therapeutic
molecules (such as IL-10) in L. lactis.** This system, based on
a stress-inducible promoter, allows the production and secretion
of heterologous proteins (otherwise toxic for the bacterium itself
such as some cytokines) at a good rate. Moreover, a recombinant
strain of L. Jactis secreting biologically active murine IL-10 under
the control of SICE system (LL-IL10) has been successfully tested
recently in different chronic colitis mouse models which mimic
the relapsing pattern observed in patients with IBD.? The aim of
this work is to test the effect of this LL-IL10 strain in a murine
model of chronic low inflammation, which mimic the symptoms
observed in IBS patients.

Results

Validation of a low-grade inflammation model in DNBS-
treated mice

The protocol used to develop a model of low-grade
inflammation in mouse is detailed in Figure 1. To validate
the low-grade inflammatory status after the second DNBS-
related  to
inflammation, were measured. Changes in weight (Fig. 2, A),

administration, several parameters, directly

macroscopic scores, including ulcers, hyperemia, thickening
of the colon wall, the presence of adhesions between the colon
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and other intra-abdominal organs and the consistency of fecal
material (Fig. 2, B), microscopic scores, including architectural
derangements, goblet cell depletion, edema/ulceration, and
degree of inflammatory cell infiltrate (Fig. 2, C), the degree of
infiltration by polymorphonuclear neutrophils (measured by the
colon MPO activity) (Fig. 2, D), and, the systemic inflammatory
immune response (determined by serum Lipocalin-2 [Len-2],
an early marker of inflammation, concentrations) (Fig. 2, E)
were also recorded. As expected, no significant differences were
observed in any of these parameters, thus confirming the presence
of a low-grade inflammartory status in DNBS-challenged mice.

Recombinant  LL-IL10  regulatess =~ DNBS-induced
hyperpermeability

To assess barrier function, permeability to the paracellular
tracer FITC-dextran was then evaluated in DNBS-treated mice.
For this, mice received FICT-dextran orally 3.5 h before sacrifice
and the concentration of this compound was determined in serum
samples at the endpoint. As shown in Figure 3, mice treated
with DNBS showed higher permeability (P < 0.05), confirming
an alteration in the barrier function in terms of permeability.
lactis  secreting 1L-10
significant decreases (P < 0.05) intestinal hyperpermeability.

Administration of recombinant L.

Surprisingly, administration of the wild-type strain also results
in a decrease in the intestinal hyperpermeability; however, this
decrease was not statistically significant vs. the DNBS-treated
group (P < 0.05) (Fig. 3).

LL-IL10 tends to counterbalance alterations in DNBS-
induced apical junction proteins

To further analyze the effect on the barrier function, the
expression of relevant mRNAs of both adherens junction (AJ)
and tight junction (T]) proteins were studied by qRT-PCR.
As shown in Figure 4, all mRNAs: Claudin-4 (P = 0.0059),
E-cadherin (P = 0.049), F11r (JAM1) (P = 0.078), Occludin (P
= 0.692), and ZO-1 (P = 0.034) were less abundant in DNBS-
treated mice than in control mice. This downregulation tends
to be normalized by both LL and LL-IL10; however, a higher
specific effect was observed when using LL-IL10 for both F1lr
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(DNBS+PBS), and LL-IL10-treated mice (DNBS+LL-IL10) (n = 16).

Figure 2. Validation of micro-inflammation status. Severity of the colitis reactivation was assessed by body weight change (A), macroscopic scores (B),
histological scores (C) MPO activity, and (D) lipocalin-2 levels in: control non-inflamed (EtOH*PBS), micro-inflamed mice (DNBS+PBS), LL-treated mice

and ZO-1 mRNAs. Expression of Claudin 2, 3, and 15 were not
modulated (data no shown).

