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Abstract

Mesenchymal stem cells (MSCs) are being investigated for the treatment of equine joint
diseases because of their regenerative potential and their ability to differentiate into
specialized articular tissue cell types, but recently, the focus mainly has addressed to
their immunomodulatory capacities. Inflammation plays a central role in joint
pathologies, since the release of proinflammatory mediators to the synovial fluid (SF)
leads to the activation of enzymatic degradation of the cartilage. MSCs can modulate
the local immune environment through direct or paracrine interaction with immune
cells, suppressing their proliferation and re-addressing their functions. Proinflammatory
molecules can induce MSC immunoregulatory potential, but they could also increase
the expression of immunogenic molecules. Studying the effect of inflammatory
environment on MSC immunomodulation and immunogenicity profiles is a key step to
improve cellular therapies. The aim of this study was to analyse the response of equine
bone marrow MSCs (eBM-MSCs) to three inflammatory conditions. Equine BM-MSCs
from three animals were exposed to: a) 20% allogeneic inflammatory SF (SF); b) 50
ng/ml of TNFa and IFNy (CK50) and ¢) 20 ng/ml of TNFa and IFNy (CK20). After 72
hours of exposure, expression of immunogenic and immunomodulation-related
molecules, including cell-to-cell contact and paracrine signalling molecules, were
analysed by RT-gPCR and flow cytometry. The gene expression of ALCAM and VCAM-
1 was significantly upregulated by inflammatory conditions. CK culture conditions
significantly upregulated the expression of COX-2, iNOS, IDO and IL-6. MHC-I gene
expression was upregulated by all the conditions, whereas MHC-11 was upregulated
only after CK priming. The expression of CD40 did not significantly change, whereas

the ligand, CD40L, was significantly downregulated in CK20 conditions. Flow
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cytometry showed an increase of 1L-6, MHC-I and MHC-II positive cells at CK50
conditions, supporting the gene expression results. These outcomes reinforce the change
of the immunophenotype of the eBM-MSCs according to the surrounding conditions.
Inflammatory synovial environment did not lead to significant changes, so the
environment found by eBM-MSCs when they are intraarticular administered may not be
enough to activate their immunomodulatory potential. CK priming at tested doses
enhances the immunoregulatory profile of eBM-MSCs, which may promote a
therapeutic benefit. Even if CK priming induced an upregulation of MHC expression,
costimulatory molecule expression however was not upregulated, suggesting that
immunogenicity could not be increased. This study provides a better understanding
about the behaviour of eBM-MSCs inside the inflamed joint and constitutes a previous

step to improve MSC-based therapies for equine joint diseases.

Keywords: Horse, Mesenchymal stem cells, synovial fluid, proinflammatory cytokines,

immunomodulation, immunogenicity
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Introduction

Degenerative joint diseases (DJD), such osteoarthritis (OA), are prevalent articular
pathologies in both equine and human species. In addition, horses have a double role in
joint pathologies because, firstly, they commonly suffer from OA and osteochondrosis
(OC), important diseases for equine clinicians (Schlueter and Orth, 2004). Moreover,
horses are considered the most suitable animal model for testing cell based therapies for
humans joint injuries (Cellular, Tissue and Genic Therapies Advisory Committe2005).
Current therapeutic strategies for DJD are focused on reducing pain, decreasing
disability, and limiting deterioration of articular structures (Walker-Bone et al., 2000;
Goodrich and Nixon, 2006). Inflammation plays a central role in the pathophysiology of
joint diseases like OA, due to the release of proinflammatory molecules like Tumor
necrosis factor a (TNFa) or Interleukin 1B (IL-1B). These cytokines promote
inflammation and pain, and drive to cartilage breakdown (Goodrich and Nixon, 2006;
Sellam and Berenbaum, 2010). Therefore, an optimal therapeutic approach to OA
should try to limit this inflammation, the subsequent cartilage degradation and try to
stimulate the regeneration of articular structures. Several studies have focused on MSC
intra-articular (1A) based therapies for both horses and human, with promising results
(Noth et al., 2008; Broeckx et al., 2014; Ferris et al., 2014;) demonstrating their

therapeutic potential.

