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Abstract

Immunosuppressive ability in human MSC donors has been shown to be variable and may be a limiting factor in
MSC therapeutic efficacy in vivo. The importance of cytokine activation of mesenchymal stromal cells (MSCs) to
facilitate their immunosuppressive function is well established. This study sought to further understand the
interactions between MSCs and the commonly used calcineurin inhibitor cyclosporine A (CsA). The existing
literature regarding approaches that use MSCs and cyclosporine are conflicting regarding the effect of CsA on MSC
potency and function. Here, we clearly demonstrate that when added at the same time as MSCs, CsA negatively
affects MSC suppression of T cell proliferation. However, licencing MSCs with IFNy before addition of CsA protects
MSCs from this negative effect. Notably, adding CsA to MSCs after IFNy pre-stimulation enhances MSC production
of IDO. Mechanistically, we identified that CsA reduces SOCS1 expression to facilitate enhanced IDO production in
IFNy pre-stimulated MSCs. Importantly, CsA exposure to IFNy pre-stimulated MSC before administration, significantly
enhanced the potency of MSCs in a human relevant humanised mouse model of acute Graft versus Host Disease.
In summary, this study identified a novel licencing strategy to enhance MSC potency in vitro and in vivo.
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Introduction

Clinical studies have demonstrated the benefits of MSCs
as a cell therapy, particularly in acute Graft versus Host
Disease (aGvHD), solid organ transplantation and for
the treatment of complex perianal fistulas in Crohn’s
disease patients [1-4]. In the context of GvHD, variabil-
ity in patient response to MSC therapy has been a major
hurdle in the translation of MSC therapy for routine
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clinical application [5, 6]. In vivo studies from our
groups and others have clearly shown that MSCs require
a threshold level of pro-inflammatory cytokines to exert
immunosuppressive effects in aGvHD [7, 8]. We and
others have demonstrated the important role for en-
dogenous or pro-inflammatory cytokine licencing of
MSCs in an array of inflammatory disease models in-
cluding aGvHD [8, 9].

In vivo, MSCs respond to inflammation and adopt im-
munoregulatory mechanisms accordingly. Given that
MSCs may be exposed to immunosuppressive drugs fol-
lowing administration in patients. We sought initially to
understand the effect that immunosuppressive (IS) drugs
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have on the activation status and subsequent function of
MSCs.

Cyclosporine (CsA) is an immunosuppressive drug
commonly used to prevent rejection of transplanted or-
gans, to treat autoimmune disorders and for prophylaxis
or treatment of GvHD [10, 11]. In these settings, T cells
are the central mediators associated with initiating and
maintaining these unwanted inflammatory responses.
CsA targets T cells by preventing the transcription of
cytokine genes fundamental for T cell proliferation, in-
cluding IL2, by hindering calcium-dependent signal
transduction pathways [12, 13]. However, little is known
about the direct interaction of CsA with MSCs in terms
of the impact CsA may have on MSC immunosuppres-
sive capacity.

Buron et al. briefly assessed the interactions of MSCs
with IS drugs in vitro using proliferation assays and re-
vealed that combination of MSCs with CsA or rapamy-
cin antagonised the suppression of alloantigen-driven
PBMC proliferation [14]. In other studies rapamycin
[15] and budesonide [16] enhanced the potency of MSC
immunosuppression in vitro and in vivo mediated by the
pre-treated uptake of the drugs within the cell as op-
posed to co-addition of MSCs with the drugs.

Suppressor of cytokine signalling 1 (SOCS1) is a nega-
tive regulator of cytokine signal transduction and plays an
important role in regulating IFNy signalling [17]. SOCS1
has recently been described as being a negative regulator
of MSC immunosuppressive ability by reducing the ex-
pression of inducible nitric oxide synthase (iNOS) [18].
CsA is known to interfere with the inhibitory function of
SOCSI in cells infected with hepatitis C virus or rotavirus
[19, 20]. Therefore, it was important to investigate the ef-
fect CsA has on SOCS1 signalling in MSC.

