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Autologous bone marrow-derived mesenchymal stromal
cells (MSCs) for adoptive cell therapy of luminal Crohn’s
disease (CD) are being tested in clinical trials. However,
CD is associated with dysregulation of autophagy and its
effect on MSC’s immunobiology is unknown. Here, we
demonstrate no quantitative difference in phenotype, in
vitro growth kinetics and molecular signatures to IFNy
between MSCs derived from CD and healthy individuals.
CD MSCs were indistinguishable from those derived from
healthy controls at inhibiting T-cell proliferation through
an indoleamine 2,3-dioxygenase (IDO)-dependent
mechanism. Upon IFNy prelicensing, both MSC popu-
lations inhibit T-cell effector functions. Neither a sin-
gle-nucleotide polymorphism (SNP) rs7820268 in the
IDO gene, nor a widely reported CD predisposing SNP
ATG16L1rs2241880 modulated the suppressive function
of MSCs carrying these haplotypes. IFNy stimulation or
coculture with activated T cells upregulated the expres-
sion of autophagy genes and/or vacuoles on MSCs.
Pharmacological blockade of autophagy pathway did
not reverse the immunosuppressive properties and IFNy
responsiveness of MSCs confirming the absence of a
functional link between these two cell biochemical prop-
erties. We conclude that autophagy, but not IDO and
IFNY responsiveness, is dispensable for MSC’s immuno-
suppressive properties. MSCs from CD subjects are func-
tionally analogous to those of healthy individuals.
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publication 19 May 2015. doi:10.1038/mt.2015.67

INTRODUCTION

Mesenchymal stromal cells (MSCs) were originally identi-
fied as a rare subpopulation of bone marrow cells with osteo-
genic potential, but have since been found to deploy substantial
immune regulatory properties.”? Clinical trials have demon-
strated promising efficacy of MSC infusion for treating human

inflammatory and autoimmune ailments,’ including luminal
Crohn’s disease (CD). Of note, early phase clinical trials con-
ducted in the Netherlands*and Australia® have demonstrated
the safety and likely utility of marrow-derived MSCs for treating
Crohn’s disease.®” MSCs possess an array of distinctive features
rendering them attractive for inflammatory bowel disease (IBD)
suppressor adoptive cell therapy. However, issues related to MSC
provenance (e.g., marrow or adipose source, autologous or alloge-
neic random donor), handling and immune plasticity may have a
major impact on their utility in on-going clinical trials for lumi-
nal and fistular CD (Supplementary Table S1), especially when
deployed on an industrial scale. We have also previously demon-
strated that allogeneic MSCs are susceptible to immune rejection
by hosts with normal immune systems® and the immunogenicity
and rejection of MSCs may be augmented immediately postthaw®
which may well impair the utility of repeated use of unmatched
random donor MSCs as would be expected in long-term man-
agement of CD.'*" These variables may provide straightforward
biological explanations for the negative outcome of prospective
randomized trial of cryobanked industrial random donor MSCs
for IBD (NCTO01240915). Therefore, the use of metabolically
fit, autologous MSCs may provide an optimal therapeutic effect
unhindered by host rejection."

Concerns arise that MSCs derived from subjects with autoim-
mune and inflammatory disorders such as CD may have defects
in phenotype, in vitro growth, and functional immune suppressor
characteristics and therefore may not be equivalent to MSCs from
healthy random donors. These concerns were raised largely due
to the observation of dysfunctionality and attenuated immuno-
suppressive properties of MSCs derived from patients with auto-
immune ailments,"*"* although other studies failed to find such
defects in related immune disorders.'*"'® Genome-wide association
studies have shown that single-nucleotide polymorphisms (SNPs)
predispose individuals to develop autoimmune disorders” and
SNPs in the indoleamine 2,3-dioxygenase (IDO) gene have been
shown to be associated with systemic sclerosis.® In addition, the
effects of Crohn’s disease-specific autophagy-related genetic risk
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Figure 1 Phenotype, growth and genetic characteristics of mesenchymal stromal cells (MSCs) derived from Crohn’s patients and healthy
individuals. (@) MSCs derived from the bone marrow of healthy individuals and Crohn’s patients were subjected to staining for International Society
for Cell Therapy-defined surface markers (CD105, CD44, CD73, CD90, CD45) and acquired through flow cytometry. Open and grey histograms repre-
sent MSCs from healthy individuals and Crohn'’s patients respectively. Dark gray histograms at each plot represent the isotype control. (b) Cumulative
mean florescence intensity of surface markers is plotted with mean + SD. (c) Direct sequencing analysis of the PCR product containing ATG16L1
rs2241880 polymorphism of MSCs from Crohn’s patients and healthy individuals. Genotype of MSCs for (A/G) polymorphism is shown with A (wild-
type), AG(hetero) and G(homo risk) alleles.MSCs from Crohn'’s and healthy individuals were seeded at (d) similar density in the 96-well plates, (e) with
fetal calf serum or human platelet lysate culture medium, (f) with 0 or 50ng/ml IFNy in platelet lysate. MTT assay was performed at the (d) indicated
time points or (e,f) on fourth day to determine the growth of MSCs. Results are plotted as mean + SD. Two-tailed T-test was performed to obtain the
P values (P < 0.05 significant) in Prism software. Similar results were obtained in a repeat experiment.
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Figure 2 IFNy responsiveness of mesenchymal stromal cells (MSCs) derived from Crohn’s patients is similar to that of control individuals.
(a) MSCs from Crohn’s patients and healthy individuals were stimulated with IFNy for 48 hours. The cells were stained with the antibodies to the
surface markers for HLA-ABC, HLA-DR, B7-1, B7-2, B7H1, and B7DC and subjected to the flow cytometry. Open and grey histograms represent MSCs
from healthy individuals and Crohn's patients respectively. Dark gray histograms at each plot represent the isotype control. (b) Cumulative mean
florescence intensity of surface markers in the presence and absence of IFNy is shown. (¢) MSCs from Crohn’s patients and control individuals were
stimulated with IFNy for 48 hours. Expression level of IDO mRNA relative to GAPDH was evaluated by the quantitative SYBR green real-time PCR. A-A
CT method was applied to calculate the fold induction of IDO over the unstimulated control. (d) IDO expression at protein level is shown by western
blot analysis and actin was used as an internal control. Results are plotted as mean + SD. Two-tailed T-test was performed to obtain the P values
(P < 0.05 significant) in Prism software. Similar results were obtained in a repeat experiment.

