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Background and Purpose: An alteration in the communication between the innate

and adaptive immune cells is a hallmark of ulcerative colitis (UC). Semaphorin‐3E

(SEMA3E), a secreted guidance protein, regulates various immune responses.

Experimental Approach: We investigated the expression of SEMA3E in colonic

biopsies of active UC patients and its mechanisms in Sema3e−/− mice using an exper-

imental model of UC.

Key Results: SEMA3E level was decreased in active UC patients and negatively cor-

related with pro‐inflammatory mediators. Colonic expression of SEMA3E was

reduced in colitic Sema3e+/+ mice, and recombinant (rec‐) Plexin‐D1 treatment exac-

erbated disease severity. In vivo rec‐SEMA3E treatment restored SEMA3E level in

colitic Sema3e+/+ mice. In Sema3e−/− mice, disease severity was increased, and rec‐

SEMA3E ameliorated these effects. Lack of Sema3e increased the expression of

CD11c and CD86 markers. Colitic Sema3e−/− splenocytes and splenic CD11c+ cells

produced more IL‐12/23 and IFN‐γ compared to Sema3e+/+, and rec‐SEMA3E

reduced their release as much as NF‐κB inhibitors, whereas an NF‐κB activator

increased their production and attenuated the effect of rec‐SEMA3E. Colitic

Sema3e−/− splenic CD11c+/CD4+CD25− T‐cell co‐cultures produced higher

concentrations of IFN‐γ and IL‐17 when compared to colitic Sema3e+/+ splenic cell

co‐cultures, and rec‐SEMA3E decreased these effects. In vitro, anti‐IL‐12p19 and

‐12p35 antibodies and rec‐IL‐12 and ‐23 treatment confirmed the crosstalk between

CD11c+ and CD4+CD25− T‐cells.

Conclusion and Implications: SEMA3E is reduced in colitis and modulates colonic

inflammation by regulating the interaction between CD11c+ and CD4+CD25−

T‐cells via an NF‐κB‐dependent mechanism. Thus, SEMA3E could be a potential ther-

apeutic target for UC patients.
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What is already known

• Semaphorin‐3E (SEMA3E) is a secreted membrane‐

bound protein, which regulates cell trafficking and

immune cell‐to‐cell interactions.

• IL‐12/23 genes are implicated in the pathogenesis of

ulcerative colitis and may be a potential therapeutic

target.

What this study adds

• SEMA3E is expressed in the colonic mucosa and reduced

in patients with active ulcerative colitis and in

experimental‐induced colitis.

• Pharmacological manipulations or deletion of Sema3e

regulate experimental colitis by promoting pro‐

inflammatory activity of CD11c+ cells via the NF‐κB‐

dependent pathway.

What is the clinical significance

• These findings may expedite the development of novel

therapeutic strategies for UC patients.

• Functional analysis of SEMA3E may lead to a better

understanding of immune cell regulation mechanisms in

human intestine.
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1 | INTRODUCTION

Inflammatory bowel diseases (IBD), including Crohn's disease and

ulcerative colitis (UC), are idiopathic gastrointestinal diseases

characterized by a chronic inflammation of the gastrointestinal tract.

The incidence of IBD has become a growing problem with an

increasing number of patients reported in Western and Asian coun-

tries (Kaplan, 2015).

Genome‐wide association studies have identified IL‐12 and IL‐23

genes as being involved in the pathogenesis of UC (Franke et al.,

2010; Rioux et al., 2007). IL‐12 and IL‐23 are considered as early

pro‐inflammatory signals in response to immune activation and are

mainly produced by clusters of differentiation (CD)11c+ cells, which

are known to accumulate within the inflamed mucosa of patients

with UC (Bates & Diehl, 2014; Chin & Parkos, 2006; Hart et al.,

2005; Steinbach & Plevy, 2014; Woodruff, Masterson, Fillon,

Robinson, & Furuta, 2011). IL‐12 and IL‐23 are composed of two

subunits p40 and p35, and p40 and p19 respectively (Steinman,

2010). CD11c+‐IL‐12/23 production is a critical component of the

innate and adaptive immune responses (Goodall et al., 2010);

inappropriate CD11c+‐IL‐12/23 production favours pro‐inflammatory

T‐cell responses with preferential priming and proliferation of effec-

tor T‐cells towards a Th1/Th17 profile (Kaiko, Horvat, Beagley, &

Hansbro, 2008; Tas et al., 2005). Recently, the anti‐IL‐12p40 mono-

clonal antibody (Ustekinumab™) has demonstrated good clinical

efficacy in a group of UC patients resistant to anti‐TNF therapy

(Sandborn et al., 2012) demonstrating that blocking the communica-

tion between CD11c+ and T‐cells can result in a decrease in the

activity of the IL‐12/23 pro‐inflammatory pathway (Fitzpatrick,

2012). Among various intracellular pathways that activate CD11c+

cell functions, NF‐κB pathway regulates IL‐12/23 production (Kaiko

et al., 2008; Rescigno, Martino, Sutherland, Gold, & Ricciardi‐

Castagnoli, 1998; Tas et al., 2005), and in active UC, activation of

NF‐κB is increased in lamina propria mononuclear cells; therefore,

inhibition of the NF‐κB pathway has been proposed as a therapeutic

strategy (Eissa, Hussein, Kermarrec, Elgazzar, et al., 2017; Eissa &

Ghia, 2015; Eissa, Hussein, Hendy, Bernstein, & Ghia, 2018).

Semaphorins (SEMA) are secreted and membrane‐bound proteins

that regulate a wide range of biological functions, from tissue morpho-

genesis to immune response regulation (Kruger, Aurandt, & Guan,

2005). The semaphorin family is composed of eight classes including

semaphorin‐3E (SEMA3E), which is involved in cell trafficking and

immune cell‐to‐cell interactions (Choi et al., 2008; Takamatsu et al.,

2010) and controls the functions of CD11c+ (Movassagh, Shan,

Mohammed, et al., 2017). SEMA3E is also implicated in the pathogen-

esis of many chronic inflammatory diseases, including rheumatoid

arthritis (Mangasser‐Stephan, Dooley, Welter, Mutschler, &

Hanselmann, 1997), asthma (Movassagh, Shan, Mohammed, et al.,

2017), atherosclerosis (Wanschel et al., 2013), adipose tissue inflam-

mation, and insulin resistance (Shimizu et al., 2013). SEMA3E mediates

anti‐proliferative and anti‐migratory functions by binding to the

plexin‐D1 receptor (Gu et al., 2005), which is expressed by CD11c+

cells (Worzfeld & Offermanns, 2014).
Several animal models of IBD have been developed to character-

ize the molecular mechanisms of the pathophysiology of UC (Raper,

2000). Dextran sulfate sodium (DSS)‐induced colitis is widely used as

an animal model of intestinal injury/repair (Eissa et al., 2016), as the

DSS causes intestinal mucosal injury, exposing CD11c+ immune cells

of the lamina propria and the spleen (Chassaing, Aitken,

Malleshappa, & Vijay‐Kumar, 2014; Ji et al., 2014; Munyaka et al.,

2014; Perše & Cerar, 2012) to various antigens to initiate the inflam-

matory process.

