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Abstract

Crohn's disease (CD) is a chronic inflammatory disease of the gastrointestinal intes-
tinal tract and has characteristic hypertrophic adipose changes observed in the mes-
entery. To better understand the role of the mesentery in the pathophysiology of
Crohn's disease (CD), we evaluated the immunomodulatory potential of mesenchymal
stem cells (MSCs) and their secreted extracellular vesicles (EVs) derived from Crohn's
patients. MSCs and EVs were isolated from the mesentery and subcutaneous tissues
of CD patients and healthy individuals subcutaneous tissues, and were analysed for
differentiation, cytokine expression, self-renewal and proliferation. The varying ca-
pacity of these tissue-derived MSCs and EVs to attenuate T-cell activation was meas-
ured in in vitro and an in vivo murine model. RNA sequencing of inflamed Crohn's
disease mesentery tissue revealed an enrichment of T-cell activation compared to
non-inflamed subcutaneous tissue. MSCs and MSC-derived EVs isolated from Crohn's
mesentery lose their ability to attenuate DSS-induced colitis compared to subcutane-
ous tissue-derived cell or EV therapy. We found that treatment with subcutaneous
isolated MSCs and their EV product compared to Crohn's mesentery MSCs or EVs,
the inhibition of T-cell proliferation and IFN-y, IL-17a production increased, suggesting
a non-inflamed microenvironment allows for T-cell inhibition by MSCs/EVs. Our re-
sults demonstrate that Crohn's patient-derived diseased mesentery tissue MSCs lose
their immunosuppressive capacity in the treatment of colitis by distinct regulation of

pathogenic T-cell responses and/or T-cell infiltration into the colon.
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1 | INTRODUCTION

Crohn's disease (CD) is a chronic idiopathic gastrointestinal disorder
characterized by transmural intestinal inflammation resulting in in-
flammatory, penetrating and stricturing phenotypes. Pathognomonic
for CD is the hyperplastic mesenteric adipose tissue found wrapping
around the bowel wall predominately at sites of intestinal damage in
CD, otherwise called creeping fat.® There has been a recent grow-
ing interest in the role of the mesentery in the pathophysiology of
CD; rather than disease starting at the mucosa of the small bowel,
perhaps the mesentery is driving inflammation rather than being an
innocent bystander.? In fact, when an extended mesenteric resec-
tion is performed at the time of ileocecal resection for CD, disease
recurrence is significantly reduced, and this reduction in recurrence
is significantly associated with the degree of fat wrapping identified
at the time of surgical resection.’

Mesenchymal stem cells (MSCs) and extracellular vesicles (EVs)
Derived from MSCs, multipotent non-haematopoietic progenitor
cells, isolated from adipose tissue are thought to be an immunomod-
ulatory and anti-inflammatory cell via paracrine mediated secretion
of growth factors, cytokines, and antifibrotic or angiogenic medi-
ators. 413 Specific to CD is the emerging data of MSCs as EVs an
advanced therapeutic for perianal fistulizing CD, a phenotype of CD
that is notoriously difficult to treat.*'> Several phase I, phase Il and
phase Ill clinical trials including over 300 patients have now demon-
strated safety and improved efficacy of MSCs for perianal CD as
compared with conventional biologic and surgical therapy. While the
reason for this efficacy has not been fully elucidated, the immuno-
modulatory properties of healthy MSCs directly affect immunologic
pathways of importance to CD, including the increase in T regulatory
cells and suppression of pro-inflammatory cytokines.*®'” Lesion tis-
sue of Crohn's disease patients is enriched with CD** T cells, which
cause blocking and cell-depleting of antibodies, and it causes higher
number of Th17 cells with a pro-inflammatory/cytotoxic phenotype,
the importance of Th17 subset can be addressed according to effect
of MSCs derived from patients with CD.*®% Effect of MSC-derived
EVs on IBDs was more focus on the roles of extracellular vesicles in
health and disease, with a focus on immune regulation and intestinal
barrier integrity and showed the anti-inflammatory effect of them
on IBDs.20-22

It is critical to note that MSCs' original tissue source and anatom-
ical residence affects their immunosuppressive function.?>2°> Given
the characteristic adipose changes seen in Crohn's mesentery, we
sought to evaluate the differences in MSCs derived from Crohn's
mesentery versus subcutaneous tissue to determine whether
mesenteric adipose-derived MSCs may play an active role in the
pathophysiology of CD. Given that MSCs have shown a strong im-
munosuppressive function in T- and B-cell-derived conditions?¢~2?
and that most of the pathophysiological changes in CD inflamed
tissue can be related to the effects of Th1 and Th17 cells,3°~%’
we sought to focus our investigation on MSC-specific changes in
T-helper (Th) cells in an in vitro and in vivo model of CD. We hy-
pothesized that MSCs derived from hyperplastic mesentery adipose

tissue surrounding diseased Crohn's intestine would have a more
pro-inflammatory phenotype suggesting a role for MSCs in ongoing

disease progression in CD.

2 | MATERIALS AND METHODS

2.1 | Institutional Review Board

The use of human tissue was approved by and performed in accord-
ance with the Cleveland Clinic Institutional Review Board (IRB) (IRB#
19-908). The colorectal surgery biobank is a patient-identified re-
pository for IBD, colorectal cancer and control (i.e. hernia, diverticu-
litis, functional bowel disorders) patients. At the time of operative
intervention, surgical specimen tissue, subcutaneous adipose tissue,
blood and stool may be collected. Adult patients with preoperative
consent are included.

2.2 | Human MSC Isolation

Following patient consent at preoperative surgical visits to partici-
pate in the colorectal surgery biobank, healthy individual as control
(from hernia patients without inflammation) and CD adult surgical
patients' subcutaneous adipose tissue and mesenteric adipose tissue
were obtained at the time of surgical resection. Detailed patient in-
formation is shown in Table 1. Adipose tissue specimens were trans-
ferred in sterile containers directly from the operating room to the
biosafety cabinet within 20min of resection. The specimens were
rinsed in sterile PBS until all surface blood was cleared. Adipose-
derived MSCs were isolated from both subcutaneous adipose tissue
(control, CD) and mesenteric adipose tissue (CD) following the pro-
tocol described in previous studies with minor modifications.?¢"28
Briefly, the adipose pearls were micro-dissected, washed in phos-
phate buffer saline (PBS), minced and digested with 0.25% type |
collagenase (Gibco Life Technologies) at 37°C for 60min under
constant shaking. After removal of the supernatant, cells were sus-
pended and cultured in xeno-free, serum-free MSC NutriStem® XF
Medium (05-200-1A-KT, Biological Industries USA) at 37°C/5%
CO,. The cultured MSCs were grown to 85-90% confluency in T75
tissue culture flasks before passaging. MSCs were finally harvested
at passage 3 to 4. For mouse intraperitoneal injection, MSC pellets

were resuspended in PBS.