A systemic and mucosal decrease in pro-inflammatory
cytokine production correlates with the protective effects of
LL-IL10 after DNBS challenge

We then investigated the cytokines involved in this low-grade
inflammation model by Flow Cytometry using CBA analysis.
We assayed 13 cytokines (including those involved in Th1, Th2,
Th17, and Th22 pathways) in both colonic (Fig. 5) and serum
(Fig. 6) samples after the second DNBS injection.

As shown in Figure 5, concentrations of IL-6, 1L-22, IL-5,
IL-4, IL-17, IFN-y, and TNF-a in colon samples were higher in
DNBS-treated mice than in healthy controls, which is consistent
with a local inflammation. Markedly, IL-6, IL-22, and IL-4
concentrations were lower (statistically significant, P < 0.05) after
LL-IL10 treatment, as well as IL-5 after administration of both
LL and LL-IL10 (2 < 0.05, Fig. 5). Although a clear tendency
was observed for IL-17, IFN-y and TNF-a after LL-IL10
administration this diminution was not statistically significant.
Of note, IL-10 results obtained by CBA confirm either the local
production of this cytokine by LL-IL10 or a modulation of IL-10
expression by the recombinant L. Jactis strain.

Concerning cytokine concentrations in serum samples, our
results confirm the low grade inflammatory status since no
significant modulation was observed for most of the cytokines
tested (data not shown). Nevertheless, 1L-13, IL-1a, IL-22, 1L-4,
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and IL-6 levels were significantly higher in DNBS-treated mice
compared with the control group (Fig. 6). Interestingly, IL-13,
IL-la, and IL-6 cytokines were significantly reduced after
treatment with LL-IL10 (2 < 0.05) and a tendency was observed
for IL-22 and IL-4. As for the results obtained in the AJ and
TJ proteins by qRT-PCR (Fig. 4), the wild-type L. lactis strain
displays some modulatory effects for some cytokines in serum
samples (ie. diminution of IL-13 and IL-1a).

IL-IL10 treatment restores T-cell variations observed on
DNBS-treated mice

To further determine the mechanism by which LL-IL10 exert
its beneficial effects, T-cells were isolated from spleens of DNBS-
treated mice and analyzed by Flow cytometry after reactivation.
Compared with healthy controls, DNBS-treated mice showed
lower CD4+ T cells percentages (Fig. 7). Interestingly, these
variations were completely restored in mice treated with LL-IL10
(P < 0.05) (Fig. 7). In contrast, no significant differences were
observed in CD8+ T cells, although a weak diminution was
observed in DNBS-treated mice, which was restored by LL-IL10;
however, these results were not statistically significant (Fig. 7).

LL-IL10 restores serotonin (5-HT) variations observed in
DNBS-treated mice

Serotonin is an
gastrointestinal tract, thus, we decided to determine serotonin
levels in colon samples by ELISA. As shown in Figure 8, colonic

important neurotransmitter in the

serotonin concentrations were higher in DNBS-treated mice
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Figure 3. In vivo permeability experiments. Control non-inflamed
(EtOH*PBS), control inflamed (DNBS+PBS), LL-treated mice (DNBS+LL),
and LL-IL10-treated mice (DNBS+LL-IL10) (n = 16). *P < 0.05, **P < 0.001,
***P < 0.0001.

than EtOH-treated controls (” < 0.05). Strikingly LL-IL10
treatment significant restores this increase (P < 0.05) (Fig. 8).
A decrease was also observed when using the LL strain; however

this decrease was not statistically significant when compared
with DNBS-treated mice (Fig. 8).

Discussion

Currently, there is an increasing interest in the use of
genetically modified microorganisms to deliver therapeutic
molecules at mucosal surfaces.'*?* Furthermore, this approach,
in addition of being an ideal proof-of-concept method to validate
new target molecules to either treat or prevent human diseases
in pre-clinical models, provides additional clues of the potential
mechanisms of action of the molecule of interest delivered by
live bacteria. In this sense, several studies have been performed
today to better decipher the effect of the delivered molecule.”® For
instance, the effect of the Elafin, a natural protease inhibitor that
is normally expressed by the human intestine, has been deeply
analyzed using recombinant lactococci.”