This study shows that cyclosporine reduced MSC pro-
duction of IDO and suppression of T cell proliferation
in vitro. Importantly, this study identified that pre-
stimulation of MSCs with IFNy 24 h before exposure to
CsA enhances MSC immunomodulatory capacity
in vitro and in vivo in a humanised mouse model of
acute GVHD. Mechanistically, this effect may be associ-
ated with CsA-driven downregulation of SOCS1 in
MSCs. This study has identified a novel means to en-
hance MSC potency which may lead to enhanced MSC
therapeutic efficacy in the clinic.

Materials and methods

Ethical approval

All procedures involving the use of animals or human ma-
terials were carried out by licenced personnel. Ethical ap-
proval for all work was granted by the biological research
ethics committee of Maynooth University (BRESC-2013-
13) and by the research ethics committee at St. James’s
Hospital (2012/11/05). Human bone marrow aspirate was
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harvested from healthy adult donors under informed
consent.

Culture of human mesenchymal stromal cells (MSC)

Bone marrow-derived mesenchymal stromal cells were
generated by collaborators at NUI Galway or at May-
nooth University using donated bone marrow aspirates
from St. James’s hospital. Briefly, bone marrow aspirates
were taken from the iliac crest of donor patients accord-
ing to an approved clinical protocol [21]. Isolated human
MSC were resuspended in complete DMEM (Sigma-Al-
drich, Wicklow, Ireland) supplemented with 10% (v/v)
fetal bovine serum (FBS) (Labtech, Uckfield, UK), 50 U/
ml penicillin (Sigma-Aldrich) and 50 pg/ml streptomycin
(Sigma-Aldrich) and cultured at 37 °C in 5% C0,. MSC
were used in experiments between passages 2—6.

T cell suppression assay

Human PBMCs were isolated from buffy packs (Irish
Blood Transfusion Service), by Ficoll density gradient
centrifugation. 5 x 10* Carboxyfluorescein succinimidyl
ester (CFSE) labelled PBMC were co-cultured (Fisher,
Ballycoolin, Ireland) with MSC (1 x 10%/well) (1:5). In
the presence of CD3/CD28 Dynabeads® beads (Gibco)
(1 x 10*/well). After 4 days, PBMC were harvested and
the level of proliferation by CD3" cells was analysed by
flow cytometry (Accuri C6, BD Biosciences) and enu-
merated using counting beads (3 x 10°/ml) (Calibrite™
Beads, BD Biosciences). To examine MSC production of
IDO following co-culture with activated PBMC, MSC
were labelled with cell proliferation dye eFluor® 670. For
analysis of intracellular IDO, cells were incubated with
1X Brefeldin A (eBioscience) for the last 4 h of the co-
culture on the third day of the PBMC suppressor assay
followed by preparation using the intracellular FoxP3 kit
(eBioscience) as per manufacturer’s instructions and in-
cubation with IDO PE antibody (eBioscience) for 45 min.
Cells were then washed in FACs buffer and acquired
using the Accuri C6 gating on the cell proliferation dye
eFluor® 670 labelled human MSC.

Stimulation of human MSC with pro-inflammatory
cytokines and cyclosporine a

Human MSC (2 x 10°/well) were allowed to adhere over-
night in a 6 well tissue culture plate. MSC were stimu-
lated with rhIFNy (Peprotech, London, UK) (50 ng/ml)
and/or Cyclosporine A (Sigma-Aldrich) at 100, 500, or
1000 ng/ml for up to 24 h. Importantly, for some experi-
ments, MSC was stimulated with rhIFNy for 24h
followed by CsA for 24 h.

Real-time PCR
c¢DNA was analysed for the quantification of mRNA ex-
pression. Briefly, ¢cDNA (1pg) was amplified in the
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presence of SYBR® Green JumpStart™ Taq ReadyMix
(Sigma-Aldrich).

Accumulation of gene-specific products was measured
continuously by means of fluorescence detection over 40
cycles. Expression was quantified in relation to the house-
keeper GAPDH using the ACT method. The fold change
in relative gene expression was determined by calculating
the 22T values. The following PCR predesigned primers
(Sigma Aldrich) were used: GAPDH: 5'-3" ACAGTTGC
CATGTAGACC and 3'-5° TTTTTGGTTGAGCACA
GG, CCL2: 5'-3' AGACTAACCCAGAAACATCC and
3'-5" ATTGATTGCATCTGGCTG, CXCL9: 5'-3" AGG
TCAGCCAAAAGAAAAAG and 3'-5" TGAAGTGGTC
TCTTATGTAGTC, COX2: 5'-3" AAGCAGGCTAATAC
TGATAGG and 3'-5" TGTTGAAAAGTAGTTCTGGG
and IDO: 5'-3" TTGTTCTCATTTCGTGATGG and3™-5’
TACTTTGATTGCAGAAGCAG.