2.3 | MSC adipogenesis and Qil-Red-O staining

Basal MSC medium consisted of DMEM: F12 plus 10% FBS, 1% L-
glutamine (200mM) and 1% Penicillin-Streptomycin (10,000 U/ml)
(Media Core, Cleveland Clinic, Cleveland, OH). 1 pM Dexamethasone
(Millipore Sigma), 10 uM Insulin (Millipore Sigma), 0.5mM IBMX
(Millipore Sigma) and 5 pM Indomethacin (Millipore Sigma) were
added for adipocyte differentiation medium. Subcutaneous and
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TABLE 1 Patient characteristics
Phenotype of Corticosteroids at Monoclonal
Patient Diagnosis Age Sex BMI (e]p) surgery antibody at surgery
Patient 1 Crohn's disease 62 F 25.3 Stricturing Yes Yes, Certolizumab
Patient 2 Crohn's disease 50 F 50.8 Inflammatory No No
Patient 3 Crohn's disease 29 F 24.6 Inflammatory No Yes, Ustekinumab
Patient 4 Crohn's disease 42 M 25.9 Stricturing No No
Patient 5 Crohn's disease 26 F 23.1 Stricturing No Yes, Ustekinumab
Patient 6 Crohn's disease 36 M 20 Stricturing No Yes, Ustekinumab
Patient 7 Crohn's disease 40 F 20.4 Inflammatory Yes No
Patient 8 Crohn's disease 66 F 28 Inflammatory Yes No
Patient 9 Control 51 M 329 N/A No No
Patient 10 Control B3] M 231 N/A No No
Patient 11 Control 49 F 471 N/A No No
Patient 12 Control 62 F 254 N/A No No

mesentery-derived MSCs from one control and one CD patient were
cultured in basal MSC medium (undifferentiated) or adipocyte dif-
ferentiation medium. MSCs were differentiated for 10days, with
media changes every 3-4days. Undifferentiated MSCs were as-
sayed at 80% confluency. Lipid droplet staining was performed with
Lipid (Oil Red O) Staining Kit's (Abcam, CA) protocol.

2.4 | MSC surface marker expression and
capacities tests

Flow cytometry was performed to assess protein surface marker ex-
pression. Isolated MSCs were washed and incubated with respective
MSC surface marker antibodies (2 ug/ml anti-CD45 IgG, anti-CD34
1gG, anti-CD14 IgG, anti-CD44 IgG, anti-CD90 IgG and anti-CD105)
or isotype control purchased from BioLegend (San Diego, CA), fol-
lowed by flow cytometry analysis on a FACS Calibur flow cytom-
eter (BD Biosciences). Senescence was determined with intracellular
anti-pSTAT3 staining (BioLegend). Apoptosis was determined with
an Annexin V detection kit (BioLegend) and intracellular pSTAT3
staining according to manufacturer's protocol. Proliferation assay
was performed with a BrdU ELISA kit (Roche) according to manu-
facturer's protocol.

2.5 | Extracellular vesicle isolation

To prepare the EVs from the same MSC-free medium, the previous
listed medium(s) was ultra-centrifuged for 16h at 100,000xg at
4°C in a 45Ti fixed angle rotor using polycarbonate tubes (Beckman
Coulter, Brea, CA). After ultracentrifugation, the top layer medium
suspension was harvested, filtered with a 0.22um PES filter and
stored at 4°C. The EVs were extracted and concentrated from the
culture media. Briefly, during the MSC harvest procedure, the cul-
tured media was collected and filtered through a 0.22pum filter to

remove cell debris and large vesicles, followed by ultracentrifugation
at 30,000xg for 20min to pellet larger microvesicles. The superna-
tants were then subjected to ultracentrifugation at 120,000 x g for
3 h to sediment the EVs. The resulting pellets were resuspended
in PBS. Supernatant was discarded, and the EV pellet was resus-
pended in 200pl 0.1 puM filtered PBS. For the TEM sample, 50 ul of
EV suspension was mixed 1:1 with 4% 0.1 uM filtered PFA in PBS and
stored at 4°C until processing. Remaining 50ul aliquots were stored
at -80°C. Transmission electron microscopy (TEM) sample process-
ing and imaging was performed by the Cleveland Clinic Imaging Core
(Cleveland, Ohio) on 2% PFA-fixed EVs. Zetaview analysis was per-
formed by the Cleveland Clinic Flow Cytometry Core (Cleveland,
Ohio).

2.6 | RNA extraction and NGS

RNA was isolated from matched mesentery (Mes) and subcutaneous
(SubQ) adipose tissues from three patients with either diverticuli-
tis (Healthy) or Crohn's disease (CD) via Qiagen's RNeasy Plant Kit
with DNase treatment according to manufacturer's protocol. RNA
was submitted to the Case Western Reserve Genomics Core for
NEBNext Ultra Il Directional RNA library prep and 75bp paired-end
NextSeq 550 High Output sequencing.

2.7 | Bioinformatics

Bioinformatic analysis was performed by the Cleveland Institute
for Computational Biology. Sequencing reads generated from the
lllumina platform were assessed for quality and trimmed for adapter
sequences using TrimGalore! v0.4.2 (Babraham Bioinformatics), a
wrapper script for FastQC and cutadapt. Reads that passed quality
control were then aligned to the human reference genome (GRCh37)
using the STAR aligner v2.5.1. The alighment for the sequences was
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guided using the GENCODE annotation for hg19. The aligned reads
were analysed for differential expression using Cufflinks v2.2.1, a
RNASeq analysis package which reports the fragments per kilo-
base of exon per million fragments mapped (FPKM) for each gene.
Differential analysis report was generated using Cuffdiff. Differential
genes were identified using a significance cut-off of g-value <0.05.