allele ATG16L1 (Thr300Ala) rs2241880 have been reported to
predispose individuals to Crohn’s disease.?’ * These findings are of
particular interest within the field of MSC biology since the veto
functions of MSCs are known to be critically dependent on IDO
function and the effect of autophagy risk alleles on the phenotype
and function of MSCs is unknown. Autophagy is a cellular homeo-
static process in which cellular compartments and intracellular
pathogens are eliminated under stressful conditions. Impairment
of the autophagy pathway has been shown to be associated with
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altered T- and B-cell responses.* Importantly, defective autophagy
pathway is linked to Crohn’s disease susceptibility, which leads to
aberrant gastrointestinal immune responses and inflammation in
these patients.” Studies had shown defective autophagy-associated
proinflammatory responses in the immune cells of hematopoietic
origin derived from Crohn’s patients.® However, it is unknown if
autophagy pathway is functionally linked to immunosuppressive
properties of MSCs derived from Crohn’s patients, which raises the
concern of utilizing autologous MSC therapy for Crohn’s disease.
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Figure 3 Molecular signatures of Crohn’s and healthy mesenchymal stromal cells (MSCs) in response to IFNy. MSCs derived from Crohn's
(n =5) and healthy (n = 6) individuals were stimulated with 20 ng/ml IFNy for 48 hours and total cDNA were generated from RNA. Transcriptional
profile of 48 genes was investigated in Fluidigm nanoscale qPCR 48*48 array plates. Volcano plot were generated using JMP software to determine the
CT value difference between MSCs from (a) Crohn’s and healthy individuals, (b) without and with IFNy stimulation. (c) Heat map of MSCs stimulated
with IFNy showing effect of stimulation, with significance included by green bars to left.

To address these issues, we here performed a rigorous analysis
of phenotype, genotype, and immune function of bone marrow
derived MSCs from human subjects with CD and show that these
are indistinguishable from that of normal controls.

RESULTS

Phenotype and genetic characteristics of MSCs
derived from Crohn’s patients

The International Society for Cell Therapy (ISCT) has defined
consensus minimal criteria for MSCs* and we found that
there are no significant differences in the phenotypical mark-
ers (CD45CDI105*CD44*CD73*CD90"%) expressed by MSCs
derived Crohn’s patients (n = 6) and healthy individuals (n = 6)
(Figure 1a,b). The ATG16L1 Thr300Ala (T300A) polymorphism
is a risk allele associated with Crohn’s disease progression?'-** and
we tested for its presence in our set of MSCs samples. Among the
six MSC samples analyzed from normal volunteers, we observed
the following ATG16L1 polymorphisms: wildtype (n = 3), het-
erozygous T300A (n = 2), and homozygous T300A (n = 1). In the
six MSC samples from subjects with Crohn’s disease ATG16L1

Molecular Therapy vol. 23 no. 7 jul. 2015

genotype was: wildtype (n = 0), heterozygous T300A (1 = 4), and
homozygous T300A (n = 2) (Figure 1c). Comparison of growth
kinetics of MSCs between Crohn’s patients and healthy individuals
were not significantly different (Figure 1d) and we further show
that both MSC populations replicate more efficiently in human
platelet lysate culture condition compared to fetal calf serum
(Figure 1e). Our results also demonstrate that IFNyleads to a cyto-
static response of MSCs from both Crohn’s and healthy individuals
(Figure 1f).