Traditionally, the regenerative role of MSCs was mainly attributed to their
differentiation ability into target tissue cells. MSCs seem to engraft in articular tissues
like synovium or menisci, but not in the cartilage. However, a delaying effect on

progressive degeneration of OA articular cartilage has been observed associated with
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MSCs administration. This effect has been attributed to the anti-inflammatory and
immunoregulatory properties of MSCs (Whitworth and Banks, 2014), suggesting that
the MSC therapeutic mechanism may be due to an immunoregulation exerted by cells
promoted by the environment (Kode et al., 2009; Meirelles Lda et al., 2009). This
phenomenon seems to be a multifactorial process that requires both direct cell-to-cell
contact and contact-independent paracrine signalling governed through different
molecules such interleukin 6 (IL-6), interleukin 10 (IL-10), indoleamine 2,3-
dioxygenase (IDO), inducible nitric oxide synthase (iNOS), prostaglandin E2 (PGE2) or
tumor necrosis factor-inducible gene 6 protein (TSG-6), among others. These molecules
are involved in proliferation, differentiation, migration or apoptosis in different immune
cells (Ma et al., 2014), varying between species (Ren et al., 2009). The expression of
several molecules related to paracrine and cell-contact mechanisms, like chemokines
and adhesion molecules, is regulated in MSCs by pro-inflammatory molecules such
interferon y (IFNy), especially in combination with TNFa, interleukin 1a (IL-1c) or IL-
1B (Ren et al., 2008). This fact suggests that for a full regulatory function of MSCs,
MSC activation or licensing through exposure to an inflammatory environment might

be needed (Renner et al., 2009; Cuerquis et al., 2014).

Inflammatory synovial fluid (SF) contains variable amounts of several inflammatory
molecules that may alter MSC function and characteristics. Some studies in equine and
human species have reported that changes in the composition of inflammatory
molecules of the SF might affect the expression and production of paracrine signalling
molecules by MSCs, acting as inductors of their immunomodulatory potential (Leijs et
al., 2012; Veézina Audette et al., 2013). However, the stimulus exerted by SF could be

heterogeneous because it depends on the variable amounts of the different mediators,
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which is defined by the SF inflammatory level (Leijs et al., 2012). In vitro, the
combination of definite doses of INFy with another proinflammatory cytokine, such
TNFa, has demonstrated a change in the immunoregulatory abilities of MSCs, inducing
the expression or the secretion of anti-inflammatory and regulatory factors and
suppressing T cell proliferation in co-culture experiments (Cuerquis et al., 2014;
Paterson et al., 2014). However, an increase of the immunogenicity has been also
observed due to this priming (Chan et al., 2006; Chan et al., 2008), indicating a possible
limitation to use allogeneic primed MSCs. The enhancement of MSC immunoregulatory
properties, without detriment of their immune-evasive status, could improve the MSC

therapeutic efficacy and allow their allogeneic use (Ankrum et al., 2014).

Despite the recent findings, it is little known about the effects and behaviour of MSCs
when they are administered IA in an injured joint. Pre-existing joint inflammation may
impact the secretome of MSCs altering their therapeutic efficacy (Roberts et al., 2011),
therefore, a deep understanding of the changes induced in MSC immunogenicity and
immunoregulatory abilities by an inflammatory synovial environment is needed to
study. Since immunoregulatory potential of MSCs seems to be crucial for the
therapeutic potential, stimulating this ability could be of major interest in order to
improve the therapeutic benefit for the regenerative medicine. In consequence, knowing
how the synovial environment affects administered MSCs, and the way in which we can
stimulate them to enhance their immunoregulatory potential, will be the key for

developing effective joint regenerative treatments.

The aim of the present study was to assess the effect of different inflammatory stimuli

on eBM-MSCs immunoregulatory ability and immunogenicity, studying the expression

7
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of immunogenic and immunomodulation-related molecules. Firstly, the influence of
allogeneic inflammatory SF on eBM-MSCs was investigated, and subsequently, the
effect of priming eBM-MSCs with a combination of the two pro-inflammatory
molecules IFNy and TNFa, was tested at two different doses. This work contributes to
understand the effects of inflammatory exposure on eBM-MSCs, as a previous step to

enhance the clinical use in vivo in equine joint diseases.

Materials and Methods

Experimental design

Three experiments were designed to investigate the in vitro response of eBM-MSCs to
different inflammatory stimuli:

Experiment 1 (SF). The culture medium was supplemented with 20% of equine
allogeneic inflammatory SF.

Experiment 2 (CK50). The culture medium was supplemented with pro-inflammatory
cytokines: IFNy (50ng/ml) and TNFa (50ng/ml).

Experiment 3 (CK20). The culture medium was supplemented with pro-inflammatory

cytokines: IFNy (20ng/ml) and TNFa (20ng/ml).

Equine BM-MSCs were cultured in all inflammatory conditions for 72 hours.

Subsequently, the expression of molecules related to immunoregulation and

immunogenicity was analysed by flow cytometry and RT-qPCR.