Elisa

ELISAs (IFNy, TNFaq, IL-2 or CXCL9) were carried out
according to manufacturer’s instructions (R & D Sys-
tems, Abingdon, UK or eBioscience, Paisley, Scotland).

Western blotting for IDO, SOCS1, pSTAT1, STAT1 and
actin

Protein extraction: Intracellular protein was extracted
from adherent MSC. Cell pellets were then resuspended
in 90 pl RIPA lysis buffer. Protein lysates were subjected
to centrifugation at 12,000 g for 10 min at 4°C. 90 ul of
the supernatant which constitutes the intracellular pro-
tein was added to al.5ml tube and stored at —20°C.
Prior to loading protein lysates, samples were mixed
with 4X Laemmli sample buffer and boiled for 5 min.

SDS-PAGE was carried out in accordance with the
Laemmli method as modified by Studier. Samples and
appropriate prestained (10-180kDa) protein markers
were loaded into separate 0.75 mm wells. Electrophoresis
was performed at 60V through a 5% polyacrylamide
stacking gel and then through a 8-15% polyacrylamide
resolving gel at 80 V for up to 2 h.

Immunoblotting: Proteins were transferred electro-
phoretically to nitrocellulose membranes (GE Health-
care, Buckinghamshire, England) in a Hoefer TE 70
Semiphor semi-dry transfer unit (GE Healthcare) at 100
mA for between 40 and 80 min depending on protein
size. Following transfer, non-specific binding was
blocked with blocking buffer (tris-buffered saline (TBS)),
0.1% (v/v) Tween-20 with 5% (w/v) non-fat dry milk)
under gentle agitation. The membranes were then incu-
bated under agitation at 4 °C overnight with the primary
antibodies (IDO (D5J4E) 1:1000 dilution, SOCS1 (A156)
1:500 dilution, Statl (D1K9Y) 1:1000 dilution, pStat-1
(Y701) 1:1000 dilution, beta-Actin (8H10D10) 1:5000 di-
lution, all from Cell Signalling) diluted in TBS
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containing 0.1% (v/v) Tween-20 (TBST) with 5% (w/v)
skimmed milk powder or BSA. The membranes were
subsequently subjected to 3 x5min washes in TBST.
Membranes were then incubated in a secondary anti-
body (anti-mouse HRP 1:1000 dilution or anti-rabbit
HRP 1:1500 dilution both from Cell Signalling) in TBST
containing 5% (w/v) skimmed milk powder for 1h in the
dark at room temperature. The membranes were then
washed a further 3 times for 5 min each in TBST in the
dark. The immunoreactive bands were detected using
enhanced chemiluminescence development (Wester-
nBright ECL HRP Substrate, Advansta, Labtech).

Kynurenine assay to assess indoleamine 2,3-dioxygenase
activity

60ul of MSC cell culture supernatant was mixed with
30ul of 30% trichloroacetic acid (Merck) and incubated
for 30 min at 50 °C followed by centrifugation at 3000g
for 5min. 75ul of the supernatant was transferred to a
96 well flat bottomed plate followed by the addition of
75ul of freshly prepared Ehrlich reagent (Sigma Aldrich,
2% p-dimethylaminobenzaldehyde in glacial acetic acid
(Merck)) for 12—-30 min. The absorbance was read at
492nm in a microplate reader. The concentration of
Kynurenine was calculated using a standard curve of L-
Kynurenine (Sigma-Aldrich) (0-1250uM).