MSCs from subjects with Crohn’s disease deploy an
intact response to IFNy

The immunosuppressive potential of MSCs upon transfusion
in vivo is dependent upon its response to IFNY.*! Hence, it is
of use to study MSC’s responsiveness to IFNY as a surrogate
measure of in vivo suppressive potential.*® In concordance with
our published results, IFNy upregulates MHC class I, class II,
B7H1 (PDL1), and B7DC (PDL2) molecules on MSCs derived
from healthy individuals and the same feature is observed on
MSCs derived from Crohn’s patients (Figure 2a,b). Neither
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costimulatory molecules B7-1 (CD80) nor B7-2 (CD86) were
upregulated by IFNY on either MSC populations (Figure 2a,b).
MSCs derived from healthy individuals and Crohn’s patients
express IDO mRNA and protein at comparable levels post-IFNy

© The American Society of Gene & Cell Therapy

stimulation (Figure 2c,d). We have designed a 48-probe qPCR
array platform informed by published reports of MSCs func-
tional responsiveness to IFNY (Supplementary Table $3). Our
results demonstrate that there is no specific difference in the
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molecular genetic response observed between Crohns and
healthy MSCs (Figure 3a). Volcano plots of significance against
difference (measured in C, counts) show that IFNy upregu-
lated several genes (IDO, CXCL9, CXCL10, CXCL11, CIITA,
ICAM-1, CCL5, TRAIL are highlighted) in both MSC popula-
tions (Figure 3b) while no significant differences were observed
between the Crohn’s and healthy MSCs (Figure 3c).

MSCs derived from subjects with Crohn’s patients
inhibit T-cell proliferation through IDO

Our results demonstrate that CD MSC populations inhibited
the proliferation of CD3*CD4* and CD3*CD8"* T cells at compa-
rable levels to normals (Figure 4a—c). To delineate the effect of
autophagy ATG16L1 (T300A) rs2241880 alleles on the suppres-
sive properties of MSCs, we grouped MSC populations based
on their genotype (AA, GG, AG) and assessed their suppressive
capabilities. No distinguishable difference was observed in the
MSC’s suppressive potential with regards to their genetic varia-
tion (Figure 4d). Next, we investigated the effect of the ATG16L1
polymorphism on IDO-mediated suppression on MSCs. 1-MT,
a pharmacological inhibitor of IDO, abolished the suppressive
potential of all MSCs tested independent of ATG16L1 genetic
polymorphisms (Figure 4e). Next, we investigated the effect of
IBD MSCs (three CD and one Ulcerative Colitis) in inhibiting
autologous T cells. Our results demonstrate: (i) T cells derived
from Crohn’s patients are susceptible to inhibition by autolo-
gous MSCs (ii) Crohn’s and Healthy MSCs are equally potent in
inhibiting T cells derived from Crohn’s patients (Figure 4f-j).
We compared the suppressive potential of early (1-2) versus
late passage (6-7) IBD MSCs (three CD and one Ulcerative
Colitis) and observed that MSCs derived from late passage
have slightly reduced suppressive potential than early passage
(Supplementary Figure S1).

IFNy priming of MSCs inhibit T-cell cytokine secretion
We investigated the effect of Crohn’s MSC’s ability to suppress
CD4* and CD8* T-cell effector cytokine secretion upon licens-
ing with IFNY. Single (IFNy*TNFov, IFNYTNFo*) and double
(IFNy*TNFa*) cytokine secreting CD4* and CD8* T cells were
analyzed upon coculture with +/-IFNy pre-licensed MSCs
(Figure 5a). We demonstrate that IFNYy prelicensed healthy and
Crohn’s MSCs inhibit double cytokine (IFNY*TNFo*) produc-
ing CD4* and CD8* T cells at comparable levels (Figure 5d,f).
Single cytokine producing (IFNY"TNFo), but not IFNy TNFa*,
CD4* and CD8" T cells were also inhibited by both MSC popu-
lations (Figure 5b,c,e).

Crohn’s Patient’s MSCs Are Immune Functional

IDO expression and function in MSCs are not
modulated by SNP rs7820268 (C6202T)

We investigated whether allelic variations of IDO modulate MSC
activity. All MSC populations tested were subjected to IDO SNP
analysis. We found that the majority of individuals tested were
wildtype (C) or heterozygous (C/T) for the IDO SNP except for
one sample derived from a healthy individual who was homozy-
gous rs7820268 (C6202T) (Figure 6a). We compared the IDO
mRNA and protein expression levels between wildtype (C6202C)
and rs7820268 (C6202T) MSC populations following IFNY acti-
vation. Our results demonstrate that rs7820268 (C6202T) SNP
does not modulate its expression at either mRNA or protein lev-
els (Figure 6b,c). In order to determine the effect of rs7820268
(C6202T) SNP on the function of IDO in MSCs, we blocked its
activity with 1-MT. A dose-dependent reversal of MSC'’s suppres-
sive activity with 1-MT was observed independent of rs7820268
(C6202T) SNP (Figure 6d).

Activated T cells augment autophagic activity by
MSCs independent of ATG16L1 polymorphism

In order to identify the role of inflammatory cytokines in modu-
lating expression of genes that are part of the autophagy pathway,
we stimulated MSCs with IFNy and TNFo. Our results demon-
strate that IFNy upregulates the expression of Beclin, ATG12,
ATG5, ATGI16L1, ATG7, and LC3 less than fivefold, while
TNFo does not modulate the expression of any of these genes
(Figure 7a,b). To identify the in situ effect of activated T cells in
priming MSCs to upregulate the genes of autophagy, we cultured
MSCs and activated T cells separated by transwell membranes
and observed that activated T cells upregulated MSC autophagy
gene expression levels by less than fivefold (Figure 7c). In addi-
tion to analyzing the transcription of autophagy-associated genes,
we also investigated autophagy influx by staining autophagy vacu-
oles. Our results demonstrate that rapamycin, a positive regula-
tor of autophagy, induces autophagic activity in HeLa cells, but
not in MSCs. Moreover, IFNY did not induce autophagy in either
HeLa cells or MSC (Figure 7d,e). In contrast, activated T cells
upregulated HLA-DR and enhanced autophagic activity by MSCs
(Figure 7f) (Supplementary Figure S2). Neither Crohn’s MSCs
nor MSCs harboring the ATG16L1 polymorphism showed defects
in autophagic activity (Figure 7g).