Animals
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Four geldings (age: 6-12 years; weight: 450-500 kg,) were used in this study, named as
057, 059, 060 and 063. Animals 057, 059 and 060 were patients from the Veterinary
Hospital of the University of Zaragoza determined to be healthy based on clinical and
hematologic examination. Biological samples (BM or SF) were obtained with owner
consent and according to local animal welfare regulations. All procedures were carried
out under Project License 31/11 approved by the in-house Ethic Committee for Animal
Experiments from the University of Zaragoza. The care and use of animals were
performed accordingly with the Spanish Policy for Animal Protection RD53/2013,
which meets the European Union Directive 2010/63 on the protection of animals used

for experimental and other scientific purposes.

Isolation, culture and characterization of eBM-MSCs

Forty ml of BM from sternum were aspirated in heparinized syringes using a 4” 11G
Jamshidi needle from horses 057, 059 and 060. Mononuclear cells were isolated by
gradient centrifugation on Lymphoprep (Atom) for 20 min at 1700 rpm. The cells were
plated at 2x10° nucleated cells/cm? in 6-well plates (Becton Dickinson) in growth
medium consisting of low glucose Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% Fetal Bovine Serum (FBS), 1% Glutamine and 1%
Streptomycin/ Penicillin (all from Sigma-Aldrich) (Ranera et al., 2011). The cells were
expanded until third passage and were characterized by tri-lineage differentiation and
phenotype determination as previously described (Ranera et al., 2011). The MSC
phenotype was examined by analysing the mRNA levels of six genes coding for the

mesenchymal cell markers CD90, CD105, CD44 and CD73, and the haematopoietic
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markers CD34 and CD45, using RT-gPCR. Complementary, three mesenchymal
surface markers were also analysed by flow cytometry (CD90, CD105 and CD44).
Osteogenic, adipogenic and chondrogenic differentiation potentials were induced using
specific media as previously described (Ranera et al., 2011). Subsequently, cells were
cryopreserved in frozen medium consisting of 10% DMSO and 90% FBS (both from

Sigma-Aldrich) until experiments started.

Collection of synovial fluid

Inflammatory SF for the Experiment 1 was obtained from one tarso-crural joint of
animal 063, which presented aseptic synovitis. Arthrocentesis was performed to reduce
the joint effusion and SF aspirated was collected in heparin-treated tubes (Beckton
Dickinson) and used for the Experiment 1. SF inflammatory status was verified
measuring total protein (g/dl) with a portable optical refractometer (RHB-32 Hand-held
brix refractometer, Spectrum Technologies) and determining the concentration of the
acute phase proteins (APP) serum amyloid A (SAA) and haptoglobin (Hp). The
methodology for SAA and Hp determination is described in the Supplementary data 1.
Cytological examination of the SF was also performed. SF was centrifuged at 3000g/15
min and supernatant was stored at -80°C, whereas cellular fraction was discarded. All

processes were carried out in sterile conditions to prevent from culture contamination.

Inflammatory culture media preparation

Growth medium described above was used as basal culture medium. For Experiment 1,

20% inflammatory allogeneic SF was added to the basal culture medium (SF medium).

10
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For Experiments 2 and 3, basal medium was supplemented with recombinant equine
TNFa and recombinant equine IFNy (both from R&D Systems). Fifty ng/ml of each
proinflammatory cytokine was added to the basal culture medium for Experiment 2
(CK50 medium) whereas 20 ng/ml of every cytokine were added for Experiment 3
(CK20 medium). Basal medium was used as culture control in the three experiments

(Control medium).

Equine BM-MSC culture in inflammatory conditions

Approximately 10° cells in passage 3 from animals 057, 059 and 060 were thawed at
37°C and cultured for 3 days to allow re-adjust conditions prior to being used for the
different experiments. In all experiments, eBM-MSCs from each animal were seeded at
5000 cells/cm? with basal medium. The cells were expanded at 37°C and 5% CO, with
twice-week culture medium change. At 90-100% confluence, SF-, CK50-, CK20- or
control media were added to the cells and maintained for 72 hours. All conditions in all
experiments were carried out in triplicate for each animal. After 72 hours, control and
inflammatory exposed eBM-MSCs were detached with 0.25% trypsin-EDTA (Sigma-

Aldrich), counted and destined for different assays.