In this study we decided to test a L. lactis strain delivering
the anti-inflammatory cytokine IL-10 locally.?* Strikingly, the
use of SICE system for heterologous expression of IL-10 might
allow a specifically and locally production and delivery of the
protein when L. lactis is subjected to stressful conditions, such
as those present in the gastrointestinal tract of the host, due to
an acid stress after passage through the stomach (where the pH
is about 1.5-2.0) along with a bile stress in the duodenum.
Indeed, recombinant L. lactis strains secreting IL-10 (but using
other expression systems) have previously shown protective

1614 Human Vaccines & Immunotherapeutics

effects in severe and moderate murine chronic inflammation
models.””?*#>%” One of these previous strains used a cassette based
on a constitutive promoter, integrated into the chromosome for
IL-10 expression and secretion. Nevertheless, it is sometimes
preferable to benefit from an inducible expression system, in
order to target the delivery of the protein of interest (eg. IL-10)
only at the right time and place. As an example, a constitutive
expression of interleukins and its accumulation in the cytoplasm
could be deleterious for L. lactis,™
could favor a high and localized delivery, leading to an improved

whereas an induced expression

efficiency. In this context, one of the most commonly used
inducible system, called NICE (NIsin Controlled Expression
system), responds to some of these needs and has been previously
used successfully to deliver IL-10 in a murine colitis model.”
However, this system suffers from several drawbacks such
as the presence of regulatory genes (provided by plasmids or
cloned and integrated into the bacterial chromosome), which
limits the choice of appropriate production conditions in both
biotechnological and laboratory applications, and the induction
of recombinant strain cultures prior to use in vivo. Therefore,
one alternative is the use of expression systems that do not require
either the presence of regulatory genes or a previous induction of
the cultures before apply such as the SICE system?** used in this
study.

Interestingly, in some models of colitis and in some of the
read-outs used to determine the degree of the inflammation the
use of the wild-type L. lactis strain was not totally neutral.” These
results, together with the recent observations made by Smelt etal.?®
who have found immunomodulation capacities of wild-type L.
lactis, suggest a beneficial role (ie. probiotic) of this bacterium
itself when used as delivery vector and confirm thus the interest
in the use of this LAB as a live vector. However, the use of an
immunomodulatory carrier to deliver therapeutic proteins to the
mucosa could represent an additional advantage. Indeed, based
on the extension of the commensal-probiotic hypothesis (which
postulates the use of either beneficial commensal or probiotic
bacteria as live delivery vectors for target compounds),* we can
expect that their use could improve the desired beneficial effects:
synergy bacteria-delivery compound. However, caution has to be
made in the choice of an immunomodulatory strain because its
intrinsic capacities and potential beneficial effects would largely
depend of the mouse model (eg. IBS, IBD, obesity, vaccination,
etc). For instance, L. lactis MG1363 (the strain used in this study
and by Smelt et al. 2012?%) have shown a neutral behavior in
several murine models of inflammation and vaccination.”>*?

To confirm the protective anti-inflammatory effects of LL-IL-
10 strain in vivo, a murine chronic low-dose inflammation model
was used to mimic the relapsing character of the symptoms of
micro-inflammation linked diseases such as IBS patients. Our
results showed that our model of DNBS administration results
in the absence of an active inflammation status in the colon of
mice as it was demonstrated by the lack of macro and microscopic
damages as well as of granulocytes infiltrate. The lack of systemic
inflammation was also confirmed by measuring the Lcn-2 levels
(an early inflammation maker in immune complex mediated

inflammatory or autoimmune disorders) in serum samples.’*?!
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Figure 4. Apical junction proteins expression in a DNBS low-grade inflammation model. Control non-inflamed (EtOH*PBS), control inflamed (DNBS+PBS),
LL-treated mice (DNBS+LL), and LL-IL10-treated mice (DNBS+LL-IL10) (n = 6). *P < 0.05, **P < 0.001, ***P < 0.0001.