As yet, no studies have investigated the immune‐modulatory role

of SEMA3E during the development of intestinal inflammation. We

hypothesized that SEMA3E regulates intestinal inflammation through

the modulation of the immune response. To verify our hypothesis,

we investigated (a) clinically, SEMA3E levels and their correlation with

various inflammatory mediators in colonic biopsies from UC patients

and healthy individuals; (b) experimentally, using wild‐type (Sema3e+/+)

or SEMA3E knockout mice (Sema3e−/−) and exogenous recombinant

(rec‐) SEMA3E protein or rec‐PLXD1 soluble receptor treatment, the

effect of SEMA3E during the development of DSS‐induced colitis;

and (c) the effect of SEMA3E on the functions of splenic CD11c+ cell

and CD4+CD25− T‐cells. We found that a decrease in SEMA3E

level/activity in active UC and experimental UC colitis is associated

with an alteration in the functions of splenic CD11c+ and CD4+CD25−

T‐cell activity.

http://www.guidetopharmacology.org/GRAC/DiseaseDisplayForward?diseaseId=1028
http://www.guidetopharmacology.org/GRAC/DiseaseDisplayForward?diseaseId=1016
http://www.guidetopharmacology.org/GRAC/DiseaseDisplayForward?diseaseId=1054
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4977
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4978
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=760#2454
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6885
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9902
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=991
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2 | METHODS

2.1 | UC patients and healthy individuals

This studywas approved by the University ofManitoba Health Research

Ethics Board (HS14878 [E]). Active UC patients (n = 7) and healthy indi-

viduals (n = 9) were recruited in the section of Gastroenterology at the

University of Manitoba. The consent was obtained. The healthy individ-

uals enrolled had not been diagnosed and/or treated for any inflamma-

tory disease in the past. Colonic biopsies were taken within the active

inflammatory areas of the distal colon in active UC patients and within

non‐inflamed but comparable sites in healthy individuals. Status discrim-

ination was established by colonoscopy and pathological assessment.

Biopsies were used immediately for RNA extraction and further gene

expression analyses. Inclusion criteria included a confirmed active UC

endoscopic diagnosis and age≥ 18 years. All concomitant IBD therapies,

including 5‐amino salicylates, corticosteroids, and methotrexate, were

permitted in active UC patients. Healthy control individuals had no

history of abdominal afflictions especially IBD. The individuals in the

control group were not on any regular medication at the time of the

study. Mean age for control and active UC groups was 50.30 ± 12.86

and 39.90 ± 12.98 (P < 0.05) respectively. The biopsies were randomly

collected and coded by Dr. Bernstein, and further mRNA analysis was

performed blind using coded samples by Dr. Eissa.

2.2 | Animals and ethics statement

Mice heterozygous for SEMA3E expression (Sema3e+/−) on a mixed

C57BL/6 background were used to generate Sema3e+/+ and Sema3e−/−,

and Sema3e−/−was used to generate littermates. The immunophenotypic

proprieties of Sema3e−/− have been described previously (Movassagh,

Shan, Mohammed, et al., 2017). Male Sema3e−/− (20–25 g, 6–8 weeks

old; IMSR Cat# KOMP:VG14098‐1‐Vlcg, RRID:IMSR_KOMP:

VG14098‐1‐Vlcg) were obtained from the animal facility at the Univer-

sity of Manitoba and used according to the guidelines of the Canadian

Council on Animal Care in science. Mice were housed in a cage (three

mice per ventilated cage) at the specific pathogen‐free Basic Medical

Science Building facility at the University of Manitoba. Mice were

housed with free access to pellet food and water in plastic ventilated

cages at 21 ± 2°C, 50–55% humidity and kept on a 12 h light/dark cycle

under specific pathogen free conditions. All experiments were

performed in strict accordance with the recommendations approved

by the University of Manitoba Animal Ethics Committee (Protocol #

15‐010). Animal studies are reported in compliance with the ARRIVE

guidelines (Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010), the

editorial on reporting animal studies (McGrath & Lilley, 2015), and the

recommendations made by the British Journal of Pharmacology.

2.3 | Experimental models of colitis and treatment
with recombinant mouse SEMA3E‐Fc chimera protein,
CF (rec‐SEMA3E) or recombinant mouse PLXD1
soluble receptor (rec‐PLXD1)

Murine models of colitis are key tools used to investigate the patho-

physiology of intestinal inflammation (Auletta et al., 2018; Rabbi
et al., 2017). Dextran sodium sulfate (DSS)‐induced colitis is the most

common animal model of IBD used with over 4,000 entries in PubMed

(Eissa et al., 2016); therefore, DSS‐induced colitis was used in this

study (PubMed, RRID:SCR_004846). Mice were randomly assigned

to different experimental groups. Mice received daily i.p. injection of

recombinant mouse SEMA3E‐Fc chimera protein (rec‐SEMA3E;

Movassagh Shan, Duke‐Cohan, et al., 2017) or recombinant mouse

PLXD1 soluble receptor (rec‐PLXD1; 10 μg·kg−1·day−1 in 1% sterile

PBS [i.p.]; R&D Systems, Inc., MN, USA) for 6 days, while control

groups received 1% PBS with added human IgG Fc protein (Vehicle;

AG100, Millipore Sigma, USA; Baldo, 2015; Movassagh, Shan, Duke‐

Cohan, et al., 2017). Twenty‐four hours after the first injection with

rec‐SEMA3E or rec‐PLXD1 or vehicle, colitis was induced by adding

5% (wt:vol) of DSS (MW, 40 kDa; MP Biomedicals, Soho, OH) in the

drinking water for 5 days (n = 6–8; Okayasu et al., 1990). Non‐colitic

groups were time‐matched and received only regular drinking water

(n = 6). Mean DSS consumption was noted per cage each day.
2.4 | Assessment of DSS‐induced colitis severity