MRNA isolation from eBM-MSCs

Total MRNA was isolated from approximately 10° of eBM-MSCs from all samples with
RNAspin Mini RNA Isolation Kit (GE Healthcare) according to manufacturer’s

instructions. DNAse Turbo (Ambion) was used to remove genomic DNA according to

11



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

manufacturer’s instructions. 1,5 pg of mRNA from each sample were retrotranscripted

to cDNA with the Superscript Reverse Trancriptase Kit (Life Technologies).

Real time quantitative polymerase chain reaction (RT-qPCR)

Primers were designed using Primer Express 2.0 software based on known equine
sequences. Primer details, accession numbers for equine mRNA sequences and

amplicon sizes are shown in Table 1.

Genes were grouped based on their functions and implications, in order to facilitate the

posterior analysis, as it follows:

Adhesion molecules and chemokine receptors: Vascular Cell Adhesion Molecule 1
(VCAM-1 or CD106), Activated Leukocyte Cell Adhesion Molecule (ALCAM or
CD166), chemokine receptor 4 (CXCR4), CD90, Endoglin (CD105) and Hyaluronate

Receptor (CD44).

Immunomodulation-related paracrine molecules: cyclooxygenase 2 (COX-2),
indoleamine 2 3-dioxygenase (IDO-1), inducible nitric oxide synthase (iNOS),
interleukin 6 (IL-6), transforming growth factor beta 1 (TGF-£1), tumor necrosis factor-

inducible gene 6 protein (TSG-6), interleukin 10 (IL-10).

Antigen presenting-related molecules: Major Complex of Histocompatibility | (MHC-I),
Major Complex of Histocompatibility Il (MHC-II). Co-stimulatory molecules: Cluster

of Differentiation 40 (CD40), Cluster of Differentiation 40 Ligand (CD40L).
12
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RT-qPCR was performed and monitored using the StepOne Real Time PCR System
device (Applied Biosystems). All reactions were carried out in a total volume of 10 pl
with 2 pl of cDNA as a template and Fast SYBR Green Master Mix (Applied
Biosystems). cDNA was amplified following the manufacturer’s protocol: 20 s at 95°C
of an initial activation and denaturation, followed by 40 cycles consisting of 3 s at 95°C
and 30 s at 60°C. Each cDNA sequence was tested in triplicate and a dissociation curve
protocol was run after all PCR reactions. The levels of gene expression were determined
by the comparative Ct method. A normalization factor (NF) was used to determine the
expression level of each gene in each sample. The NF was calculated as the geometric
mean of the quantity of 2 housekeeping genes (GAPDH and B2M). Primers used for

housekeeping gene amplification were previously described (Kolm et al., 2006).

Flow cytometry of eBM-MSCs

Flow cytometry was used at two different moments. First, for immunophenotyping cells
prior to be used in the experiments, and second, to study the surface expression of the
adhesion molecules CD90, CD105 and CD44, antigen presenting molecules MHC-I and
MHC-II, and the immunomodulatory related molecule IL-6, after inflammatory
exposure. The cells were suspended in PBS/2mM EDTA at 10° cells/ml. Fifty pl
aliquots of cells were transferred to FACS tubes and incubated for 15min at 4°C with
CD90-PE (BD Pharmingen), CD105-FITC (R&D Systems), CD44-FITC (Abcam),
HLA-ABC-FITC (Beckman Coulter), HLA-DR-APC (Immunostep) and IL-6-PE (BD
Pharmigen) monoclonal antibodies. Anti-horse reactivity of antibodies was previously

described (Ranera et al., 2011) or tested. Subsequently, cells were washed with PBS

13
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(Gibco) and diluted in 500 pL of PBS/2mM EDTA and analysed with the fluorescence-

activated cell sorter (FACSARIA, BD Biosciences).

Statistical analysis

Data obtained from RT-gPCR and flow cytometry analysis were subjected to statistical
analysis using the SPSS 15.0. Gene expression data is reported as mean (n=3) fold
change increase or decrease of stimulated eBM-MSC gene expression over unstimulated
control eBM-MSCs. Differences between eBM-MSCs from each inflammatory
condition (SF, CK50 and CK20) and the counterpart controls were analysed by a paired
Student’s t test. Flow cytometry data were represented as mean (n=3) of percentage of
positive stimulated and unstimulated eBM-MSCs for each experiment. Differences in
the surface expression between stimulated and unstimulated eBM-MSCs were analysed
by paired Student’s t test, separately for each experiment. 95% confidence intervals
were provided for the fold changes in gene expression and percentage of expression in

flow cytometry analysis. Significance level was set at P<0.05 for all analyses.