Differential gene expression was analysed for 6 group compari-
sons: CD SubQ vs CD Mes, Healthy SubQ vs Healthy Mes, Healthy
SubQ vs CD SubQ, Healthy Mes vs CD Mes, Healthy SubQ vs CD
Mes, Healthy Mes vs CD SubQ.

STAR Aligner:

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut
P, Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq
aligner. Bioinformatics. 2013 Jan 1;291:15—21. doi: 10.1093/bioin-
formatics/bts635. Epub 2012 Oct 25. PubMed PMID: 23104886;
PubMed Central PMCID: PMC3530905.

Cufflinks:

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, van Baren
MJ, Salzberg SL, Wold BJ, Pachter L. Transcript assembly and
quantification by RNA-Seq reveals unannotated transcripts and
isoform switching during cell differentiation. NatBiotechnol. 2010
May;28°:511-5. doi: 10.1038/nbt.1621. Epub 2010 May 2. PubMed
PMID: 204364 64; PubMed Central PMCID: PMC3146043.

2.8 | Pathway analysis

Pathway analysis was performed with Qiagen's Ingenuity Pathway
Analysis (IPA) software. The differentially expressed gene output
was uploaded into IPA and core analysis was run. Finally, we focused
the results related to T-cell ‘Diseases and Functions’ and ‘Canonical

Pathway’ outputs for analysis.

2.9 | Murine model

Wild-type (WT) mice (C57/Bl6 background) were maintained under
pathogen-free conditions in the animal facility of Lerner Research
Institute, Cleveland Clinic, Cleveland OH. All procedures involv-
ing mice were approved by the Institutional Animal Care and Use
Committee of Cleveland Clinic, and all were done in accordance with
the US Department of Health and Human Services Guide for the

Care and Use of Laboratory Animals and institutional guidelines.

2.10 | Dextran sulphate sodium (DSS)-
induced colitis

Dextran sulphate sodium (DSS)-induced Colitis has been widely used
as an experimental model to study pathogenic mechanisms underly-
ing 1BD.%%? In brief, on Day 0, 3% DSS (MW 40kDa; Sigma-Aldrich,

TABLE 2 Disease activity index scoring chart

Weight Stool

Clinical score loss (%) consistency Hematochezia

0 None Normal None

1 1-10% Soft stool Hemaoccult positive
2 10-20%  Diarrhoea Gross blood

8 20% Diarrhoea n/a

St. Louis, MO) was added to the drinking water. Previously published
literature described that the mice would develop disease on Days 3-
5.3837 Therefore, the delivery of MSCs isolated from healthy donors'
subcutaneous adipose tissue (Normal), CD patients' subcutaneous
adipose tissue (SubQ) and CD patients' mesenteric adipose tissue
(Mesentery) (~1 million cells per mouse), EVs from the aforementioned
locations (~1 million cells production per mouse), or PBS (control) was
performed on Day 4. To grade the clinical severity of DSS-induced coli-
tis, mice were assessed for body weight (daily), stool consistency (daily)
and hematochezia by faecal occult blood test (every other day) with
clinical scores as shown in Table 2. Six days after injection (10days
from initiation of DSS), the mice were sacrificed, blood collected, and
colon tissues were harvested and prepared for subsequent experi-
ments. Colon lengths were measured, and sections submitted for H&E

staining and histologic score evaluated.*®

2.11 | Mouse T-cell isolation and T-cell
flow cytometry

Naive or DSS-treated mice were euthanized, and spleens were col-
lected. Splenic tissue was compressed through a 100 um cell strainer
with 15ml isolation buffer (PBS supplemented with 0.1% BSA and
2mM EDTA). Cells were centrifuged at 3509 for 5 min followed by
RBCs lysis onice for 5 min with 10 ml 1X RBC Lysis Buffer (Biolegend,
CA\). Lysis buffer was diluted with 30ml isolation buffer and centri-
fuged at 3503 for 5 min. Cell pellet was washed with 15ml isolation
buffer, centrifuged at 350g for 5 min and resuspended in 1 ml for
cell counts using Countess Il (Invitrogen, MA). T cells were purified
with Dynabeads® FlowComp™ Mouse Pan T (CD90.2) kit accord-
ing to manufacturer's protocol (Invitrogen). T cells were counted
and used for Flow Cytometry. Cells were blocked with TruStain FCx
Plus antibody (Biolegend), and True-Nuclear™ Transcription Factor
Buffer Set (Biolegend) was used for fixation according to manufac-
turers’ protocol. Cell markers CD4, IL-17A and IFN-y were purchased
from Biolegend and flow performed on the Cytek Aurora (Cytek
Biosciences).

2.12 | Mouse Serum and colon homogenate
preparation and multiplex assays

Mice were euthanized, and colon and sera were collected as previ-
ous described. Colons were snap-frozen in liquid nitrogen and stored
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at -80°C until processed. Each colon was thawed on ice and quickly
homogenized on ice in 1-2 ml of PBS containing a tablet of protein-
ase inhibitors (10 ml PBS/tablet; Millipore Sigma). Homogenized tis-
sues were centrifuged at 2000g at 4°C for 10 min, and then filtered,
aliquoted and stored at -80°C until analysed by enzyme-linked im-
munosorbent assay (ELISA). Protein concentrations were determined
using a BCA Protein Assay kit (ThermoFisher, MA), and the concentra-
tions of different mouse cytokines/chemokines in the homogenates
or serums were measured by a multiplex assay (Eve Technologies) and

normalized against the total protein of each tissue lysate or serum.

2.13 | Isolation of infiltrated cells

After euthanization and tissue collection, the colon was washed
by 4°C RPMI media (Invitrogen, MA). The colon was transferred
to 10 ml fresh, cold RPMI and homogenized with 5 strokes in a tis-
sue sonicator (Wheaton). The resulting cell suspension was gravity
sieved through a 40 pm strainer (Invitrogen) to remove large aggre-
gates. Cells were pelleted by centrifugation at 1000g for 5 min at
4°C, and the supernatant was discarded. The cells were resuspended
in 1 ml 70% Percoll (GE biotech, US) prepared in PBS, and overlaid
with 1 ml 35% Percoll prepared in PBS. This discontinuous gradient
was centrifuged at 800g for 20min at 4°C with braking disengaged
to prevent disruption of the gradient interface layer. The central in-
terface layer was collected and washed by cold RPMI. The cell sus-
pension was pelleted by centrifugation at 1000g for 5 min at 4°C,
and the supernatant was discarded. The cell pellet was either lysed
for isolation or processed for flow cytometry.