Interestingly, DNBS-treated mice showed gut low-grade
inflammation as confirmed by analysis of the immune response.
Indeed, colon and serum cytokine levels in DNBS-treated mice
as well as CD4* and CD8* T-cells were modulated compared
with the EtOH group. Strikingly, both lactococci strains were
able to counterbalance cytokine levels, and only LL-IL10 T-cell
levels. These results are in agreement with the observation of

1.8 who also found immunomodulation capacities of

Smelt et a
wild-type L. lactis, both in vitro and in vivo assays.
Experiments, with the paracellular tracer FITC-dextran
demonstrate the presence of gut hypermeability in DNBS-
inflamed mice. Treatment with both LL and LL-IL10 strains
restored in vivo permeability measurements, suggesting that
overall total permeability was improved with both bacteria.
Increased permeability after reactivation was accompanied by
a reduction in specific apical junction protein expression. In
this context, LL and LL-IL10 treatment showed tendencies to
restore the expression of the transmembrane proteins Occludin,
E-cadherin, and Claudin 4. Moreover, specific-LL-IL10
tendencies were observed in the junctional adhesion molecule
JAM/F11r and Zonula Occludens (ZO)-1 protein. Although,
to our knowledge there is no study about L. lactis effect on gut
permeability up to day, this result is in agreement with previous
studies where a modulation of the expression of TJ proteins by
probiotics has been observed.?*? Furthermore, an extra positive

www.landesbioscience.com

effect was observed with the strain LL-IL10 confirming the
interest of IL-10 and the selected carrier strain for our model.
Administration of probiotic bacteria is a relatively new
approach to improve immune homeostasis in order to maintain
host health. Indeed, oral probiotic administration modulates both
T-cell and dentritic cells distribution in spleen and mesenteric
lymphoid nodes (MLN).*® In our model, where immune
homeostasis is strongly perturbed and the intestinal barrier is
compromised dysfunctional parameters may be also altered. For
this reason, colonic levels of serotonin (5-HT) where determined.
Serotonin initiates peristalsis, secretion, vasodilatation, and
sensory signaling in the gut,*® it also activates immune cells to
produce pro-inflammatory mediators® being a link between
inflammation and functional symptoms. 5-HT containing
enterochromaffin cells (EC) release 5-HT,*® while serotonin
selective reuptake transporter (SERT), expressed on intestinal
enterocytes, terminates the action of 5-HT by eliminating it from
the interstitial space.** Our results demonstrated that colonic
levels of 5-HT were increased in DNBS-challenged mice. This
result agrees with previous studies that have found altered levels
of this hormone in murine models of colitis induced by TriNitro-
Benzene Sulfonic acid (TNBS),”” as DNBS-induce colitis in a
similar way from that induced by TNBS in terms of macroscopic
appearance, histological appearance, and degree of granulocytes

infiltration.?*°
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Figure 5. Colon cytokine concentrations in DNBS micro-inflammation model. Control non-inflamed (EtOH*PBS), control inflamed (DNBS+PBS),
LL-treated mice (DNBS+PBS), and LL-IL10-treated mice (DNBS+LL-IL10) (n = 76). *P < 0.05, **P < 0.001, ***P < 0.0001.

In conclusion, in this study we have demonstrated the
beneficial effects of a recombinant strain of L. lactis secreting
and delivering in situ (eg. colon) IL-10 cytokine under a stress-
inducible system, SICE, in a new chronic model characterized
by 2 episodes of DNBS-challenge. We also demonstrated the
beneficial effects of the carrier strain by its-self. In this sense,
some specific effects were observed in term of T] proteins,
cytokine, and T-cells and an overall improvement has been
detected for almost all the parameters tested. Besides, the use of
a controlled system for locally delivery of therapeutic molecules
was validated since no systemic side-effects were observed in