The severity of colitis was assessed by reporting weight loss (0: no

loss; 1: 5–10%; 2: 10–15%; 3: 15–20%; and 4: ≥20% of weight loss),

stool consistency (from 0: normal stool to 4: diarrhoea), and bleeding

(from 0: no blood to 4: gross blood) evaluated with Hemoccult II test

(Beckman Coulter, Oakville, Canada). These experimental inflamma-

tory parameters were combined into a disease activity index (DAI), cal-

culated every day starting from the day of induction up to the day the

mice were killed (Cooper, Murthy, Shah, & Sedergran, 1993). After

6 days of treatment, mice were anaesthetized using isoflurane and

then killed by cervical dislocation, the abdominal cavity was opened,

and colonic distension, fluid content, hyperaemia, and erythema were

recorded. The colon was removed, opened longitudinally to assess

directly the macroscopic damage, and macroscopic scoring was evalu-

ated as previously described (Cooper et al., 1993). To obtain histo-

pathological scores, formalin‐fixed (Sigma, Mississauga, Canada)

colon segments from the splenic flexure were paraffin‐embedded

(Sigma, Mississauga, Canada), and 3‐mm sections were stained using

haematoxylin–eosin (Sigma, Mississauga, Canada) as described

previously(Eissa et al., 2018). The disease activity index (DAI) was

not assessed blindly, while the histological score was carried out in a

blinded manner by two investigators.
2.5 | Protein assays and ELISA

The colonic samples were coded, and the levels of cytokines were

quantified blindly. Briefly, the day the mice were killed, colonic sam-

ples were taken, coded, immediately frozen in liquid nitrogen, and

then stored at −80°C for further experiments. The day of the quanti-

fication, 1 ml of cool lysis buffer was added per tube (stock solution

containing 50 mM Tris PH 7.5, 200 mM NaCl, 1% Tween 20, 0.2%

NP40, 1 mM NaF in ddH2O, supplemented freshly with 2 mM PMSF,

1 mM activated vanadate, 50 mM β‐glycerol PO4, and one tablet of

http://info:x-wiley/rrid/RRID:IMSR_KOMP:VG14098-1-Vlcg
http://info:x-wiley/rrid/RRID:IMSR_KOMP:VG14098-1-Vlcg
http://info:x-wiley/rrid/RRID:SCR_004846
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Roche Complete Mini EDTA‐free protease inhibitors per 10 ml), and

samples were homogenized in the buffer by sonication. After 30 min

of digestion on ice (vortexing every 10 min), the tissue homogenates

were centrifuged at maximum speed for 10 min at 4°C, and superna-

tants were collected for protein quantification by Bradford assay. Pro-

tein levels of colonic pro‐inflammatory cytokines (TNF‐α, IL‐6, IL‐1β

and IL‐12p70, IL‐12p40, IL‐23, IL‐17, and IL‐4) were quantified using

ELISA according to the manufacturer's instructions (R&D Systems).

Briefly, ELISA plates were first coated with the primary antibody pre-

pared in coating buffer (50 μl per well) overnight at 4°C. The day after,

the blocking buffer was added to the plates (75 μl per well) for 2 hr at

37°C. After the plates had been washed, samples and standards pre-

pared in dilution buffer were added to the wells overnight at 4°C.

After a wash, the secondary antibody prepared in dilution buffer was

added to the wells (50 μl per well). The plate was washed once before

the addition of 50 μl of dilution buffer complemented with serum

amyloid P component per well for 45 min at 37°C. After one wash,

50 μl of substrate buffer complemented with p‐nitrophenyl phosphate

(one tablet for 5 ml) was added per well for 30 min up to 90 min

before reading the absorbance with the Epoch Microplate Spectro-

photometer (Biotek Instruments Inc., Winooski, VT, USA).

2.6 | Splenocyte cultures and isolation of splenic
CD11c+ cells

Spleens were collected from colitic or non‐colitic mice, immediately

after they were killed, and cut into small pieces in 4 ml warmed RPMI

1640 medium (Life Technologies, Grand Island, NY) supplemented

with 25 mg·ml−1 gentamicin, 2 mM L‐glutamin, and 10% deactivated

FBS and with 2 mg·ml−1 collagenase D (Roche Diagnostics, Meylan,

France) added for digestion 30 min at 37°C. For the last 5 min, 5

mM EDTA (Sigma) was added to disrupt the antigen‐presenting cells

(APC)–T‐cell complexes (Kamath et al., 2000), and the cell lysate was

filtered (100 μm) before digestion for 30 min at room temperature

on a shaker with ammonium‐chloride‐potassium lysing buffer (150

mM NH4Cl, 10 mM KHCO3, and 0.1 mM EDTA; Life Technologies)

to remove the red blood cells. After incubation or not with CD11c+

microbeads (Miltenyi Biotec, Auburn, CA) for 15 min at 48°C and

one wash, cells were resuspended in a cell separation buffer

(Dulbecco's PBS without Ca2+ and Mg2+ containing 2% FBS and

2‐mM EDTA; Life Technologies, California, US) and passed through

two magnetic columns (Miltenyi Biotec, Bergisch Gladbach, Germany)

consecutively for a positive selection. The yield and viability of

CD11c+ were >95% as previously described (Merad, Sathe, Helft,

Miller, & Mortha, 2013; Munyaka et al., 2014).

2.6.1 | Release of cytokines in splenocytes and
splenic CD11c+ cells co‐culture system

Splenocytes and splenic CD11c+ cells were isolated from the different

groups and were cultured for 24 hr in complete RPMI in 12‐well plates

at 1 × 106 cells·well−1 in a humidified 5% CO2 incubator at 37°C. BAY

11–7082 (NF‐κB inhibitor) or betulinic acid (NF‐κB activator; R&D
Systems) was added, or not, to splenic CD11c+ cells culture for 1.5

and 4 hr, respectively, at 10 μM. Measurement of IL‐12p70, 40, IL‐23,

and IFN‐γ in the supernatants of splenocytes and splenic CD11c+ cells

culture was performed by ELISA (R&D Systems).

2.6.2 | Co‐culture of splenic CD11c+ cells with
CD4+CD25− T‐cells and protein measurement

Naïve splenic CD4+ T‐cells were isolated from non‐colitic mice. The

yield of CD4+CD25− cells was >93%. CD11c+ cells isolated from

colitic mice receiving the different treatments were cultured for

24 hr before being washed with medium and co‐cultured with

CD4+CD25− T‐cells isolated from naïve non‐colitic mice at a ratio of

1∶10 (CD11c+: T‐cells) in plates coated with 10 μg·ml−1 of anti‐CD3

(R&D Systems Cat# MAB4841, RRID:AB_358426) and 2 μg·ml−1 of

anti‐CD28 (R&D Systems Cat# MAB4831, RRID:AB_2073857;

Goudin et al., 2016; Wong, Chen, Gau, Yen, & Suen, 2016). In neutral-

ization experiments using monoclonal antibodies (mAb), cells were

treated with 10 μg·ml−1 of mouse anti‐IL‐12p35 (AF1619, R&D Sys-

tems) or anti‐IL‐23p19 (MAB6688, R&D Systems), neutralizing mAb

to block the endogenous sources of these cytokines. In the stimulation

experiments, cells were treated with 25 ng·ml−1 recombinant mouse

IL‐23 protein (1887‐ML‐010, R&D Systems) or recombinant mouse

IL‐12p70 (419‐ML‐010, R&D Systems). Supernatants were collected

after 24 hr, and IFN‐γ, IL‐4, and IL‐17 levels were quantified using

ELISA (R&D Systems).