2.14 | InVitro Thl, Th2, Th9, Th17 and treg
polarization assays

CD4™" T cells were isolated from WT mice by negative selection with
EasySep Mouse CD4" T Cell Isolation Kit (STEMCELL Technologies,
Vancouver, Canada) and then cultured under Thl, Th2, Th9, Th17
and Treg polarizing conditions by following published protocols.***?
In brief, CD4" T cells (2x10* cells per well) were activated with
plate-bound 5 pg/ml anti-mouse CD3 and 1 pg/ml anti-CD28
(BioLegend) and then cultured at 37°C for 5days. T-cell differentia-
tion was performed with the proteins and antibodies listed in Table
S2. Finally, differentiated Th1, Th2, Th9, Th17 and Treg cells (day 5)
were quantitated by intracellular staining of IFN-y, IL-4, IL-9, IL-17
and Foxp3 (Biolegend, CA). Anti-IL-4 and anti-IFN-y mouse antibod-
ies were purchased from BioLegend (San Diego, CA). Recombinant
mouse IL-2, IL-12, IL-6 and TGF-p proteins were purchased from
PeproTech (Rocky Hill, NJ).

2.15 | T-cellinhibition assays

A conventional carboxyfluorescein succinimidyl ester (CFSE)-
based T-cell proliferation assay was used to test the T-cell inhibitory

activity of MSCs using previously described methods, with minor
modifications.*® For mouse-activated T-cell proliferation assays,
naive C57BL/6 mouse spleen cells were first enriched using nylon
wool columns and labelled by incubating them with 0.3 pM of CFSE
(Invitrogen, Carlsbad, CA) at 37°C for 8 min. After washing, 2.0 ug/
ml of anti-CD3 mAb and anti-CD28 mAb (BD Biosciences) was
added to the CFSE-labelled spleen cells to activate T cells. The CFSE-
labelled, anti-CD3/CD28 mAb-activated cells were then aliquoted
into wells of a 96-well plate at a concentration of 0.4x10%cells/well
and incubated with different MSC/EV adipose sources in triplicate
(healthy donor subcutaneous adipose tissue, CD subcutaneous adi-
pose tissue and CD mesenteric adipose tissue derived). After 3 days
of incubation, MSC/EV-mediated T-cell inhibition was assessed by
measuring the proliferation of both CD4*/CD8" T cells and the pro-

42,44 and

duction of IFN-y following protocols described previously,
by checking under a microscope the numbers and sizes of cell clus-
ters formed by the proliferating cells. An aliquot of the T cells, fol-
lowing culture, was examined for viability by trypan blue exclusion

method as described earlier.?®

2.16 | Human or mouse cytokines ELISAs
IL-12p40, IL-6 and IL-10 levels in the MSC culture supernatants, IFN-
g, IL-4, IL-9, IL-17a and IL-10 were measured by standard ELISAs fol-

lowing manufacturer-provided protocols (Biolegend).

2.17 | Statistical analysis

Experiments were performed in triplicate. To determine whether
statistically significant differences existed between groups, clinical
scores were analysed by GraphPad Prism 8 (GraphPad Software,
Inc.). One-way analysis of variance (aNova) and Dunnett's multiple
comparison test were used to determine the significant differences.
Probability (p) values less than 0.05 were considered statistically

significant.

3 | RESULTS

3.1 | Surface marker expression and adipose
differentiation capacity of the tissue-derived MSCs
are similar

Crohn's subcutaneous and mesentery MSCs and EVs were com-
pared to GMP-grade bone-marrow-derived MSCs for characteriza-
tion. There were no significant differences in the expression level
of mesenchymal (Vimentin) and proliferation (KI-67) surface makers
between cell lines (Figure 1A, p>0.05). On examination of intrinsic
MSC markers CD14, CD34, CD44, CD90 and CD105, and the hae-
matopoietic stem cell marker CD45, on MSCs by flow cytometry,
expected cell surface markers were expressed and CD45 was not ex-
pressed (Figure 1B). In addition, MSCs from both subcutaneous and
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FIGURE 1 Characterization of BM-MSCs, CD SubQ and CD Mes MSCs and EVs. (A) Bright field images and fluorescent staining of
Vimentin (green), F-Actin (pink) and KI-67 (red) with DAPI (blue) counterstain of SubQ, Mes and Bone-marrow derived MSCs; SubQ, Mes and
BM-MSC isolated EVs Zetaview and TEM images. (B) Quantification of cell surface markers CD14, CD34, CD45, CD44, CD90 and CD105 in
SubQ, Mes and bone-marrow derived MSCs. (C) Representative 10x and 20x Qil-red-O images of naive and adipocyte differentiated SubQ
and Mes MSCs (D) Quantification of Oil-red-O staining (n = 3). Data were presented as mean+SEM

mesenteric adipose tissues differentiated into adipocytes as seen
by the expected appearance of intracellular lipid droplets.2¢4>4¢
(Figure 1C,D). EV particles also displayed similar size and morphol-

ogy profiles (Figure 1A).