1616 Human Vaccines & Immunotherapeutics

mice after administration of recombinant L. lactis expressing
IL-10 using SICE system. Finally, the use of an IL-10-
producing strain to treat inflammation mediated colitis***>%
has been extended to a micro-inflammation status, suggesting
the possible role of this type of therapy in patients suffering
from a functional disorder linked to a micro-inflammation
such as IBS. However, although this study is a first proof-of-
concept on the use of modified microorganisms to treat a subset
of IBS, more studies should be performed (such as the use of
non-disseminable L. Jactis strains)" before considering this type
of treatment as a feasible therapy to be tested in humans.
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Material and Methods

Bacterial strains and growth conditions

L. lactis MG1363 strain secreting biologically active murine
IL-10 (LL-IL10) under the control of a stress-inducible system
(SICE)* and L. lactis MG1363 strain transformed with an empty
plasmid (strain LL) were grown in GM17 medium plus 10 pg/
mL of chloramphenicol at 30 °C without agitation. ELISA and
western blot experiments with total protein extracts and culture
SNs from strain LL-IL10 confirmed that it produced and secreted
large amounts of IL-10 (data not shown).

Animals

Male C57BL/6 mice (6—8 wk old) (Janvier) were maintained at
the animal care facilities of the National Institute of Agricultural
Research (IERP, INRA, Jouy-en-Josas, France) under specific
pathogen-free conditions. Mice were housed under standard
conditions for a minimum of 1 wk before experimentation.
All experiments were performed in accordance with European
Community rules for animal care and were approved by the
relevant local committee.

Induction of DNBS micro-inflammation and bacteria
administration

The protocol for inducing DNBS colitis is detailed in Figure 1.
Briefly, mice of approximately 20 g were fully anesthetized by
intraperitoneal injection of 150 pL of 0.1% ketamine (Imalgene

1000, Merial) and 0.06% xylazine (Rompun). Then, a 3.5
catheter (French catheter, Solomon Scientific) was attached to a
tuberculin syringe, inserted into the colon and a dose of 100 mg/
Kg of DNBS solution (ICN, Biomedical Inc.) in 15% ethanol
(EtOH) was injected intrarectally to induce the colitis. Control
mice (without colitis) received only 15% EtOH. Ten days after
the so-called DNBS period, 200 pL of 1 x 10° CFU of bacteria
in PBS, or PBS alone were administered intragastrically daily for
10 d (gavage period). The inflammation was reactivated 21 d
after the first DNBS injection (recovery period) with a second
injection of 50 mg/Kg of DNBS solution. Weight loss was
monitored during 3 d following the second DNBS injection to
assess the severity of colitis.

Macroscopic damage scores

Mice were sacrificed by cervical dislocation and the
abdominal cavity was opened, the colon was removed and
opened longitudinally and damage was immediately assessed
macroscopically. Macroscopic scores were recorded using a
previously described system.? Briefly, the macroscopic criteria
(assessed on a scale from 0 to 9) include macroscopic mucosal
damages such as ulcers, thickening of the colon wall, the presence
of adhesions between the colon and other intra-abdominal organs,
the consistency of fecal material (as an indicator of diarrhea), and
the presence of hyperemia.

Colonic histology and myeloperoxidase (MPO) activity
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Figure 6. Serum (B) cytokine concentrations in DNBS micro-inflammation model. Control non-inflamed (EtOH*PBS), control inflamed (DNBS+PBS),
LL-treated mice (DNBS+LL), and LL-IL10-treated mice (DNBS+LL-IL10) (n = 76). *P < 0.05, **P < 0.001, ***P < 0.0001.
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Figure 7. Splenocyte population levels. Control non-inflamed (EtOH*PBS), control inflamed (DNBS+PBS), LL-treated mice (DNBS+LL), and LL-IL10-treated
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Figure 8. Colon serotonin concentrations in DNBS micro-inflammation
model. Control non-inflamed (EtOH*PBS), control inflamed (DNBS+PBS),
LL-treated mice (DNBS+LL), and LL-IL10-treated mice (DNBS+LL-IL10) (n =
16). *P < 0.05, **P < 0.001, ***P < 0.0001.