2.7 | Gene expression analysis

RNA was extracted from tissues using TRIzol® Plus RNA Purification

Kit (Ambion, NY, USA) and reverse transcribed into cDNA using

SuperScript VILO cDNA Synthesis Master Mix (Invitrogen, Grand

Island, NY, USA). Quantitative real‐time PCR in the Roche Light Cycler

96 Real‐Time System (Roche Diagnostics, Laval, Québec, Canada) was

used to measure gene expression, using SYBR green master mix (Life

Technologies, Burlington, ON). Relative gene expression was calcu-

lated using the differences in the threshold cycle (ΔCt) number

between the reference gene and the optimal target gene (Eissa et al.,

2016; Eissa, Kermarrec, et al., 2017). Differences in the threshold

cycle (ΔCt) number between the target genes and mouse eukaryotic

elongation factor 2 and humanTATA‐box binding protein (optimal ref-

erence genes) were used to normalize expression (Eissa et al., 2018).

Human and mouse primer sequences for the target gene markers are

provided in Tables 1 and 2.

2.8 | Statistical analysis

Data are expressed as mean ± SEM. Data distribution was verified,

and data with a non‐parametric distribution were log‐transformed

prior to analyses. Student's unpaired t test, one‐way and two‐way

ANOVA followed by multiple comparisons post hoc test were applied

( F value < 0.05) to compare between the experimental groups. A post

hoc test was run only if F achieved P < 0.05 and there was no

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=313
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4996
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5934
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5934
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3945
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4968
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2995
http://info:x-wiley/rrid/RRID:AB_358426
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2863
http://info:x-wiley/rrid/RRID:AB_2073857
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2756
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2756


TABLE 1 Human primers sequences

Gene name Forward Reverse

IL6 CCTGAACCTTCCAAAGATGGC TTCACCAGGCAAGTCTCCTCA

IL‐1β TTCGACACATGGGATAACGAGG TTTTTGCTGTGAGTCCCGGAG

TNF‐α GAGGCCAAGCCCTGGTATG CGGGCCGATTGATCTCAGC

SEMA3E GTTTGCTGGACTCTACAGTGAC CTTTCAACAGACGCTCATCGT

CD86 CAGACCACATTCCTTGGATCA CCGCTTCTTCTTCTTCCATTTC

TBP CCCGAAACGCCGAATATAATCC AATCAGTGCCGTGGTTCGTG

CD11C ACTCAGATCGGCTCCTACTT TCGGGTCTGCTCGTAGTAAT

IL12A ATTCCAGAGAGACCTCTTTCATAAC CCACCTGGTACATCTTCAAGTC

IL23A CAGGTCACTATTCAATGGGATGC GCAGTTCTTAATTGCTGCTTGG

TABLE 2 Mouse primers sequences

Gene Forward Reverse

Sema3e TCAGTGACGGCTACAGAGAGA CACACTCATTTGCGTCTTTTCC

CD86 TTACGGAAGCACCCACGATG ACTACCAGCTCACTCAGGCT

CD11c CCAAGACATCGTGTTCCTGATT ACAGCTTTAACAAAGTCCAGCA

Eef2 TGTCAGTCATCGCCCATGTG CATCCTTGCGAGTGTCAGTGA
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significant variance inhomogeneity (Curtis et al., 2015; Curtis et al.,

2018). Correlation analysis was performed using Spearman's correla-

tion test. The significance level was adjusted at 0.05, and values for

P < 0.05 were considered statistically significant. GraphPad Prism (ver-

sion 7.0a MAC; GraphPad Software, Inc., La Jolla, CA) was used for

statistical analysis and creating figures (GraphPad Prism, RRID:SCR_

002798). www.dssresearch.com was used to calculate the appropriate

number of animals (8) with 85% of statistical power. The data and sta-

tistical analysis comply with the recommendations of the British Journal

of Pharmacology on experimental design and analysis in pharmacology

(Curtis et al., 2015; Curtis et al., 2018).

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Fabbro

et al., 2017; Alexander, Kelly et al., 2017).
3 | RESULTS

3.1 | SEMA3E is reduced in active UC patients and
negatively correlated with pro‐inflammatory markers

To investigate whether SEMA3E level is altered in patients with

active UC, we quantified its mRNA levels in colonic biopsies. We

found that the mRNA expression levels of SEMA3E were signifi-

cantly reduced by 14.6‐fold in the patients with active UC compared
to the healthy individuals (Figure 1a). Furthermore, SEMA3E was

negatively correlated with pro‐inflammatory mediators IL6

(r = −0.59, P < 0.05), TNF‐α (r = −0.51, P < 0.05), and IL1β

(r = −0.45, P < 0.05; Figure 1b). Moreover, SEMA3E was negatively

correlated with the APC markers CD86 (r = −0.57, P < 0.05) and

IL23 (r = −0.51, P < 0.05). A trend was also detected for the cyto-

kine, IL12 (r = −0.45, P > 0.05), but no changes were visible for

CD11c (r = −0.3607, P > 0.05; Figure 1c).
3.2 | Sema3e is reduced during the progression of
colitis and associated with the expression of CD11c+

maturation markers

In order to confirm our observation in humans, an active UC experi-

mental colonic inflammation was induced in wild‐type (Sema3e+/+)

and Sema3e‐knockout (Sema3e−/−) mice by administration of DSS in

the drinking water. Consistently with UC patients (Figure 1a), DSS‐

induced colitis in Sema3e+/+ mice resulted in a reduction in Sema3e rel-

ative mRNA level by 3.5‐fold change when compared to non‐colitic

Sema3e+/+ mice (Figure 2a). As expected, the relative Sema3e mRNA

level was equal to zero in either non‐colitic or colitic Sema3e−/− mice.