3.2 | RNA sequencing of inflamed

Crohn's disease mesentery tissue reveals an
enrichment of T-cell activation compared to non-
inflamed subcutaneous tissue

RNA was isolated from three Crohn's disease (CD) patients' matched
non-inflamed SubQ and inflamed mesentery (Mes) adipose tissues

and total RNA sequencing performed. We identified 1507 differen-
tially expressed genes (DEG) between CD SubQ and CD Mes, of which
954 were associated with T cells. Figure 2A shows the normalized
FPKM z-scores of 211 DEG related to the infiltration of T lympho-
cytes which showed that the overall expression profile between CD
SubQ and CD Mes was inversed. A pathway analysis with Qiagen's
Ingenuity Pathway Analysis (IPA) software was performed to better
understand the relationship between the DEG genes. A total of 15 dis-
eases and functions and 6 canonical pathways related to T cells were
significantly activated in CD Mes as compared to CD SubQ (Figure 2B
and Table S1). T-cell receptor signalling was the most significantly ac-
tivated pathway in CD SubQ vs CD Mes, with 74 DEG present and a
z-score of 6.36 (Figure 2C). Consistent with the previous data, CD4
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FIGURE 3 Secreted soluble factors, self-renewal and proliferation capacity of MSCs. (A) Cytokine panels from cultured SubQ and
mesentery MSC supernatants were measured for cytokine concentrations by ELISA (n = 6). (B) SubQ MSC cytokine levels before and after
IFN-y and IL-17 stimulation (n = 6). (C) SubQ and mesentery MSC measurements of apoptosis (Annexin V+) senescence (pSTAT3+) and
proliferation (BrdU incorporation assay) (n = 3). (D) Measurements of apoptosis (Annexin V+) senescence (pSTAT3+) and proliferation (BrdU
incorporation assay) before and after IFN-y and IL-17 stimulation of SubQ MSCs (n = 5). Data were presented as mean+SEM, one-way ANOVA
*p<0.05
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TABLE 3 Disease activity index score for DSS-induced colitis mice treated with normal, SubQ or Mes MSCs or EVs

Group DO D5 Dé6 D7 D9 D10

PBS 0 0.75+0.26 1.31+0.52 2.65+0.15 2.88+0.37 2.99+0.14
SubQ MSC 0 0.18+0.09 * 0.49+0.17° 0.75+£0.3% 1.11+0.25° 1.64+0.37°
SubQ EV 0 0.21+0.08? 0.54+0.13° 0.71+0.28* 1.22+0.24° 1.88+0.65°
Mes MSC 0 0.71+0.13° 0.98+0.67 ° 1.96+0.95° 2.78+0.46° 2.95+0.31°
Mes EV 0 0.59+0.25° 1.22+0.15? 2.21+0.56° 2.92+0.35? 2.97+0.12°
Normal MSC 0 0.19+0.12° 0.52+0.27° 0.66+0.42° 1.32+041° 1.96+0.41°
Normal EV 0 0.28+0.11° 0.69+0.22° 0.98+0.22° 1.62+0.69° 2.12+0.72°?

Abbreviations: D, day; MES, Mesentery; MSCs, Mesenchymal stem cells, EVs: Extracellular Vesicle; SubQ, subcutaneous.
Note: Values are presented as mean only or mean+SEM. ? p<0.05.
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FIGURE 4 Anatomical analysis of DSS-induced colitis mice treated with Normal, SubQ or mesentery MSCs or EVs. (A) Images of mouse
colons, dissected from cecum to anus. (B) Colon H&E staining. (C) Body weight measurements over time; colon length and histology scores.
Combined results from two experiments, n = 10. Data are represented as Mean+SEM, *p <0.05

and CD8A genes were upregulated in CD Mes as compared to CD compared to CD SubQ. IPA additionally identified activation of regula-
SubQ (1.65 and 3.53, respectively, g-value <0.0001). IPA identified tors IFN-y, IL1A, IL1B, IL4, IL12, GM-CSF and TNF, which were not
IL-2 and IL-6 as significantly activated upstream regulators in CD Mes seen in the murine model.
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3.3 | Comparison of the self-renewal and
proliferation capacity of MSCs, the secreted
soluble factors mediating MSC-dependent
immune regulation

Current studies have demonstrated that several factors contribute
to MSC-mediated effects on inflammation. MSCs constitutively, or
upon stimulation, secrete large amounts of soluble factors closely
associated with IBD progression, such as interleukin (IL)-6, IL-10
and 1L-12.4-% |FN-y (Th1) and IL-17 (Th17) are important inflam-
matory cytokines secreted by T cells in CD,*°™3 thereby interfer-
ing with the anti-inflammatory activity of MSCs.>*> Subcutaneous
and mesentery-derived MSCs were tested for the production of
cytokines IL-6, IL-10 and I1L12p40. Mesenteric derived MSC secrete
more inflammatory (IL-6, IL12p40) and less anti-inflammatory (IL-
10) cytokines (Figure 3A). To test the effect of IFN-y and IL-17 on
MSCs, we first stimulated subcutaneous derived MSCs with 100U
IFN-y and 100U IL-17 over 48 h and then assessed cytokine levels by
ELISA. Consistent with mesenteric derived MSCs, stimulated subcu-
taneous MSCs secreted increased IL-6 and IL12p40 after incubation
with IFN-y and IL-17 (Figure 3B), suggesting that IBD-associated in-
flammatory cytokines IFN-y and IL-17 upregulate cytokine secretion
of MSCs.

Proliferation, apoptosis and senescence can be used to demon-
strate cell function. MSCs show strong proliferative capacity ac-
cording to the reported growth and doubling times.>® As detected
by BrdU incorporation assay, mesenteric derived MSCs had a faster
proliferation rate compared to SubQ MSCs without external stimuli
under normal culture conditions (Figure 3C). Moreover, mesenteric
derived MSCs underwent significantly increased apoptosis (Annexin
V+) and more senescence (pSTAT3+) than SubQ-derived MSCs
(Figure 3C). In addition to basal functions, the SubQ MSCs were
tested under 100U IFN-y and 100U IL-17 stimulated conditions. In
this pro-inflammatory condition, ‘activated’ MSCs had significantly
increased proliferation, apoptosis and senescence (Figure 3D).