Formalin-fixed colon samples were paraffin-embedded and
3 pm-thick sections were stained with hematoxylin and eosin
(H&E). Colonic damage was scored according to architectural
derangement, goblet cell depletion, edema/ulceration, and degree
of inflammatory cell infiltration, as previously described.!
Myeloperoxidase (MPO) activity (used as a marker of neutrophil
infiltration) was measured using a modified version of the
protocol described by Bradley et al.%
the distal colon were recovered and homogenized (50 mg/mL) in
ice-cold 50 mM potassium phosphate buffer (pH 6) containing
5% hexadecyl trimethyl ammonium bromide (Sigma-Aldrich)

One centimeter samples of
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and hydrogen peroxide (H,0O,). The absorbance of the
colorimetric reaction was measured using a spectrophotometer.
MPO activity is expressed as units per milligram of wet tissue, 1
unit representing the conversion of 1 tM of H,O, to water in 1
min at room temperature.

Lipocalin-2 (Lcn-2) levels

Before the mice were killed, blood samples were obtained
from the retro-orbital venous plexus, and centrifuged for 10
min at 12000 rpm and 4 °C. Clear supernatants (serum) were
collected and stored at 20 °C until analysis. Serum samples were
diluted in the kit-recommended diluent (1% BSA in PBS), and
Lcn-2 was assayed using Duoset murine Len-2 ELISA kit (R&D
Systems, Minneapolis, MN).?

Intestinal permeability in vitro and in vivo

Three days after the final DNBS challenge, permeability
in vivo was assessed using fluoroscein-conjugated dextran
(FITC-dextran 3000-5000 Da, Sigma-Aldrich) as previously
described.®® Briefly, 3 d after the second DNBS injection, 0.6
mg/g body weight of FITC-dextran was administered to mice by
oral gavage and 3.5 h later, blood samples were obtained from the
retro-orbital venous plexus. Plasma FITC levels were determined
by fluorometry using a microplate reader (Tecan).

Apical junctional analysis by quantitative real-time PCR
(qQRT-PCR)

Total RNA was isolated from 20-30 mg samples of colon
with an RNeasy Mini Kit (Qiagen). Column DNase treatment
(Qiagen) was used to eliminate potential DNA contamination.
RNA quantity and quality were checked with a NanoDrop
apparatus (Thermo Scientific) and by agarose gel electrophoresis.
Only samples with intact RNA were used for subsequent cDNA
synthesis with iScript reverse transcriptase (Bio-Rad): 500
pg of the total RNA preparation was used for each sample.
Quantitative real-time PCR (qQRT-PCR) was performed with
diluted ¢cDNA (tenfold) in triplicate and with an iQ5 Real-
Time Detection System (Bio-Rad). The reaction mix consisted
of Ssofast Evagreen Supermix (Bio-Rad), primers at 0.5 pM
(Table 1), and 2 pL of diluted ¢cDNA. Values are expressed
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Table 1. Primers used in this study

Gene

Sequence | T-C° | Product size (bp)

Efficiency

Cell surface receptors

Cldn1(NM_016674)

F: GGACTGTGGA TGTCCTGCGTTT

R: GCCAATTACC ATCAAGGCTC GG 60 17

95%

Cldn2(NM_016675)

F: AGGACTTCCT GCTGACATCC AG

R: AATCCTGGCA GAACACGGTG CA 9 1o

101%

Cldn3(NM_009902)

F: TCATCGTGGT GTCCATCCTG CT

R: AGAGCCGCCA ACAGGAAAAG CA 9 142

99%

Cldn4(NM_009903)

F: CGAGCCCTTA TGGTCATCAG CA

R: ATGCTTGCCA CGATGAACAC GG >9 149

98%

Cldn5 (NM_013805)

F: TGACTGCCTT CCTGGACCAC AA

R:CATACACCTT GCACTGCATG TGC 9 108

104%

Cldn15 (NM_021719)