Humanised mouse model of acute graft versus host
disease

As previously described [8], NOD.Cg-Prkdc*“ 412"/
Szj (NOD-Scid IL-2rynull) (NSG) were exposed to a
conditioning dose of 2.4 Grey (Gy) whole body gamma
irradiation. Freshly isolated human peripheral blood
mononuclear cells (PBMCs) (8.0 x 105/g) (buffy coat
packs were supplied by the Irish Blood Transfusion Ser-
vice) were administered by intravenous injection to the
tail vein using a 27 gauge needle and a 1 ml syringe 4-8
h following irradiation. Human bone-marrow derived
MSC (6.4 x 104/gram) [MSC], IENy pre-stimulated (24
h) MSC [MSCy], CsA pre-stimulated (24 h) MSC [MSC
CsA] or MSC that were IFNy pre-stimulated (24 h)
followed by CsA pre-stimulation (24h) [MSCy CsA]
were administered intravenously on day 6. N=9 mice
per group. The mice were scored daily at disease onset
to monitor animal welfare and disease progression and
the percentage survival recorded out to 30 days.

Statistical analysis

The students unpaired ¢ test was used when statistical
analysis was required between two experimental groups.
One way ANOVA Multiple Tukey comparison test was
used to test for statistical significance of differences
when multiple experimental groups were compared.
Mantel-Cox test (log rank test) was used to compare
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survival between treatment groups. The ratio for median
survival was computed using GraphPad Prism.

Results

IFNy licencing safeguards MSCs from negative effects of
CsA co-treatment

CsA negatively impacts MSC capacity to suppress T cell
proliferation in vitro in a dose-dependent manner (Sup-
plementary Figure 1). Notably there was a significant dif-
ference between the suppression mediated by MSCs and
MSCs in the presence of high concentrations of CsA
(MSC CsA) (Fig. 1a, b). Importantly, the presence of
CsA did not impair T cell suppression mediated by IFNy
pre-licenced MSCs (Fig. 1a, b). The influence of IFNy
and CsA on IDO-mediated immunosuppression by
MSCs was examined further using MSC labelled with
the cell proliferation dye eFluor® 670 in a CFSE-labelled
PBMC proliferation co-culture assay. The percentage of
MSCs and IFNy licenced MSCs producing IDO were
similar on day 4 in the activated PBMC co-culture
(Fig. 1c), as there is likely plenty of IFNy present to acti-
vate MSC production of IDO. CsA was shown to have a
significant negative effect on the percentage of MSCs
producing IDO (Fig. 1c) correlating with reduced
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suppression levels (Fig. 1a, b). In the presence of CsA,
the percentage of IFNy licenced MSCs (MSCy CsA) pro-
ducing IDO is significantly higher (P < 0.001) than MSCs
with CsA (MSC CsA). Taken together, these data sug-
gest that IFNy licencing of MSCs facilitates a beneficial
immunosuppressive effect in combination with CsA.

CsA enhancement of IDO production by IFNy-activated
MSCs is associated with a downregulation of SOCS1