3.4 | Crohn's mesentery adipose tissue-derived
MSC treatment failed to attenuate murine DSS-
induced colitis

Previous studies have demonstrated that MSCs or EVs are effec-
tive on T-cell-mediated diseases, such as multiple sclerosis and co-
litis?”284244 hut the precise role of healthy or diseased MSCs or
EVs in the pathogenesis of colitis remains unclear. To address this
issue, colitis was induced in wild-type mice (C57Blé background)
by adding 3% DSS to the drinking water and colitis progression was
assessed by monitoring clinical scores daily. Splenic CD4*/IL17A*
and CD4*/IFN-y* T cells were decreased in DDS-treated mice com-
pared to naive water mice confirming an inflammatory response and
T-cell dysregulation in our model (Figure S1). Once the mice began
to show mild clinical signs of colitis, they were treated with human
subcutaneous or Crohn's disease mesentery MSCs (~1 million cells

per mouse), EVs (~1 million cells production per mouse), or with PBS
(control) by intraperitoneal (i.p.) injection and monitored the mice
daily for 6days. The disease activity index score at sacrifice was
significantly reduced in both the normal and subcutaneous derived
MSCs and EV-treated mice compared to control PBS dosed mice but
not in the diseased mesentery MSCs or EVs (Table 3). Immunological
assays were performed as described. Treatment of DSS-induced
colitis with Crohn's disease mesentery-derived MSCs/EVs, and
control PBS, resulted in colitis progression, whereas in both nor-
mal and subcutaneous MSCs and its extracted EV-treated mice the
disease was attenuated. Subcutaneous MSC- and EV-treated mice
showed anatomical evidence, including weight gain and longer colon
lengths, of diminished colitis 6days after treatment (Figure 4A,C).
Subcutaneous derived MSCs and EVs showed equivalent efficacy in

treating DSS-developed severe colitis (Figure 4).

3.5 | Altered cell infiltration and cytokine
production profiles in the colon of DSS mice after the
different tissue-derived MSC/EV therapy

The colon tissue in normal and SubQ MSC/EV-treated mice exhib-
ited leukocyte infiltration consistent with the significantly reduced
clinical disease scores (Figure 5). In order to characterize the T ef-
fector cell phenotype in peripheral blood and colon isolated cells,
the expression level of CD4 and CD8 was assessed. SubQ MSCs
were able to decrease the number of peripheral CD4" cells and
CD8* cells were identified as the primary T effector cell in the
colon (Figure 5A-C). Using a cytokine multiplex assay, the levels of
inflammatory cytokines from homogenates of collected colon tis-
sues were measured and normalized against the concentrations of
total protein (Figure 5D). Compared to the mesentery MSC group,
the level of granulocyte colony-stimulating factor (G-CSF) was sig-
nificantly lower in the SubQ MSC-treated group and macrophage
colony-stimulating factor (M-CSF) was significantly lower in the PBS
and SubQ MSC-treated groups. Furthermore, the mesentery MSC-
treated group had significantly lower IL-2 in the PBS and Normal
MSC/EV-treated groups and IL-6 was significantly lower in the
Normal MSCs/EVs and SubQ MSC/EV-treated groups. These results
demonstrated that diseased mesentery tissue-derived MSCs from
Crohn's patients lose immunosuppressive capacity in the treatment
of colitis, potentially by regulating pathogenic T-cell responses and/

or T-cell infiltration into the colon (Figure 5, Figure S2).

3.6 | Distinct MSC/EV regulation of T-cell
differentiation dependent on tissue source by
in vitro assay

To elucidate the mechanism by which diseased Crohn's mesentery
tissue-derived MSCs/EVs reduces pathogenic Th1/Th2/Th9/Th17/
Treg responses and ameliorate disease severity in colitis, CD4* T
cells were isolated from naive WT mice and cultured under Th1/Th2/
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FIGURE 5 Analysis of CD4+ and CD8+ T cells and cytokine secretion in DDS-induced colitis mice after Normal, SubQ or Mes MSC/EV
treatment. Representative flow scatter plots of (A) peripheral blood and (B) local colon CD4+/CD8+ T cells with (C) cohort quantification.
(D) Elisa measurement of G-CSF, M-CSF, IL-2 and IL6 in colon homogenates. Symbols represent individual mouse colons (n = 4-7); bars show

the mean+SEM, one-way anova * p <0.05

Th9/Th17/Treg polarization conditions. Flow cytometry analysis of
intracellular IFN-y (Th1), IL-4 (Th2), IL-9 (Th9), IL-17 (Th17) or FoxP3
(Treg) was performed. In these experiments, diseased mesentery
tissue-derived MSCs/EVs had impaired Th1/Th2/Th9/Th17/Treg
development regulation compared with SubQ MSCs/ EVs (Figure 6).

3.7 | Non-inflamed microenvironment is important
for MSCs/EVs to inhibit T cells

MSCs are known to be an important immunosuppressive cell to
inhibit T cells,?”285758 byt whether the Crohn's induced pro-
inflammatory microenvironment contributes to the immunoreg-
ulatory activity of MSCs remains unclear. To clarify this issue,
MSCs/EVs from subcutaneous adipose tissue or Crohn's mes-
entery adipose tissues were co-cultured with isolated mouse T
cells. Consistent with previous reports,?”?® Crohn's mesentery

MSCs/EVs were found to have reduced potency in both CD4
and CD8 T-cell inhibition as compared with subcutaneous MSCs/
EVs (Figure 7), suggesting that the local pro-inflammatory envi-
ronment results in the inability of MSCs/EVs to inhibit T cells.
Compared with Crohn's mesentery MSCs or EVs, subcutaneous
isolated MSCs and their EV products, inhibition of T-cell prolifera-
tion and IFN-y, IL-17a production significantly increased (Figure 7),
suggesting a non-inflamed microenvironment allows for T-cell in-
hibition by MSCs/EVs.

3.8 | Non-inflamed microenvironment's MSCs/EVs
reduce activated T-cell survival

The Crohn's disease mesentery MSCs lost their inhibitory function
and served as a negative regulator of T-cell activation, consistent
with the above results from the colitis studies that showed decreased
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FIGURE 6 |Intracellular staining and secretion of Th1, Th2, Th9, Th17 and Treg factors. Top) Intracellular staining and Bottom) cytokine
secretion of IFN-y (Th1), IL-4 (Th2), II-17A (Th17) and FoxP3 (Treg) in polarized murine T cells treated with SubQ or Mes MSCs/EVs (n = 4).
Data are mean+SEM, one-way ANOVA * p<0.05
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FIGURE 7 Proliferation, apoptosis, senescence and cytokine secretion of activated murine T cells after MSC/EV treatment. (A) Histogram
of CD4 and CD8 proliferation of activated T cells co-cultured with Normal, SubQ or Mes MSCs/EVs and (B) quantification. (C) IFN-y and IL-
17 secretion in media supernatants of activated T cells co-cultured with SubQ or Mes MSCs/EVs. D) Apoptosis (Annexin V) and senescence
(pSTAT3) of activated T cells co-cultured with Normal, SubQ or Mes MSCs/EVs (n = 3). Data are mean +SEM; one-way ANOVA * A,

b = p<0.05. (a: compared to activated, b: compared to SubQ MSCs and EVs).