Furthermore, the lack of SEMA3E (Sema3e−/−) in colitic mice increased

the colonic mRNA expression of CD86 and CD11c by approximately

fivefold (Figure 2b,c).
3.2.1 | Reduced availability of SEMA3E in the gut
increases the severity of experimental colitis

To investigate further the potential effect of the depletion of SEMA3E

during the progression of colonic inflammation, we decreased the

http://info:x-wiley/rrid/RRID:SCR_002798
http://info:x-wiley/rrid/RRID:SCR_002798
http://www.dssresearch.com
http://www.guidetopharmacology.org


IGURE 2 Sema3e is reduced during the progression of acute colitis and is associated with the expression of immune markers. Colon samples
ere obtained from Sema3e+/+ and Sema3e−/− C57Bl/6 mice. Colitic mice were treated with 5% dextran sulfate sodium (DSS) in the drinking
ater for 5 days; non‐colitic mice received only drinking water and served as control groups. Colonic mRNAs levels of (a) SEMA3E, (b) CD11c, and
) CD86. mRNA levels were quantified using RT‐qPCR. Each value represents mean ± SEM from n = 6 per group (*P < 0.05). # refers to a

FIGURE 1 SEMA3E is reduced in patients with active ulcerative colitis (UC) patients and negatively correlated with immune markers. (a) mRNA
levels of SEMA3E in active UC patients (n = 7) and healthy individuals (n = 9). Each value represents mean ± SEM. (b) Correlation between SEMA3E
and pro‐inflammatory cytokines (IL1β, IL6, and TNF‐α). (c) Correlation between SEMA3E, CD11c+ and CD86, or IL12A and IL23A. mRNA levels were
quantified using RT‐qPCR. Student's t test and Spearman's correlation were applied (*P < 0.05)
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significance when compared with control. One‐way ANOVA followed by multiple comparison test was applied
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availability of SEMA3E through the administration of rec‐PLXD1 in a

model of DSS‐induced colitis Sema3e+/+ mice. We found that admin-

istration of rec‐PLXD1 significantly aggravated the onset and sever-

ity of DSS‐induced colitis and was associated with an increase in

DAI (Figure 3a), macroscopic score (Figure 3b), pro‐inflammatory

mediators (IL‐6, IL‐1β, and TNF‐α; Figure 3c–e), and histological scores

(Figure 4a–b) when compared with non‐colitic groups. No significant

changes were observed between the non‐colitic mice groups.
3.3 | Lack of SEMA3E exacerbates disease severity
and the release of colonic pro‐inflammatory mediators
in experimental colitis

Then, we investigated the functional consequences of the reduced

availability of SEMA3E during DSS‐induced colitis using Sema3e−/−

mice compared to Sema3e+/+ mice (Figure 5a). Consistent with the

colonic mRNA level (Figure 2a), we observed that experimental colonic

inflammation in Sema3e+/+ mice resulted in a reduction in colonic

Sema3e protein levels (Figure 5a). Then, deletion of Sema3e increased

the onset and severity of DSS colitis as indicated by an increase in the

DAI, macroscopic, and histological scores in Sema3e−/− mice when

compared with Sema3e+/+ mice (Figures 5b,c and 6a,b). Furthermore,

pro‐inflammatory cytokines (IL‐6, IL‐1β, and TNF‐α [Figure 5d–f] and

IL‐12p40, IL‐12p70, IL‐23, INF‐γ, and IL‐17 [Figure 7a–e]) were signif-

icantly increased in colitic Sema3e−/− mice when compared with
FIGURE 3 Reduced availability of SEMA3E in the gut increases the seve
mice treated with dextran sulfate sodium (DSS) 5% in the drinking water fo
i.p. injection of plexin‐D1 soluble receptor (PLXD1; 10 μg·kg−1·day−1, R&D
Control) starting 1 day before DSS administration and lasted for 6 days. (a)
of pro‐inflammatory cytokines (c) IL‐6, (d) IL‐1β, and (e) TNF‐α. Data repres
compared with control groups. One‐way ANOVA followed by multiple com
Sema3e+/+ mice. No changes were reported in IL‐4 levels (Figure 7f).

The colonic pro‐inflammatory cytokines, IL‐12p40, IL‐12p70, IL‐23,

INF‐γ, and IL‐17 levels, did not show any difference in non‐colitic

groups that received drinking water (Figures 5d–f and 7a–e).
3.4 | Administration of rec‐SEMA3E ameliorates
intestinal inflammation and decreases the release of
colonic pro‐inflammatory mediators in experimental
colitis

To verify that the exacerbation of the inflammatory cascades in colitic

Sema3e−/− mice was a result of the absence of Sema3e, Sema3e−/−

mice were administered rec‐SEMA3E to restore Sema3e level. rec‐

SEMA3E treatment significantly increased the colonic levels of

SEMA3E in colitic Sema3e−/− and Sema3e+/+ mice (Figure 5a), and this

treatment reduced the progression and the severity of DSS‐induced

colitis in Sema3e−/− and Sema3e+/+ mice (Figures 5b,c and 6a,b).

Rec‐SEMA3E treatment significantly decreased colonic pro‐

inflammatory cytokines (IL‐6, IL‐1β, and TNF‐α [Figure 5d–f] and IL‐

12p40, IL‐12p70, IL‐23, INF‐γ, and IL‐17 [Figure 7a,e]) in colitic

Sema3e−/− and Sema3e+/+ mice. No changes were reported in IL‐4

levels (Figure 7f). In non‐colitic mice groups treated with rec‐

SEMA3E, no significant changes were reported in terms of disease

severity (data not shown) and levels of pro‐inflammatory mediators

(Figures 5c–f, 6a,b, and 7a–e).
rity of experimental colitis. Colon were obtained from C57Bl/6 colitic
r 5 days or from non‐colitic mice (water). Sema3e+/+ mice received daily
Systems) or 1% PBS with added human IgG Fc protein (Vehicle,

Disease activity index and (b) macroscopic score. Colonic protein levels
ent mean ± SEM (n = 6). *P < 0.05 and # refers to a significance when
parison test was applied



FIGURE 5 The lack of SEMA3E aggravates acute dextran sulfate sodium (DSS)‐induced colitis, and treatment with SEMA3E improves disease
severity. Sema3e+/+ and Sema3e−/− mice received 5% DSS in the drinking water to induce colitis, or drinking water, and were killed on day 5
post‐DSS. Mice received daily i.p. injection of SEMA3E recombinant protein (rec‐SEMA3E; 10 μg·kg−1·day−1; R&D Systems) or 1% PBS with added
human IgG Fc protein (Vehicle, Control) for 6 days, starting 1 day before colitis induction. (a) Colonic protein levels of SEMA3E, (b) disease activity
index, and (c) macroscopic score. Colonic expression of pro‐inflammatory cytokines (d) IL‐6, (e) IL‐1β, and (f) TNF‐α. Data represent mean ± SEM
(n = 6, *P < 0.05). # refers to a significance when compared with control. One‐way ANOVA followed by multiple comparison test was applied