Blocking of autophagic pathway does not alter MSC
suppressive potential

To further investigate the role of autophagy in maintaining
the veto properties of MSCs, we utilized the pharmacological

Figure 4 Crohn’s mesenchymal stromal cells (MSCs) inhibit T-cell proliferation through IDO-dependent mechanism. PBMCs cocultured in
the presence and absence of MSCs derived from healthy individuals, Crohn’s patients were stimulated with SEB. 4 days post-T-cell proliferation was
measured by Ki67 intracellular staining. (a) Flow cytometry plot and cumulative % reduction of (b) CD3+CD4+Ki67+ and (c) CD3+CD8+Ki67+ T-cell
proliferation is shown. Cumulative is plotted from four independent experiments tested with four unique PBMC donors and n = 6 MSC donors each
group. Results are plotted as mean + SD. (d) Cumulative % reduction of CD3+ Ki67+ T-cell proliferation from four independent PBMC donors in four
independent experiments was plotted against unique MSC donor groups based on ATG16L1 rs2241880 A (wild type, n = 3), AG (hetero, n = 6),
and G (homo risk, n = 3) alleles. (e) 1-Methyl Tryptophan (1-MT) was added at the concentration of T mmol/l to SEB activated PBMCs cocultured in
the presence and absence of individual MSC populations and T-cell proliferation was assayed 4 days postcoculture. Cumulative % T-cell proliferation
(CD3+Ki67+) was plotted against unique MSC donor groups based on ATG16L1 rs2241880 A (wildtype, n = 3), AG (hetero, n = 3), and G (homo
risk, n = 3) alleles from two independent experiments with two unique PBMC Donors. Results are plotted as mean + SD. Bone marrow mononuclear
cells cocultured in the presence and absence of autologous patient MSCs or healthy MSCs were stimulated with anti-CD3, anti-CD28. Four days post
stimulation, T cell proliferation was measured by Ki67 intracellular staining. (f) Representative flow cytometry plot and dose-dependent suppressive
effect of autologous patient MSCs (g) CDO01, (h) CD03, (i) CD07, (j) UC08, and healthy MSCs (BMHO04) is shown. Results are plotted as mean + SD.
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Figure 5 Superiority of IFNy prelicensed mesenchymal stromal cells (MSCs) in inhibiting T-cell effector funtion. PBMCs were cocultured in
the presence and absence of either MSCs or IFNYy licensed MSCs, derived from healthy individuals or Crohn’s patients, with SEB and BFA for 12-14
hours. Cells were subsequently stained with antibodies to CD3, CD4, CD8 and IFNy and TNFa for flow cytometry. (a) Flow cytometry plot of cytokine
expression pattern of IFNyand TNFa. is shown in CD3+CD4+ and CD3+CD8+ T cells. Cumulative CD3+CD4+ Single (b) IFNy+TNFa-, (€) IFNy-TNFo+,
double (d) IFNy+TNFo+ and CD3+CD8+ single (e) IFNy+TNFo-, double (f) IFNy+ TNFo+ cytokine producing T cells in the presence and absence of
either MSCs or IFNY licensed MSCs is shown. Cumulative (mean + SD) was plotted from five independent experiments with individual MSC popula-
tions (n = 6 healthy or Crohn’s) tested against five unique PBMC donors. Results are plotted as mean + SD. Two-tailed T-test was performed to obtain

the P values in Prism software.

autophagy inhibitor, 3-methyl adenine (3-MA), to suppress
its activity. Addition of 3-MA to HeLa cells stimulated with
rapamycin reduced autophagic activity in a dose-dependent
manner (Supplementary Figure S3). 3-MA did not modu-
late the IFNYy-induced expression of HLA-DR, PD-L1, PD-L2,
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and ICAM-1 suggesting that IFNYy responsiveness is intact in
the absence of autophagy in MSCs (Figure 8a). Next, we cul-
tured MSCs and T cells in the presence of variable concen-
trations of 3-MA. High concentrations of 3-MA blocks T-cell
proliferation in the absence of MSCs and lower concentrations
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Figure 6 Single-nucleotide polymorphism in IDO (rs7820268) gene does not modulate its expression and function on mesenchymal stromal
cells (MSCs). (a) Direct sequencing analysis of the PCR product encompassing rs7820268 in the IDO genes of MSCs from Crohn’s patients and
healthy individuals. Homozygous and heterozygous polymorphisms are shown. IFNy-mediated induction of (b) IDO mRNA and (c) protein levels

were shown between MSCs possessing wildtype (CD03) and rs7829268

(BMHO09) SNP in the IDO gene. (d) SEB-activated PBMCs and MSCs (CD03

and BHMO09) were cocultured at the indicated ratios in the presence of variable 1-Methyl Tryptophan concentrations. After 4 days, T-cell proliferation
was assayed using Ki67 intracellular staining. % CD3+Ki67+ T cells are plotted as mean + SD. Similar results were obtained in a repeat experiment.