Th1/Th17 responses. To further study this mechanism, we again ac- 4 | DISCUSSION

tivated mouse WT CD4" T cells, treated with healthy donor MSCs,

subcutaneous or mesentery MSCs/EVs and compared T-cell apopto- Despite an increasing incidence of CD in both developing and de-
sis and senescence at 72h by annexin V and pSTAT3 staining. In the veloped countries over the past four decades, the pathophysiology
presence of mesentery MSCs/EVs, mouse CD4 T cells underwent remains unknown.’”®® Evidence suggests the pathophysiology is
significantly more apoptosis (annexin V+ and pSTAT3+) than subcu- largely related to Crohn's specific immunopathogenic events.36!

taneous MSCs/EVs (Figure 7). Growing evidence suggests that hyperplastic mesenteric adipose
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tissue found at the sites of bowel wall damage, creeping fat, plays
a role in the underlying disease progression. However, there have
been varied suggestions as to how creeping fat plays an active
role.?® Mesenchymal stem cells (MSCs) are an active immunomod-
ulatory cell which, when isolated from healthy adipose tissue, has
demonstrated promising success in the treatment of certain Crohn's
phenotypes.®?> However, in local inflammatory conditions, MSCs
may promote ongoing intestinal damage by contributing to dysregu-
lated mechanistic function in T-helper (Th) cells. Therefore, we in-
vestigated the influence of inflamed MSCs on T-helper (Th) cells in
an in vitro and in vivo model of CD. We found significant differences
in T-cell regulation among MSCs and EVs isolated from subcutane-
ous adipose tissue from healthy controls, subcutaneous adipose tis-
sue from CD and Crohn's hyperplastic mesenteric tissue.

Initial characterization of our MSCs matched that of control BM-
MSCs, including canonical MSC markers CD44, CD90, and CD105,
Kl-67 and vimentin staining, and adipogenic differentiation while
at the same time lacking differentiated cell markers CD14, CD34
and CD45. Isolated EVs also matched in size and morphology. This
confirmed that our MSC and EV populations were suitable for our
studies.

Current publications have demonstrated that several factors
contribute to MSC-mediated effects on inflammation. MSCs con-
stitutively, or upon stimulation, secrete large amounts of soluble
factors closely associated with CD progression including interleukin
(IL)-6, IL-10 and 1L-12.4-%° |FN-y (Th1) and IL-17 (Th17) are import-
ant inflammatory cytokines secreted by T cells in CD,>0-38 thereby
interfering with the anti-inflammatory activity of MSCs.>*° When
we compared inflammatory activity in vitro, Crohn's hyperplastic
mesentery-derived MSCs secreted significantly increased levels of
inflammatory cytokines IL-6 and IL12p40 and significantly decreased
anti-inflammatory cytokine IL-10 compared to non-inflamed MSCs,
highlighting the pro-inflammatory phenotype of MSCs derived from
diseased Crohn's mesentery. We also found that if non-inflammatory
subcutaneous derived MSCs were exposed to pro-inflammatory cy-
tokines (IFN-y and IL-17) in vitro, their phenotype was driven to a
pro-inflammatory state as seen by increased secretion of IL-6 and
I-12p40 levels while IL-10 was increased in response to injury.®®%*
This suggests that, in clinical practice, arterial delivery of healthy
MSCs to the hypertrophic diseased mesentery surrounding inflamed
bowel in CD may result in worsening inflammation, as healthy MSCs
may transition to a pro-inflammatory phenotype.®® In addition to
the pro-inflammatory phenotype, we demonstrated that these ‘ac-
tivated’ MSCs had significantly increased proliferation, apoptosis
and senescence. In line with this finding, the inflamed mesentery-
derived MSCs also contributed to increased T-cell proliferation,
apoptosis and senescence. This would contribute to ongoing mes-
enteric hyperplasia and expanding creeping fat around diseased seg-
ments of Crohn's bowel, creating an even greater pro-inflammatory
local microenvironment and may explain how diseased mesentery
contributes to ongoing bowel wall damage and progression of CD.

In addition to the pro-inflammatory phenotype identified

in vitro, we found similar findings in our in vivo murine model of

DDS-induced colitis. Previous studies have demonstrated that MSCs
are effective in treating T-cell-mediated diseases, such as multiple
sclerosis and colitis? 284244 put the precise role of MSCs remains
unclear. Using a DSS-induced colitis murine model, we found that
MSCs or EVs from Crohn's hyperplastic mesenteric adipose tissue
did not attenuate disease progression. Increased disease activity
index scores and colonic tissue perturbations compared to subcu-
taneous derived MSCs/EVs were significant in inflamed mesenteric
MSCs or EVs. MSCs from Crohn's hyperplastic mesenteric adipose
tissue resulted in a significantly increased local colonic secretion of
inflammatory cytokines including granulocyte colony-stimulating
factor (G-CSF), IL-2, IL-6 and macrophage colony-stimulating factor
(M-CSF) than subcutaneous derived MSCs, pointing to an increase in
leukocyte infiltration in the colon wall. Additionally, peripheral CD4*
cells were significantly or tended to be reduced under Normal and
SubQ MSC/EV treatment. These results demonstrate that Crohn's
hyperplastic diseased mesentery MSCs lose their immunosuppres-
sive capacity in the treatment of colitis, potentially by regulating
pathogenic T-cell responses and/or T-cell infiltration into the colon.
Therefore, the local mesenteric environment has lost the ability to
help restore healing, and is rather diseased, which may serve to pro-
mote worsening disease and ongoing inflammation.

RNA sequencing of non-inflamed subcutaneous and matched
inflamed mesentery CD tissue revealed multiple effects on T-cell
functions and pathways, such as an increase in T-cell infiltration,
including CD4" and CD8" T cells, and activation of T-cell receptor
signalling in the inflamed mesentery compared to non-inflamed
subcutaneous tissue. Additionally, inflammatory cytokines IFN-y,
IL1A, IL1B, IL2, IL4, IL6 IL12, GM-CSF and TNF were identified as
upstream regulators of the differentially expressed gene set. These
results support the pro-inflammatory microenvironment and T-cell
dysregulation in diseased Crohn's mesentery tissue, corroborating
our findings in our DSS-induced colitis murine experiments under a
human setting.