To investigate the potential for CsA to enhance MSC
immunosuppression, in addition to IDO, a number of
genes known to play a role in MSC immunomodulatory
capacity were examined. As both TNFa and IFNy stimu-
lated genes have been implicated in MSC immunomodu-
lation, immunomodulatory genes driven by these
cytokines were examined. CCL2 (Fig. 2a) and COX2
(Fig. 2b) mRNA were both significantly upregulated by
TNFa in MSCs, and addition of CSA 24 h after TNFa
pre-stimulation (MSC TNFa 24 h CsA 24 h) significantly
reduced COX2 mRNA expression. Differentially, mRNA
expression levels of CXCL9 (Fig. 2c) and IDO (Fig. 3a)
were significantly increased in MSCs stimulated with
IFNy followed by CsA 24 h later (MSC IFENy 24h CsA
24 h). At the protein level, there was no increase in
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Fig. 1 IFNy licencing safeguards MSC from negative effects of CsA co-treatment. MSCs were seeded (1 x 10% per well) into a 96 well round
bottom plate followed by the addition of anti-CD3/CD28 bead (1 x 10* per well) activated CFSE labelled PBMCs (5 x 10* per well). MSC IFNy and
MSC IFNy CsA groups were pre-stimulated with IFNy (50 ng/ml) for 24 h. Some groups were cultured in the presence of CsA (1000 ng/ml). On day
four, cells were harvested and stained with anti-CD3 and 7AAD viability dye to analyse CD3™ proliferation by flow cytometry. CsA significantly
antagonises the immunosuppressive ability of MSC, n=7 (a) and representative histogram plots (b). MSC alone or stimulated with IFNy (50 ng/
ml) for 24 h were labelled with eFluor® 670 and co-cultured with anti-CD3/28 driven PBMCs. Labelled MSC were harvested (on day 3), fixed,
permeabilised and stained intracellularly with fluorescent antibody for IDO and analysed by flow cytometry Data presented as mean +/— SEM of
the % of MSCs producing IDO (n=5) (c) and representative histograms (d). Statistical analysis was carried out using one way ANOVA Multiple
Tukey comparison test and unpaired Student's t test where *< 0.05, **< 0.01 and *** <0.001. Stars with no bar are in comparison to the activated
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Fig. 2 CsA enhances MSC immunomodulatory gene expression induced by IFNy but not TNFa. MSCs were seeded at 2 x 10° per well in a 6 well
plate and left alone or stimulated with IFNy (50 ng/ml) or TNFa (20 ng/ml) and/or CsA (1000 ng/ml) at different timepoints. In some groups, MSCs
were first stimulated with one cytokine for 24 h followed by CsA for a further 24 h. After a total of 48 h, supernatant was collected for detection
of CXCL9 by ELISA and cells were harvested for Quantitative PCR (qPCR) analysis. In other groups, MSCs were stimulated with a cytokine and CsA
and harvested after 24 h. Controls for exposure of cytokines at both 24 h and 48 h timepoints were performed. RNA from each sample was
extracted, cDNA was synthesised and used as a template for gPCR. mRNA expression of CCL2 (a), COX2 (b) and CXCL9 (c) was calculated relative
to the house keeping gene GAPDH. The concentration of CXCL9 was examined by ELISA (d). These experiments were repeated using four MSC
donors (n=4) (passage 5-7), and the results shown are representative of this. Statistical analysis was carried out using unpaired Student’s t test
where * < 0.05, ** <0.01 and *** < 0.001. Stars with no bar are in comparison to the MSC alone group
J

CXCL9 (Fig. 2d) above that in MSCs stimulated with
IENy. The tryptophan depleting enzyme IDO is regulated
by IFNy and has been shown to be altered in human
MSCs following treatment with steroids [16, 22, 23]. Al-
though IDO protein was not induced by CsA alone, the
IFNy induction (24 h stimulation) of IDO production by
licenced MSC was enhanced by the presence of CsA at 1
h, 6h and 24 h timepoints following the addition of IFNy
in MSCs (Fig. 3b, c). Moreover, IDO activity measured
using a kynurenine assay was significantly increased by

the presence of CsA at 1h and 6 h following IFNy stimu-
lation (Fig. 3d). This suggests that while IDO expression,
production and activity increases upon exposure to IFNy,
additional conditioning by CsA resulted in a further in-
crease of IDO production and activity. This effect was spe-
cific to the IENy regulated gene IDO and was not the case
for the TNFa regulated gene COX-2.

SOCS1 has been described as a regulator of MSC im-
munosuppressive functions through IFNy signalling. MSCs
were licenced with IFNy, stimulated with CsA for 1h, 6h
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Fig. 3 CsA enhances IDO production and activity by IFNy activated MSC. MSCs were seeded at 2 x 10° per well in a 6 well plate and left alone or
stimulated with IFNy (50 ng/ml) and/or CsA (1000 ng/ml) at different timepoints. In some groups, MSCs were first stimulated with IFNy for 24 h
followed by CsA for a further 24 h. After a total of 48 h, cells were harvested for Quantitative PCR (gPCR) analysis. In other groups, MSCs were
stimulated with IFNy and CsA and harvested after 24 h. Controls for exposure of cytokines at both 24 h and 48 h timepoints were performed. RNA
from each sample was extracted, cDNA was synthesised and used as a template for gPCR. mRNA expression of IDO (a) was calculated relative to
the house keeping gene GAPDH. The concentration of kynurenine was examined by colorimetric assay using a L-kynurenine standard curve to
calculate kynurenine concentration (d). These experiments were repeated using four MSC donors (n = 4) (passage 5-7) and the results shown are
representative of this. Statistical analysis was carried out using unpaired Student’s t test where * < 0.05, ** < 0.01 and *** < 0.001. Stars with no