of 3-MA do not reverse MSC’s suppressive potential on T-cell
proliferation (Figure 8b,c). Both Crohn’s and healthy MSCs
exhibit comparable suppressive effects in the presence 3-MA
(Figure 8d). Statistical analysis demonstrates that addition of
3-MA moderately augments MSC’s suppressive capacity. At 1
mmol/l concentrations, 1-MT, but not 3-MA, blocks MSC’s
suppressive activity, suggesting that MSC’s suppressive effect
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on T-cell proliferation is dependent on IDO but not autoph-
agy. We further investigated whether autophagy plays a role in
the suppressive mechanism of IFNY prelicensed MSCs on the
cytokine secreting functions of memory T cells. Our results
demonstrate that presence of 3-MA does not modulate IFNy
pre-licensed MSC’s suppressive effect on T-cell cytokine secre-
tion (Figure 8e,f).
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Figure 7 Activated T cells induce autophagy on mesenchymal stromal cells (MSCs). MSCs were stimulated with indicated concentrations of (a)
IFNYy or (b) TNFo for 48 hours or 4 days with (c) activated T cells in transwell plate. The RNA was extracted from the cells and the expression levels
of Beclin, ATG12, ATG5, ATG16L1, ATG7, and LC3 mRNA was measured by the quantitative SYBR green real-time PCR. GAPDH mRNA levels were
used as internal controls. A-A CT method was used to calculate the fold change. Results are plotted as mean + SD. Similar results were obtained in
a repeat experiment. MSCs and/or Hela cells were subjected to the stimulation with (d) Rapamycin (250 nmol/I for 16 hours) or (e) IFNy (50ng/ml
for 16 hours) or (f) activated T cells (4 days). Cells were trypsinized and incubated with the autophagy detecting green fluorescent reagent accord-
ing to the manufacturer instruction. Cells were analyzed by flow cytometry with 488 nm laser excitation and FITC detection filters. Similar results
were obtained in a repeat experiment. (g) Cumulative mean fluorescence intensity of autophagy influx in MSCs cultured with activated T cells for 4
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Figure 8 Autophagy pathway is dispensable for mesenchymal stromal cells (MSC's) suppressive effect on T-cell proliferation and cytokine
secretion. (@) 1 mmol/l 3-Methyl Adenine (3-MA) was added to MSCs in the presence and absence of 20 ng/ml IFNy for a period of 48 hours and
surface expression of HLADR, PDL1, PDL2, and ICAM-1 was measured through flow cytometry. (b) Representative flow cytometry Plot, (c) dose-
dependent effect of 3-MA on T-cell proliferation is shown. 3-MA was added at the indicated concentrations to PBMCs cocultured in the presence
and absence of MSCs. T-cell proliferation was measured through intracellular Ki67 staining after 4 days. Similar results were obtained in a repeat
experiment. (d) Cumulative % reduction of CD3+Ki67+ T-cell proliferation from two independent experiments with two independent PBMC donors
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DISCUSSION autologous MSC therapy. Although tissue resident MSCs likely
The immune suppressive fitness of MSC derived from human sub-  play an important accessory role in regulating the immune
jects with autoimmune ailments has been suggested to be impaired ~ response within the intestinal niche, their exact involvement in
which may provide a negative bias in clinical trials examining  Crohn’s disease pathophysiology is not well-defined.>** Similar
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uncertainty about the intrinsic immune modulatory capacity of
marrow-derived MSCs in CD exist and we here interrogated the
phenotype, genotype, and link to function which would inform
on the intrinsic fitness of autologous MSCs for treatment of CD.
Using the International Society of Cell Therapy guidelines,*** we
have shown that CD MSCs are plastic-adherent when maintained
in standard culture conditions, express MHC class I molecules as
well as surface CD105, CD90, CD73, and CD44, lack expression of
hematopoietic markers akin to normal MSCs. There is no estab-
lished consensus on how best to ascertain MSC immune plasticity,
but analyzing functional responsiveness to inflammatory cytokines
such as IFNY is emerging as an informative approach.’® Indeed, we
have shown that MSCs are exquisitely responsive to IFNy which
leads to STAT1-driven upregulation of MHCI expression, CIITA-
dependent de novo expression of MHCII*® as well as IDO and
PD-LI/L2 upregulation necessary for hMSC suppression of T-cell
proliferation and effector functions.”®” We have here found that
CD MSCs recapitulate these functional pathways indistinguishably
from normal MSCs whereas CD MSCs robustly upregulate protein
expression of MHC I/II, IDO and PD-L1/L2 upon INFy priming.
As with normal MSCs, CD MSCs do not upregulate costimula-
tory molecules CD80 and CD86, a feature consistent with sup-
pressor function. Indeed, MSCs are anti-inflammatory not only by
lacking costimulatory molecules, but also due to their abundant
expression of IDO, B7H1 and B7DC, which collectively suppress
inflammation. We also show that double cytokine (IFNy*TNFo.*)
producing CD4* and CD8* T cells are inhibited by MSCs (CD and
normal) upon licensing with IFNy which suggests that CD MSCs
could effectively inhibit pathological T cells in IBD patients.”® The
absence of an observable effect of IFNY prelicensed MSCs on single
positive IENYTNFo* T cells is likely a reflection of the low fre-
quency of IENY TNFor* CD8* T cells and a wide variation in CD4*
T-cell responses to IFNY prelicensed MSCs.