MSCs are known to be an important immunosuppressive cell
to inhibit T cells,?7285758 but whether the Crohn's induced pro-
inflammatory microenvironment contributes to the immunoregula-
tory activity of MSCs remains unclear. To elucidate the mechanism
by which hyperplastic Crohn's mesentery tissue-derived MSCs alter
T-cell response, we co-cultured MSCs and MSC-derived EVs from
subcutaneous adipose tissue or Crohn's mesentery adipose tissues
with isolated mouse T cells. We found that the inflammatory envi-
ronment of hyperplastic mesenteric tissue leads to impaired Thi,
Th2, Th9, Th17 and Treg development as compared with subcuta-
neous derived MSCs and EVs. Intracellular staining and cytokine
secretion of IFN-y (Th1), IL-4 (Th2), II-17A (Th17) and FoxP3 (Treg)
revealed that SubQ MSCs and EVs were able to significantly inhibit
T-cell activation while Mesentery MSCs and EVs were not. IL-9
(Th9) showed similarly significant or trending results. In addition,

consistent with previous reports,27’28

we found that Crohn's hyper-
plastic mesentery-derived MSCs and EVs had reduced potency in
both CD4* and CD8* T-cell inhibition as compared with subcutane-

ous MSCs and EVs as revealed by increased CD4* and CD8" T-cell
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proliferation and decreased apoptosis and senescence. This sug-
gests the local pro-inflammatory environment results in the inability
of MSCs to inhibit T cells. Thus, the ongoing pro-inflammatory state
of diseased hyperplastic mesentery in Crohn's disease may be partly
driven by the loss in the local MSCs' inhibitory function to serve as a
negative regulator of T-cell activation.

To date, the precise mechanistic role of Th cells in inflammatory
bowel disease remains unclear. However, it has been established
that CD and ulcerative colitis (UC) have distinct Th effector cell cy-
tokine expression profiles.®® This is critical as the associated cyto-
kine loci regulate the development and function of intestinal Th cell
subsets, such as IFN-y-secreting Th1 cells, IL-17-secreting Th17 cells
and Foxp3-expressing T regulatory cells (Tregs).®” Inflammation in
CD is generally associated with increased IFN-y and IL-17A expres-
sion, whereas Th2 cytokines (IL-4) predominate in UC.%%%? On the
contrary, T-cell-driven immune response predominates in CD, and
most of the pathophysiological changes in CD inflamed tissue can
be related to the effects of Th1 and Th17 cells.2°~%” Consistent with
these findings, we found that Crohn's hyperplastic diseased mes-
entery tissue-derived MSCs had impaired Th1/Th2/Th9/Th17/Treg
development regulation compared with both healthy control and
CD subcutaneous adipose MSCs. In addition, Crohn's hyperplastic
diseased mesentery tissue-derived MSCs had reduced potency in
CD4 and CD8 T-cell inhibition as compared to MSCs from subcu-
taneous tissue. In contrast, the non-inflammatory environment of
subcutaneous tissue in both Crohn's patients and normal healthy
controls showed MSCs drove the inhibition of T-cell proliferation.
This highlights the potential mechanism by which MSCs contribute
to a pro-inflammatory state in hyperplastic mesenteric tissue and
underscores the fact that the adipose tissue of the mesentery is its
own organ and its pro-inflammatory state does not always follow
the state of the subcutaneous adipose tissue from a Crohn's pa-
tient. Thus, even though CD is systemic, the hyperplastic mesentery
behaves quite differently from other sources of adipose tissue in a
Crohn's patient. These results demonstrate that diseased mesentery
tissue-derived MSCs from Crohn's patients lose immunosuppressive
capacity in the treatment of colitis, potentially by regulating patho-
genic T-cell responses and/or T-cell infiltration into the colon.

Throughout our in vitro and in vivo studies, MSCs were compared
to MSC-derived extracellular vesicles (EVs), acellular membrane-
bound particles secreted from MSCs carrying protein, mRNA and
miRNA. EVs can locally or systemically communicate with other cells
and are thought to be the way MSCs carry out their paracrine func-
tions.”®7% Given the limitations of cost, scalability and delivery of
MSCs, there has been increasing interest in EVs as a therapeutic. In
fact, EVs have already demonstrated the ability to reverse acute kid-
ney injury, vascular injury, pulmonary hypertension and obesity.”*78
Interestingly, we found that MSC-derived EVs and MSCs were
equivalent in our murine colitis model and also inhibited T-cell pro-
liferation in the same fashion as MSCs. This adds to the already in-
creasing evidence that EVs alter cell-to-cell communication.”” If EVs
are found to be equivalent to MSCs with regard to immunomodula-
tory effects and efficacy as a clinical therapeutic, future work could

focus on engineering MSCs to produce an individualized EV product,
specifically tailored to a particular need or disease state.80-82

There are limitations to this paper worth mentioning. First, the
work was carried out by in vitro assays and by the established in
vivo murine colitis model, which does not necessarily recapitulate
the human disease. While our RNA-seq results provide some human
tissue-derived evidence, whether this is translatable to human dis-
ease therapy remains unknown. Second, we are still uncertain as
to whether inflammation in the bowel wall drives inflammation in
the hyperplastic mesentery found in Crohn's disease, or the reverse
with hyperplastic mesentery driving bowel wall damage. In all like-
lihood, this process is bidirectional with each contributing to the
ongoing disease process, but this remains unknown. Third, addi-
tional immune cell subtypes including B cells, natural killer cells and
macrophages likely play a significant role in CD, but these were not
investigated within our study and will be interesting to consider for
future investigations.

5 | CONCLUSION

Diseased mesentery tissue-derived MSCs from Crohn's patients lose
immunosuppressive capacity in the treatment of colitis by regulating
pathogenic T-cell responses and/or T-cell infiltration into the colon.
In this way, the mesentery acts as an independent inflammatory
organ abutting diseased bowel which may play a significant role in

the pathophysiology of CD.

SUMMARY

Crohn's mesentery is pathognomonic and referred to as ‘creeping
fat’. How the mesentery plays a role in Crohn's remains unanswered.
We found that mesenchymal stem cells within the mesentery propa-
gate an inflammatory state.
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