FIGURE 4 Reduced availability of SEMA3E increases the colonic histological damage. Colon were obtained from C57Bl/6 colitic mice treated
with dextran sulfate sodium (DSS) 5% in the drinking water for 5 days or from non‐colitic mice (water). Sema3e+/+ mice received daily i.p.
injection of plexin‐D1 soluble receptor (PLXD1; 10 μg·kg−1·day−1, R&D Systems) or 1% PBS with added human IgG Fc protein (Vehicle, Control)
starting 1 day before DSS administration and lasted for 6 days. (a) Histological score; (b) haematoxylin–eosin staining of colonic tissues at 100×
magnification power. Data represent mean ± SEM (n = 6). *P < 0.05 and # refers to a significance when compared with control. One‐way ANOVA
followed by multiple comparison test was applied
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3.5 | In vivo SEMA3E treatment regulates
splenocytes’ cytokine production and splenic CD11c+

cells through the NF‐κB pathway

Splenic CD11c+ antigen presenting cells (APC) play a critical role in

T‐cell activation during the development of intestinal inflammation
(Ji et al., 2014; Munyaka et al., 2014). To gain mechanistic insight

into how in vivo rec‐SEMA3E treatment regulates the development

of colitis, we next investigated the immunomodulatory role of

SEMA3E on the functions of splenocytes and splenic CD11c+ cells.

Because, under water, the inflammatory markers in the colonic sam-

ples and splenocytes of Sema3e+/+ mice were equivalent to those in



FIGURE 6 The lack of SEMA3E aggravates acute dextran sulfate sodium (DSS)‐induced colitis and treatment with SEMA3E improves disease
severity. Sema3e+/+ and Sema3e−/− mice received 5% DSS in the drinking water to induce colitis, or drinking water, and were killed on day 5
post‐DSS. Mice received daily i.p. injection of SEMA3E recombinant protein (rec‐SEMA3E; 10 μg·kg−1·day−1; R&D Systems) or 1% PBS with added
human IgG Fc protein (Vehicle, Control) for 6 days, starting 1 day before colitis induction. (a) histological scores (Arbitrary Unit, AU) and
(b) Haematoxylin–eosin staining of colonic tissues at 100× magnification power. Data represent mean ± SEM (n = 6, *P < 0.05). # refers to a
significance when compared with control. One‐way ANOVA followed by multiple comparison test was applied
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Sema3e−/− mice, we then focused on the colitic mice. Splenocytes

isolated from colitic Sema3e−/− mice demonstrated a significant

increase in the release of IFN‐γ and IL‐12p40 when compared with

splenocytes isolated from colitic Sema3e+/+ mice (Figure 8a,b), and

in vivo rec‐SEMA3E treatment decreased the release of IFN‐γ and

IL‐12p40 in colitic Sema3e−/− and Sema3e+/+ mice (Figure 8a,b).

Splenic CD11c+ cells isolated from colitic Sema3e−/− mice released

more IL‐12p70, IL‐12p40, and IL‐23 when compared to splenic

CD11c+ cells isolated from colitic Sema3e+/+ mice (Figure 9a–c), and

in vivo rec‐SEMA3E treatment decreased the release of IL‐12p70,

IL‐12p40, and IL‐23. BAY 11‐7082‐treated CD11c+ cells isolated from

colitic Sema3e−/− and Sema3+/+mice produced less IL‐12p70, IL‐12p40,

and IL‐23 when compared with controls (Figure 9a–c). Conversely,

betulinic acid increased the production of these cytokines in Sema3e+/+

mice, but no further effect was detected in Sema3e−/− mice in relation

to IL‐12p40 and IL‐23 levels (Figure 9a,b). In colitic Sema3e−/− and

Sema3e+/+ mice, the beneficial effect of the in vivo rec‐SEMA3E treat-

ment was completely abolished in the presence of betulinic acid, with a

level of cytokine comparable to betulinic acid alone (Figure 9). Treat-

ments did not show any effect in non‐colitic mice (data not shown),

and the proliferation of splenic CD11c+ cells was not affected

(Figure 9d).
3.6 | SEMA3E regulates the interactions between
splenic CD11c+ and CD4+CD25− T‐cells

As shown in Figure 7d,e, the lack of Sema3e in mice resulted in an

increase in the colonic expression of IFN‐γ and IL‐17 and as in vivo

rec‐SEMA3E treatment regulates IL‐12p70 and IL‐23 splenic CD11c+

cells cytokines production (Figure 7a–c), we next investigated the

ability of CD11c+ cells isolated from Sema3e−/− mice to interact with

T‐cells interaction by co‐culturing splenic CD11c+ with CD4+CD25−

T‐cells.

We found that CD11c+ cells isolated from colitic Sema3e−/− mice

significantly increased the level of IFN‐γ and IL‐17 in the medium

when co‐cultured with CD4+CD25− T‐cells when compared with

CD11c+ cells isolated from colitic Sema3e+/+ mice (Figure 10a,b).

CD11c+ cells isolated from rec‐SEMA3E‐treated Sema3e+/+ and

Sema3e−/− colitic mice demonstrated a significant decrease in IFN‐γ

and IL‐17 in the co‐culture medium (Figure 10a,b). To investigate

whether the lack of SEMA3E or the in vivo treatment with rec‐

SEMA3E influenced T‐cells interaction through the release of IL‐12

or IL‐23, CD11c+/CD4+CD25− T‐cells were treated with a mAb

directed against IL‐12p35 or IL‐23p19, neutralizing IL‐12 and IL‐23

respectively. In CD11c+/CD4+CD25− T‐cells co‐cultures with CD11c+



FIGURE 7 In vivo SEMA3E treatment regulates colonic expression of cytokines in acute dextran sulfate sodium (DSS)‐induced colitis. Sema3e+/+

and Sema3e−/− mice received 5% DSS in the drinking water to induce colitis, or water control, and were killed on day 5 post‐DSS. Mice received
daily i.p. injection of recombinant (rec‐) SEMA3E protein (10 μg·kg−1·day−1; R&D Systems) or 1% PBS with added human IgG Fc protein (Vehicle,
Control) for 6 days, starting 1 day before colitis induction. Colonic protein levels of (a) IL‐12p40, (b) IL‐12p70, (c) IL‐23, (d) INF‐γ, (e) IL‐17, and
(f) IL‐4. Colonic cytokines were quantified using ELISA. Data represent mean ± SEM (n = 6, *P < 0.05). # refers to a significance when compared
with control. One‐way ANOVA followed by multiple comparison test was applied at significance level of 0.05

FIGURE 8 In vivo SEMA3E treatment regulates splenocytes cytokines production in acute dextran sulfate sodium (DSS)‐induced colitis.
Sema3e+/+ and Sema3e−/− mice received 5% DSS in the drinking water to induce colitis, or water vehicle, and were killed on day 5 post‐DSS.
Mice received daily i.p. injections of recombinant (rec‐) SEMA3E protein (10 μg·kg−1·day−1; R&D Systems) or 1% PBS with added human IgG Fc
protein (Vehicle, Control) for 6 days, starting 1 day before colitis induction. Supernatants were harvested, and cytokine levels were quantified
using ELISA. (a) IFN‐γ; (b) IL‐12p40. Data represent mean ± SEM (n = 6, *P < 0.05). # refers to a significance when compared with control. One‐
way ANOVA followed by multiple comparison test was applied at significance level 0.05
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cells isolated from colitic Sema3e+/+ and Sema3e−/− mice, the pres-

ence of anti‐IL‐12p35 and anti‐IL‐23p19 resulted in a significant

decrease in the levels of IFN‐γ and IL‐17 respectively (Figure 10a,b).