MSCs have an ability to promote tissue healing in a vari-
ety of injurious settings.” At one time, it was thought that this
was attributable to their stem-progenitor-like character—that is,
MSC-derived cells might directly repopulate damaged organs.
However, the small number of MSCs recovered at tissue target
sites contradicts the hypothesis that MSCs replenish damage tis-
sues by differentiating into gut or other tissue progenitors, and
supports the alternative hypothesis that MSCs limit cell death sec-
ondary to tissue inflammation.* Thus, the gut healing effects may
be attributable to the MSC secretome, which has broad immu-
nomodulatory activity toward innate and adaptive immune cells.!
MSCs are characterized by a unique transcriptome® which is
significantly altered by IFNYy priming. We performed a nanoscale
qRT-PCR Fluidigm array which allows us to interrogate expres-
sion levels of 48 transcripts selected on the basis their published
association with MSC immune function, homing and regenerative
properties (Supplementary Table S3). We compared the quanti-
tative transcriptional response of MSCs (CD and normal), before
and after treatment with IFNYy. One half of these genes are differ-
entially expressed at P < 0.001, as indicated by green marks to the
left of the heat map which shows hierarchical clustering of genes
in samples (red, high expression, blue low). These include promi-
nently IDO, CXCL9, CXCL10, CXCL11, and CIITA. Volcano
plots above contrast significance (-logP) against fold-change and
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show that there is no difference between resting and IFNy primed
MSCs from healthy and CD donors. Furthermore, the response
to IFNY treatment is strongly biased to upregulation for both
groups. These data validate our previous observations of that IFNy
induces expression IDO and CIITA but also shows that chemo-
kines CXCL9/10/11 are very substantially increased as well. We
have previously published that MSCs can produce N-terminal
cleaved antagonistic chemokine variants of CCL2," and it has
been shown that CXCL9/10/11 are substrates for similar conver-
sion to antagonists by this mechanism.** Considering that upregu-
lation of CXCR3 expression by lymphoid cells has been implicated
in IBD,* we can therefore speculate that IFNy induced upregula-
tion of antagonistic isoforms of CXCL9/10/11 by human MSCs
would affect the biology of CXCR3* T-cells in vivo and ameliorate
colitis.

Considering the known association between genotype and
CD susceptibility, we examined critical germline constitutional
SNPs within the genes of IDO and ATG16L1 in MSCs. SNP
rs7820268 (C6202T) in the intron of IDO gene has been impli-
cated in increased mRNA instability and altered protein function
and it was unclear if an autologous MSC product bearing this
critical SNP would negatively impact their suppressor potency.?**
Our analysis of MSCs derived from subjects bearing homozygous
C6202T mutations in IDO gene failed to reveal an effect on IDO
induction and function when compared to MSCs with a wild-type
genotype. These results demonstrate that the IDO C6202T poly-
morphism does not translate to MSC suppressor hypofunction
and is not a predictor of cell physiological lack of fitness.

The ATGI16L1 risk allele T300A has been shown to predis-
pose to Crohn’s disease. Mice lacking ATG16L1 in hematopoi-
etic stem cells show enhanced susceptibility to dextran sulphate
sodium (DSS)-induced acute colitis due to the excessive produc-
tion of proinflammatory cytokines IL-1f3 and IL-18.* In addition,
Crohn’s patients with T300A SNPs in ATG16L1 genes show many
abnormalities in intestinal Paneth cells, which are the producers
of alpha-defensins in the intestine.* PBMCs from Crohn’s patients
with T300A SNP in ATG16L1 gene secrete high levels of proin-
flammatory IL-1P and IL-6 upon in vitro stimulation.?® Recently,
this SNP’s role in modulating caspase-3 activity leading to the
impairment of autophagy was demonstrated in macrophages.”
However, ATG16L1 T300A knock-in mice do not develop spon-
taneous intestinal inflammation despite possessing morphological
defects in Paneth and goblet cells, suggesting that the effect of this
polymorphism is cell type specific.® In addition, it has also been
shown that ATG16L1 T300A does not modulate autophagosome
formation and autophagy influx in mouse embryonic fibroblasts.*
Consistent with these previous studies, we found that the ATG16L1
T300A SNP does not reverse the immunosuppressive functions nor
does impairment of the autophagy pathway in MSCs. Furthermore,
pharmacological inhibition of the autophagy pathway does not
alter suppressor function. As an aggregate these data indicate that
polymorphism of IDO(C6202T) and ATG16L1(T300A) in MSCs
(CD or normal) do not appear to affect suppressor function.