bar are in comparison to the MSC alone group
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or 24h and the protein levels of SOCS1, pSTAT1 and
STAT1 were analysed by Western blot to assess the effect
CsA has on this signalling pathway. CsA downregulated
SOCSI protein in IFNy licenced MSCs in a time dependent
manner, most notably at 6 h and 24 h (Fig. 4a, b). pSTAT1
protein levels were significantly increased in IFNy licenced
MSCs, but CsA has no significant impact on pSTAT1 pro-
tein expression (Fig. 4a, c). IFNy also upregulated expres-
sion of total STAT1 in MSCs and CsA had no impact on
total STAT1 (Fig. 4d). Interestingly, CsA alone did not

downregulate SOCS1 protein in MSCs (Fig. 4a, b), suggest-
ing that SOCS1 inhibition of CsA is transient, indirect and
time dependent on IFNy activation of MSCs.

Pre-licencing of MSCs with IFNy followed by CsA
promotes MSCs efficacy in prolonging survival in a
humanised mouse model of acute GvHD

Here, we used a human relevant system to test the hy-
pothesis that pre-licencing of MSCs with IFNy followed
by CSA enhances MSC potency in suppressing T cell-
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driven inflammatory disease. In particular, we explored
the enhancing effect of CsA on IFNy pre-licenced MSC
capacity to suppress pathogenic T cell responses and
prolong survival in an humanised mouse model of acute
graft versus host disease (Fig. 5a). Previously we have
demonstrated that MSCs administered on day 6/7 sig-
nificantly prolong survival and that while IFNy pre-
licenced MSCs have similar efficacy to unstimulated
MSCs at day 6/7, this option is therapeutically superior
to conventional MSCs when administered on day 0 [8].
Administration of a single dose of human MSCs or IFNy
activated MSCs (MSCy) on day 6 also significantly pro-
longs survival at day 30 (Fig. 5b). Administration of
MSCs pre-exposed to CsA for 24 h (MSC CsA) similarly
prolonged survival to that of the MSC and the MSCy
groups. Importantly, MSCy CsA (IFNy activated MSC
for 24h followed by exposure to CsA for 24h) pro-
longed survival in the aGvHD mice with significantly
greater potency than any of the other groups. This study
suggests that the efficacy of MSCs can be enhanced by

exposure to CsA in MSCs previously licenced with IFNy
and indicates that human trials of MSCs licenced in this
novel way could be worthwhile.

Discussion

The ability of MSCs to suppress the adaptive immune
system is a key feature that underlies both the mech-
anism of action as well as interest in the development
of MSC therapies. In particular, MSCs have been
shown to have dynamic interactions with T cells via
cell contact or through secreted soluble factors in the
context of specific environmental cues [24-27]. MSCs
suppress T cell proliferation in a dose dependent
manner. Importantly, a recent study has shown that
inhibiting protein transport in PBMCs impairs MSC
immunosppressive capacity in co-cultures. Moreover,
a 4-fold reduction in PBMC number reduced MSC ef-
ficacy in an MSC-PBMC suppressor assay [28],
highlighting that MSCs require a threshold level of
activation by pro-inflammatory cytokines like TNFa
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model of aGvHD was established by administering 8 x 10° human PBMC/gram (or PBS as a control) to irradiated (2.4 Gy) NSG mice on day 0.
6.4 % 10%*/g MSC, IFNy (50 ng/ml 24 h) licenced MSC [MSCy], MSC cultured with CsA (1000 ng/ml) for 24 h [MSC CsA] or MSC stimulated with IFNy
(50 ng/ml) for 24 h followed by CsA (1000 ng/ml) for 24 h [MSCy CsA] were delivered intravenously on day 6. Mice were monitored for aGvHD
development every 2 days until day 9 and then every day for the duration of the experiment (a). Survival curve (b). n=9 mice per group.
Statistical analysis was carried out using a Mantel-Cox test for the survival curve where * < 0.05, ** <0.01 and *** <0.001. * with no bar are in
comparison to the PBMC group

J

and IFNy [29]. CsA also targets T cells and is a po-
tent T cell immunosuppressive drug that suppresses
the production of IL2 and other pro-inflammatory cy-
tokines (including TNFa and IFNy) as a result of cal-
cineurin inhibition [12, 13].