Anti‐IL‐12p35 and anti‐IL‐23p19 treatments did not have an addi-

tional effect on CD11c+ cells isolated from colitic rec‐SEMA3E‐

treated Sema3e+/+ and Sema3e−/− mice (Figure 10a,b). Conversely,
the addition of rec‐IL‐12p70 or rec‐IL‐23 proteins restored the level

of IFN‐γ and IL‐17 in CD4+CD25− T‐cells co‐cultured with splenic

CD11c+ cells isolated from rec‐SEMA3E‐treated colitic mice

(Figure 10c,d) respectively. No significant effect on T‐cell proliferation

was observed within a 24‐hr period of time; mean proliferation was

86 ± 2% between groups.



FIGURE 9 In vivo SEMA3E treatment regulates the production of cytokines by splenic CD11c+ cells through the NF‐κB‐dependent pathway in
acute dextran sulfate sodium (DSS)‐induced colitis. Sema3e+/+ and Sema3e−/− mice received 5% DSS solution in the drinking water to induce colitis
and were killed on day 5 post‐DSS. Mice received daily i.p. injection of recombinant SEMA3E protein (rec‐SEMA3E; 10 μg·kg−1·day−1; R&D
Systems) or 1% PBS with added human IgG Fc protein (Vehicle, Control) for 6 days, starting 1 day before colitis induction. Splenic CD11c+ cells
were isolated and treated or not with NF‐κB activator (betulinic acid 10 μM; R&D Systems) for 4 hr or NF‐κB inhibitor (BAY‐11‐7082, 10 μM) for
1.5 hr. Supernatants were harvested, and cytokine levels were quantified using ELISA. (a) IL‐12p70, (b) IL‐12p40, (c) IL‐23, and (d) CD11c+ cell
proliferation. Data represent mean ± SEM (n = 6, *P < 0.05). # refers to a significance when compared with control. One‐way ANOVA followed by
multiple comparison test was applied at significance level of 0.05
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4 | DISCUSSION

UC is characterized by excessive immune responses associated with

hyperactivation of APC and T‐cells resulting in a production of pro‐

inflammatory cytokines in the inflamed colonic mucosa. Over the

past few years, several studies have highlighted the immune‐

regulatory properties of the SEMA family, which are newly emerging

inflammatory regulators (Neurath, 2014); however, to our knowl-

edge, this is the first study that has investigated their role in the

context of colonic inflammation. Herein, using colonic samples of

patients with active UC and an acute model of DSS‐experimental

colitis, we have examined the role SEMA3E may play during colonic

inflammation. For the first time, we provide evidence of the exis-

tence of an immune‐regulatory role of SEMA3E during the progres-

sion of colitis.

Our finding demonstrate that SEMA3E is down‐regulated in active

UC patients and in DSS‐experimental colitis and this correlated nega-

tively with inflammation and CD11c+ markers. Intestinal inflammation

is characterized by structural and functional abnormalities of the

enteric neurons and enteric glial cells (Lakhan & Kirchgessner, 2010;

Lomax, Fernandez, & Sharkey, 2005; Zhou et al., 2013). In the brain,

SEMA3E is mainly produced by specific neurons (Gu & Giraudo,

2013; Schmidt & Moore, 2013; Zhou, Gunput, & Pasterkamp, 2008),
therefore, it is possible that the destruction of enteric neurons during

the colonic inflammation (Lakhan & Kirchgessner, 2010; Lomax et al.,

2005; Zhou et al., 2013) can result in the reduction of colonic levels

of SEMA3E. Furthermore, reduced levels of SEMA3E are associated

with various inflammatory conditions (Movassagh, Saati, et al., 2017;

Movassagh, Shan, Mohammed, et al., 2017), and genetic ablation of

Sema3e in a mouse model of allergic asthma results in an aggravated

inflammation associated with a massive recruitment of immune cells

into the inflamed tissue (Movassagh, Shan, Mohammed, et al., 2017).

Furthermore, we reported that colonic Sema3E level is not higher in

colitic Sema3e+/+ mice compared to Sema3e−/− mice in the same con-

dition; this could be explained by the possibility that the recombinant

protein reached a maximum level in the colon and passed into the

blood stream. In the present study, we demonstrated that both phar-

macological blockades using a rec‐PLXD1 soluble receptor and genetic

deletion of Sema3e using knockout mice exacerbated the severity of

colitis and enhanced the release of colonic pro‐inflammatory media-

tors. Interestingly, rec‐SEMA3E treatment ameliorated the develop-

ment of colitis and decreased the level of colonic pro‐inflammatory

cytokines not only in colitic Sema3e−/− but also in colitic Sema3e+/+

mice. Our findings are consistent with a recent study that showed

an improved allergic airway inflammation in mice treated with exoge-

nous rec‐SEMA3E (Movassagh, Saati, et al., 2017; Movassagh, Shan,



FIGURE 10 In vivo SEMA3E treatment regulates in vitro interactions between splenic CD11c+ isolated from colitic mice and naïve CD4+CD25−

T‐cells. Sema3e+/+ and Sema3e−/− mice received 5% dextran sulfate sodium (DSS) in the drinking water to induce colitis and were killed on day 5
post‐DSS. Mice received daily i.p. injection of recombinant (rec‐) SEMA3E protein (10 μg·kg−1·day−1; R&D Systems) or 1% PBS with added
human IgG Fc protein (Vehicle, Control) for 6 days, starting 1 day before colitis induction. Splenic CD11c+ were isolated from the different
groups and co‐cultured with naive CD4+CD25− T‐cells in the presence or absence of p19 or p35 monoclonal antibody (mAb) (10 μg·ml−1) for 6 hr
or with rec‐IL‐23 or rec‐IL‐12p70 (25 mg·ml−1). (a, c) IFN‐γ and (b, d) IL‐17 levels in the medium were assessed. Data represent mean ± SEM
(n = 6, *P < 0.05). # refers to a significance when compared with control. One‐way ANOVA followed by multiple comparison test was applied at
significance level of 0.05
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Duke‐Cohan, et al., 2017; Movassagh, Shan, Mohammed, et al., 2017).