Mass produced random donor allogeneic MSCs are being
investigated in a number of industry-sponsored clinical trials
as a cellular pharmaceutical for treatment of immune disorders,
including Crohns Disease (Prochymal—NCT00294112) and
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Ulcerative Colitis (Multistem—NCT01240915). Most clinical tri-
als of MSCs for CD involve the use random donor marrow-derived
MSCs (Supplementary Table S1). In virtually all clinical studies
to date, MSCs are cryopreserved after serial passaging and banked
for later use. Human subjects subsequently receive an intravenous
transfusion of MSCs which were retrieved from cryostorage no
more than a few hours beforehand. It is assumed that post-thaw
MSCs deploy the same homing and immune modulatory features
as their prefreeze counterparts. We have found this assumption
to be flawed. We have discovered that MSCs deploy a heat shock
response immediately post thaw which profoundly alters their in
vivo distribution and fate post transfusion® and most importantly,
markedly blunts their ability to exert immune modulatory effects.*
This discovery provides a straightforward biological explanation
for the negative outcome of a phase II randomized, double-blind,
placebo-controlled, parallel group, multi-center study to inves-
tigate the safety and efficacy of allogeneic Multistem® in subjects
with moderate to severe ulcerative colitis INCT01240915). We have
previously demonstrated that allogeneic MSCs are susceptible to
immune rejection by hosts with normal immune systems,* which
may well impair the utility of repeated use of unmatched random
donor MSCs as would be expected in long term management of
autoimmune ailments.’®"! A conceptual remedy to these poten-
tial pitfalls would involve the use of autologous MSC adoptive cell
therapy where host rejection is absent and in vivo persistence opti-
mized."? This approach appears feasible and safe in human clini-
cal trials of marrow-derived MSCs for treatment of luminal CD
originating in the Netherlands* and United States (NCT01659762).

In conclusion, our results provide evidence that CD
marrow-derived MSCs are entirely comparable in phenotype and
immune plasticity to MSCs from normal volunteers. These data
support the use of autologous MSC as a functionally sufficient
platform for adoptive cell therapy of CD and these results likely
foreshadow similar behavior of adipose-derived MSC from CD
subjects popularly examined for treatment of fistular CD. Overall,
these results inform the aggregate hypothesis that metabolically fit
(e.g., spared the effect of thawing) autologous marrow-derived CD
MSCs are safe and may represent a biologically optimal use of this
platform to improve human outcomes.

MATERIALS AND METHODS

Bone marrow MSCs isolation. MSCs were obtained from consenting
subjects with Crohn’s disease or healthy individuals (n = 6 each). Patients
enrolled in this study had active inflammatory bowel disease and were
subjected for endoscopic studies to assess disease severity and also to
obtain biopsy specimens for clinical histopathology. Histopathological
assessment, closest to bone marrow aspiration is given in Supplementary
Table S2. Harvested bone marrow was separated by Ficoll density gradi-
ent and plated on o-MEM culture medium containing 10% human plate-
let lysate** and 100U/ml penicillin/streptomycin (200,000 cell/cm?).
Nonadherent cells were removed from culture after 3 days and MSCs are
allowed to expand for an additional 7 days (passage 0). Subsequently, MSCs
were passaged weekly and replated at a seeding density of 1,000 cells/cm?.
All assays were performed using MSC between passage 4 and 7.

MSC growth kinetics. MSCs were seeded on to 96-well plates at a density of
5,000 cells/cm?. Cells were cultured with either medium containing human
platelet lysate or fetal calf serum and stimulated with IFNy 50 ng/ml.
MTT assays were performed at the indicated time points by incubating
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Thiazolyl Blue Tetrazolium Bromide for 5 hours. After 5 hours, formazan
crystals were dissolved in DMSO and OD was measured at 570 nm.

Phenotyping of MSCs by flow cytometry. Resting MSCs or IFNYy (50 ng/
ml) activated MSCs were subjected to flow cytometry analysis for the
expression of HLA-ABCAPC, HLADRPerCP, CDS80PE, CD86PE,
B7HI1PE, B7DCPE, CD105PE, CD44PE, CD73PE, CD90APC CD45PE
and appropriate isotype controls (BD Biosciences, St Jose, CA). Mean flu-
orescent intensity and histogram analysis for the marker expression was
performed with Flow Jo software (Tree Star, Ashland, OR).

Genotyping of MSCs. Total genomic DNA was isolated from indi-
vidual MSC populations using QIAamp DNA Mini Kit accord-
ing to the manufacturer instructions (Qiagen, Germantown, MD).
100-300ng of DNA is used for the PCR amplification of the regions
containing IDO rs7820268 and ATGI16L1 rs2241880 (A/G) with the
flanking primers IDO_F: 5TGTAATGCCTACTGAAGAAAC, IDO_R
5"CTTAAATTATTTTTTGGCTGAATTCAA, ATG_F:CCACAGGTTAG
TGTGCAGGA, ATG_R: CACAGCTGACAGAGCCAAAA, respectively.
The amplified product was gel purified, sequenced with the amplification
primers (Sanger sequencing, Genscript, Piscataway, NJ) and the sequence
results were analyzed using 4peaks software Nucleobytes (Amsterdam,
The Netherlands).