F: AACTGCTGGG ACTTTCCGTC CA

R: TGGAGAGATC CATGTTGCCC AC 9 154

102%

OcIn(NM_008756)

F: TGGCAAGCGA TCATACCCAG AG

R: CTGCCTGAAG TCATCCACACTC e 103

99%

Cytoplasmic cell receptor

Tjp1 (ZO-1) (NM_001163574)

F: GTTGGTACGG TGCCCTGAAA GA

R: GCTGACAGGT AGGACAGACG AT 60 133

97%

Cell adhesion molecule

Cdh1 (E-cadherin) (NM_009864)

F: GCACATATGT AGCTCTCATC
R: CCTTCACAGT CACACACATG

59 394 98%

Junctional adhesion molecule

F11r JAM-A) (NM_172647)

F: CACCTACTCT GGCTTCTCCT CT
R: TGCCACTGGA TGAGAAGGTG AC

59 131 105%

Housekeeping gene

(NM_008084)

Gapdh F: CCATGGAGAA GGCTGGGG
R: CAAAGTTGTC ATGGATGACC

56-60 195 101%

as relative fold differences normalized to a housekeeping gene,
Gapdh, by the 2-**“Tmethod. All procedures were performed
according to the manufacturers’ instructions.

Cytokine assays

One centimeter samples of distal colon were recovered
and homogenized in an appropriate volume (to give 50 mg/
mL) of TRIS-HCI buffer containing protease inhibitors
(Sigma-Aldrich) in a Tissue Lyser (Qiagen). The samples were
centrifuged for 20 min and the supernatants collected and frozen
at -80 °C until analysis. Blood samples were obtained from the
retro-orbital venous plexus before the mice were killed and
centrifuged, and the sera stored at —80 °C until analysis. IL-6,
IL-10, IFN-vy, TNF-q, IL-5, IL-2, IL-22, IL-1e, IL-13, IL-17,
IL-4, IL-27, and IL-12p70 were assayed by Flow Cytometry
using Cytometric Bead Array analysis (CBA) (Mouse Thl/
Th2/Th17/Th22 13plex Flowcytomix) (eBioscience).

Analyses of lymphoid populations present in the spleen

Mononuclear cells were isolated from spleens by mechanical
dissociation with a GentleMax disruptor (Miltenyi Biotech)
followed by a lymphocyte specific ficoll density gradient
centrifugation  (Mouse Lympholyte-Cedarlane,  France-
Biotech). Cells were resuspended in RPMI medium
supplemented with 10% of fetal calf serum (FCS), 2 mM
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L-glutamine, 50 U/mg penicillin, and 50 U/mg streptomycin
(Lonza). For flow cytometry analysis, we use 10°~107 cells per
sample were used. Cells were labeled with anti-CD4-FITC and
anti-CD8-PerCP, (Miltenyi Biotech). The stained cells were
tested by flow cytometry (Accuri, BD) and analyzed by using
the CFlowSampler software (BD).

Colonic serotonin assays

One centimeter-long sections of colon were recovered and
homogenized (50 mg/mL) in PBS buffer containing protease
inhibitors and Serotonin Stabilizer (LDN) in a Tissue Lyser
(Qiagen). The colon contents were recovered by washing with
1 mL of PBS buffer containing protease inhibitors and LDN
and centrifuged; the supernatant were stored at —80°C until
further analysis. Serotonin concentrations were determined
using a Serotonin Research ELISA (LDN) according to the
manufacturer’s instructions.

Statistical Analysis

GraphPad software (GraphPad Sofware) was used for
statistical analysis. Results are presented as bar graphs or dot plots
with means +/— SEM. Most comparisons were performed using
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one-way analysis of variance followed by the Student-Newman-
Keuls multiple comparison post hoc analysis. For data sets that
were non-Gaussian or based on a score or on a percentage, the
non-parametric Kruskal-Wallis test was used followed by a
Dunn's Multiple Comparison test. A P value of less than 0.05

was considered significant.
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