Here we showed that CsA has an inhibitory effect
on MSC immunosuppressive ability. Similarly others
showed that CsA anatagonised the suppressive effects
of MSCs [14]. Others observed that CsA only added
slightly to the inhibitory effect of MSCs [30] while
Maccario et al. [31] showed that CsA and MSCs
combined had synergistic suppressive effects in a
mixed lymphocyte culture. Notably, in that study CsA
was added at 50 ng/ml whereas in our study 1000 ng/
ml CsA was added which might explain these
differences.

We have shown that CsA significantly enhanced IDO
production by pre-licenced MSCs at the protein level.
Importantly, when CsA alone was added to MSCs it did
not induce IDO production; but, when CsA was added
after IENYy licencing of MSCs, IDO production and activity
was enhanced. These findings support the finding by
Ankrum et al. [16] that IDO was shown to be enhanced in
human MSCs following treatment with IFNy and sub-
sequent steroids, budesonide and dexamethasone. It is im-
portant to distinguish that the data presented here are due
to direct effects of CsA on MSC production of IDO fol-
lowing IFNy pre-stimulation rather than effects observed
in a PBMC co-culture assay. In this way, the stimulus for
facilitating this effect was solely down to IFNy and that
the IFNy (but not TNFa) pre-licencing of MSCs was iden-
tified as being key for facilitating this effect.
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The next approach was to probe this pathway further
and identify a mechanism by which this effect was being
achieved in vitro. Although not significant, there was a
trend whereby CsA had a time dependent inhibitory ef-
fect on SOCS1 expression at the protein level in MSCs
which may lead to the preservation of the IFNy pathway.
The trend of a reduction in SOCS1 mediated by CsA
was found only in IFNy licenced MSC as CsA alone had
no inhibitory effect on basal levels of SOCS1 in resting
MSCs which further supports the requirement for IFNy
to induce IDO production. These findings might suggest
that exploitation of SOCSI inhibition by CsA could im-
prove MSC therapy by enhancing their potency via an
IDO-mediated mechanism.

We have shown conclusively for the first time that li-
cencing of MSCs is required for MSC to retain their sup-
pressive function in the presence of CsA in vitro. We have
translated these in vitro findings to a human relevant con-
dition, demonstrating that CsA can be used to enhance
the potency of IENy licenced MSC in a humanised mouse
model of acute GVHD. We have also identified that CsA
can enhance IDO production in IFNy-licenced MSC and
provide some new data which suggests that CsA may have
an inhibitory effect on SOCS1 in IFNy-licenced MSC. A
limitation of our study is that it does not show that a
downregulation of SOCS1 is definitively associated with
the enhanced IDO production and MSC immunomodula-
tory potency. Importantly, support is provided by studies
demonstrating that SOCS1 knockdown in MSCs leads to
enhanced immunosuppressive effects with increased nitric
oxide and PGE-2 following stimulation with proinflamma-
tory cytokines [18, 32]. Nonetheless, this study identifies a
novel role for CsA in maintaining signal transduction in
the IFNy pathway of MSC possibly through the inhibition
of SOCS1 which has consequences for the potency of
MSC immunosuppressive function. Importantly, these
findings represent an advance in our understanding of
how CsA interacts with MSCs, particularly identifying
MSC activation and timing of CsA as being crucial for
beneficial immunosuppressive functions which can be ap-
plied to in vivo pre-clinical models and clinical settings.

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/513287-021-02309-6.

Additional file 1: Supplementary Figure 1. CsA impairs MSC suppression
of T cell proliferation in vitro. MSC were seeded (1 x 10* per well) into a 96
well round bottom plate followed by the addition of anti-CD3/CD28 bead
(1% 10* per well) activated CFSE labelled PBMCs (5 x 10° per well). Some
groups were cultured in the presence of CsA (100, 500 or 1000 ng/ml). On day
four, cells were harvested and stained with anti-CD3 and 7AAD viability dye to
analyse CD3™ proliferation by flow cytometry. Statistical analysis was carried
out using one way ANOVA Multiple Tukey comparison test and unpaired stu-
dent t-test where * < 0.05, ** <001 and *** < 0001. Stars with no bar are in
comparison to the activated PBMC group.
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