Expression of autophagy genes. MSCs cultured in the presence and
absence of IFNy or TNFa. (for 48 hours) or Staphylococcus Enterotoxin
B activated human T cells (in the transwell plate for 4 days) were
subjected for mRNA expression analysis. Total RNA was extracted
from using RNeasy plus mini kit (Qiagen). Normalized RNA was
used to convert cDNA using Quantitect reverse Transcription kit
(Qiagen). Sybr green (Perfecta Sybr green fast mix, Quanta biosci-
ences) real-time PCR was performed with primer pairs as described
previously (i) Beclin (5CTTACCACAGCCCAGGCGAAAC, 5GCC
AGAGCATGGAGCAGCAA); (ii) ATGI2 (5’ATTGCTGCTGGAGGGG
AAGG, 5GGTTCGTGTTCGCTCTACTGC); (iii) ATG5 (5’AACTGAA
AGGGAAGCAGAACCA, 5'CCATTTCAGTGGTGTGCCTTC), (iv)
ATG16L1 (5’ACGTACCAAACAGGCACGAG, 5'CAGGTCAGAGATA
GTCTGCAAAQC), (v) ATG7 (5ATGCCTGGGCATCCAGTGAACTTC,
5'CATCATTGCAGAAGTAGCAGCCA); (vi) LC3 (5ATGCCGTCGGA
CAAGACCTT, 5TTACACTGACAATTTCATCCCG); (vii) GAPDH
(5’CTCTCTGCTCCTCCTGTTCGAC, 5"TGAGCGATGTGGCTCG
GCT). ABI 7500 fast real-time PCR system thermal cycler was used for
amplification and A-A CT method was employed to calculate the fold
change in expression.

Fluidigm nanoscale 48*48 PCR array. Quantitative RT-PCR was per-
formed using Fluidigm 48 x 48 nanofluidic arrays.” Briefly, + IFNy (20 ng/
ml) stimulated cDNA samples from Crohn’s and healthy MSCs were pre
amplified with 14-cycle PCR reaction for each sample with the combina-
tion of 100ng cDNA with pooled primers as described by TagMan Pre-
Amp Mastermix (Fluidigm BioMark, San Francisco, CA) manufacturer
protocols. Two thousand three-hundred four parallel QRT-PCR reactions
were performed for each primer pair on each sample on a 48 x48 array.
Amplification was detected in Eva Green detection assay on a Biomark I
machine based on standard Fluidigm protocols. PCR data were normal-
ized and analyzed with SAS/JMP Genomics software.

Western blot. IDO protein were detected using primary rabbit anti-human
IDO1 (1:1,000; EMD Millipore Corporation, Billerica, MA) or rabbit anti-
human B-actin (1:1,000; Cell Signaling Technology, Danvers, MA), and sec-
ondary horseradish peroxide-coupled goat anti-rabbit IgG h + 1 (1:10,000;
Bethyl Laboratories, Montgomery, TX). ECL detection system (Amersham
Pharmacia Biotech, Piscataway, NJ) was used to detect immunoreactive blots.

Autophagy detection. MSCs or HelLa cells (ATCC, Manassas, VA) cul-
tured in the presence and absence of IFNY or Rapamycin (for 12-16 hours)
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or Staphylococcus Enterotoxin B activated T cells (in the transwell plate
for 4 days) were subjected to autophagy activity assays as described in the
manufacturer instructions (Autophagy Detection Kit ab139484, Abcam,
Cambridge, MA).

MSC and T-cell coculture. Coculture of MSCs and T cells for prolifera-
tion and intracellular cytokine staining assay was well described previ-
ously.*® Briefly, MSCs were seeded on to 96-well plates with the density of
5,000/cm?. Forty-eight hours post £IFNY licensing, 100,000 random donor
human peripheral blood mononuclear cells (PBMCs) are added to each
well. 500ng/ml staphylococcal enterotoxin B (SEB) (Toxin Technology,
Sarasota, FL) was used to stimulate the T cells. For intracellular cytokine
staining, Brefeldin A was added at the concentration of 10 pg/ml (Sigma) for
12-14 hours and intracellular flow cytometry staining was performed with
BD Cytofix and Cytoperm procedure with the antibodies CD3APCCy?7,
CDA4PE, CD8PerCP, TNFoFITC, and IFNYAPC (BD Biosciences, St Jose,
CA). Ki67 Proliferation assay was performed after 4 days according to man-
ufacturer instructions (BD Biosciences, San Jose, CA).

Statistical analysis. We randomly selected (n = 6) IBD MSC donors out of
8-10 enrolled in this study. Data were analyzed with the GraphPad Prism
5.0 software. For the comparison of two groups, paired t-test was applied.
A two-sided P value <0.05 was considered statistically significant.

SUPPLEMENTARY MATERIAL

Figure S1. Suppressive potential of IBD MSCs derived from early vs
late passage.

Figure $2. HLADR induction by activated T cells in Crohn’s MSCs.
Figure $3. 3MA blocks autophagy activity.

Table $1. Clinical trials of MSCs for Luminal and Fistular Crohn’s
Disease.

Table S2. IBD Patient Characteristics.

Table $3. Genes significant to MSC immunobiology, biodistribution
and Regeneration.
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