Therefore, the present study highlights the immune‐modulatory role

of SEMA3E during the pathogenesis of colitis.

IL12/IL23 cytokines, including the IL‐12p40 subunit, are mainly

produced by CD11c+ cells (Ahern et al., 2010; Bates & Diehl, 2014;

Hart et al., 2005; Maloy & Kullberg, 2008; Steinbach & Plevy, 2014)

and are the main cytokine implicated in T‐cell interactions (Gutcher

& Becher, 2007). We demonstrated that deletion of Sema3e increased

colonic expression of IL‐12p40, IL‐12p70, and IL‐23, suggesting a role

for SEMA3E as an immune‐regulatory protein. This set of data corrob-

orated with those obtained in our study in patients with active UC,

where we demonstrated that SEMA3E was negatively correlated with

cells expressing CD11C and maturation markers IL12/IL23p19. These

findings are in agreement with previous data showing that a deficiency

in SEMA3E receptors (plexin‐D1 and plexin‐B2) is associated with a

negative regulation of IL‐12/IL‐23p40 in CD11C‐dendritic cells (DC;

Holl et al., 2012). Moreover, Movassagh, Shan, Mohammed, et al.

(2017) depicted that the deletion of Sema3e can enhance the recruit-

ment of pulmonary DC and can result in a worsening of the allergic air-

way inflammation, associated with an increase in T‐cell activation.

These findings, along with the observation of an increase of CD11c,
CD86 markers in the absence of SEMA3E, suggest that Sema3E has

an important role in regulating potential DC activation and the associ-

ated T‐cell response during colonic inflammation. A previous study

already highlighted a role for SEMA3E in the regulation of a particular

T‐cell population in IBD (Vadasz et al., 2015), but nothing is known

about SEMA3E in this context. However, this proves the importance

of the SEMA family in T‐cell response, and further exploratory works

will be undertaken to confirm our hypothesis with SEMA3E.

During the development of the inflammatory cascade, IL‐12/23

production by CD11c+ cells is dependent on the activation of

NF‐κB, which is an important intracellular inflammatory pathway

(Rescigno et al., 1998; Tas et al., 2005). This is demonstrated in our

experiments by the high production of IL‐12/23 by the CD11c+ cells

isolated from both control and Sema3e‐deficient colitic mice and stim-

ulated with the NF‐κB activator, betulinic acid. In the context of colitis,

its blockade results in amelioration of the severity (Eissa, Hussein,

Kermarrec, Elgazzar, et al., 2017), confirming previous published data

where the SEMA family has been implicated in the regulation of

NF‐κB activation (Gu & Giraudo, 2013). In agreement with these con-

cepts, we found that CD11c+ cells isolated from colitic Sema3e‐

deficient mice produced more IL‐12p40, IL‐12p70, and IL‐23 and that
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rec‐SEMA3E suppressed this cytokine release through an NF‐κB‐

dependent mechanism. Interestingly, the production of IL‐23 by the

cells of Sema3e‐deficient mice is maximal, whereas the production of

IL‐12 can still be boosted, as demonstrated by an increase in its pro-

duction by betulinic acid alone. It is possible that we reached the max-

imum capacity of the cells when we stimulated them directly with

betulinic acid. Taken together, these data suggest that SEMA3E regu-

lates colonic inflammation through an NF‐κB‐dependent pathway in

CD11c+ cells.

In a translational work, it has been demonstrated that UC is char-

acterized by hyperactivation of colonic and splenic CD11c+ cells

(Hart et al., 2005) that proliferate, differentiate, and activate T‐cells

subsets (Th1, Th2, and Th17) through the release of a wide range

of effector cytokines (IL12, IL23, and IL‐4) (Glimcher & Murphy,

2000; Mosmann & Sad, 1996; Neurath, Finotto, & Glimcher, 2002).

Here, we found that when CD11c+ cells isolated from colitic

Sema3e‐deficient mice were co‐cultured with CD4+CD25− T‐cells, a

significant increased level of IFN‐γ and IL‐17 was detected in the

medium. Moreover, CD11c+ cells isolated from colitic Sema3e‐

deficient mice and treated in vivo with rec‐SEMA3E released less

IFN‐γ and IL‐17, confirming the specificity of SEMA3E. Our in vitro

findings also demonstrated that anti‐IL‐12p35 and anti‐IL‐23p19

decreased the levels of IFN‐γ and IL‐17 but did not prevent the ben-

efits of the rec‐SEMA3E treatment. Moreover, naïve Sema3e+/+ and

Sema3e−/− mice demonstrated low expression of inflammatory

markers produced by the colonic mucosa or splenocytes, with no sig-

nificant difference between Sema3e+/+ and Sema3e−/− mice, focusing,

therefore, our main interest to inflammatory conditions. These data

are in agreement with those from a previous study demonstrating

that blockade of IL‐12/IL‐23 can reduce the intestinal inflammation

by suppressing Th1 and Th17 activities (Feng et al., 2011). However,

at this stage, we did not demonstrate a direct effect on T‐cells or

other regulatory T‐cell activation, regulation that remains to be eluci-

dated. Our findings suggest that SEMA3E can be a potential target

towards a novel therapeutic strategy to alter intestinal inflammation,

by regulating the interactions of CD11c+ and CD4+CD25− T‐cells.

However, further studies are required to investigate the functional

consequences of Sema3E on the functions of other immune cells

such as macrophages, which play critical roles during colitis (Eissa

et al., 2017; Eissa, Hussein, Mesgna, et al., 2018), epithelial cells,

and angiogenesis, all implicated in the pathogenesis of colitis and also

the exact source of Sema3E. Moreover, we acknowledge that

CD11C isolated from the laminar propria need to be studied, and

new studies should define if DC expressing CD11C markers are the

main target of SEMA3E.

In conclusion, we demonstrated that Sema3E plays an essential

immune‐regulatory role in intestinal inflammation. We found that

SEMA3E is reduced in patients with active UC and DSS‐induced colitis

and is associated with an increased production of pro‐inflammatory

mediators. The absence of Sema3E led to higher colonic inflammation

in colitic mice, which was associated with exacerbated levels of

CD11c+‐ associated cytokines through a NF‐κB‐dependent mecha-

nism. Sema3e deficiency resulted in uncontrollable activation of
CD11c+/CD4+CD25− T‐cells resulting in enhanced Th1/Th17 profiles.

This previously unknown role for Sema3E in colonic inflammation

may help to broaden research done by other groups on the overall

effect of SEMA3E on immune regulation in the context of IBD, leading

to the development of future novel therapeutic strategies in IBD and

other inflammatory disorders.
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