Results

Isolation and characterization of eBM-MSCs

Plastic-adherent fibroblast-like cells were observed in all samples obtained from BM
aspirates within the first days of culture. The cells showed capacity for attachment to
plastic and the ability of differentiation into osteoblast, adipocyte and chondrocyte (data

not shown). Isolated cells from three animals were positive for the surface markers

14
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CD90 (90.80% =+ 7.51), CD105 (42.53 + 1.67) and CD44 (97.46% + 0.35) by flow
cytometry. All the samples expressed transcripts for CD90, CD105, CD44 and CD73,

but not for CD34 and CDA45, by RT-gPCR (data not shown).

Inflammatory synovial fluid obtainment

Total protein measure in the SF obtained from animal 063 was 2,25g/dl. The SAA
concentration was 5.85 pg/ml and the Hp concentration was 2.38-10 pg/ml. These data
confirmed the inflammatory status of the SF and along with the cytological

examination, a septic origin of the joint inflammation was discarded.

Effect of inflammatory environment on immunomodulatory and immunogenic

gene expression of eEBM-MSCs

Gene expression data from RT-gqPCR analysis are represented in Figure 1. The
expression of each gene in each inflammatory condition is expressed as relative

expression respect to corresponding control. The results for the grouped genes were:

Genes coding for molecules implied in MSC immunomodulatory mechanisms

A) Molecules related with cell-to-cell contact mechanism: adhesion molecules and

chemokine receptors

ALCAM gene expression was found significantly higher, whereas CXCR4 gene

expression non-significantly decreased, under inflammatory SF conditions. For CK50

15
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and CK20 conditions, VCAM-1 expression was significantly upregulated, whereas a
CXCR4 significant downregulation in CK20 was observed (Figure 1.A). CD90, CD105
and CD44 gene expression did not display differences between control and

inflammatory exposed eBM-MSCs in any Experiment (data not shown).

B) Molecules related with paracrine signalling mechanism

In SF-Experiment (Figure 1.B), non- significant down-regulation of genes coding for
COX-2 and iNOS was observed. In addition, no expression for IDO was detected. Slight
non-significant increase for IL-6 was also observed. The opposite pattern was observed
in CK50-Experiment, where COX-2, IDO, iNOS and IL-6 gene expression was
significantly up-regulated. For CK20 conditions, similar gene expression pattern to
CK50-Experiment was shown, although differences for iNOS and COX-2 expression
were not significant. Anti-inflammatory molecules IL-10, TGF-$1 and TSG-6 presented
a similar pattern for three conditions (SF, CK50 and CK20): no-significant down-
regulation was described in general, but IL-10 significantly down-regulated in CK20

conditions.

Antigen presenting-related molecules

Gene expression data from RT-gPCR analysis is represented in Figure 1.C. Non-
significant gene expression increase was observed for MHC-I in all conditions. Gene
expression of MHC-I1 was up-regulated in both CK50 and CK20 conditions, being

significant only in CK50 conditions. CD40 expression did not significantly change in

16
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any conditions, whereas CD40L was down-regulated, being significant for CK20

conditions.

Effect of the inflammatory environment on cell immunophenotype

Cell immunophenotype was studied after inflammatory exposure. Due to the difficulty
of finding antibodies with reactivity against equine species, not all the molecules
analysed by RT-gPCR could have been also analysed by flow cytometry (Ibrahim et al.,
2007). Flow cytometry from CD90, CD105 and CD44, antigen presenting molecules
MHC-I and MHC-I1 and the immunomodulatory related molecule IL-6 were performed
in control and inflammatory exposed cells of experiments SF and CK50 (Figure 2) but

not in CK20 experiment due to the low number of available cells.

In the SF-experiment, the surface expression of CD105 and CD44 molecules was
significantly lower in SF condition respect to its control, whereas the number of positive
cells for CD90 and IL-6 was maintained (Figure 2.A). Non-significant changes were
detected in the studied surface expression pattern between CK50 condition and its
control, but the increase of 26.62% in IL-6 expression under CK50 condition is

remarkable (Figure 2.B).

MHC-1 and MHC-11 surface expression were also assessed after inflammatory
stimulation. MHC-I expression in SF exposed cells was very similar to their control
(66.90% for SF-cells and 61.45% for control cells) (Figure 2.C), whereas no significant

increase was observed for CK50 (99.3% for CK50-cells and 71.43% for control cells).
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A mean expression of 8.62% for MHC-I1 was observed at CK50 conditions, whereas

only 0.06% of control cells were positive for this marker (Figure 2.D).

Discussion

The cultured cells showed capacity for attachment to plastic and the ability of
differentiation into osteoblast, adipocyte and chondrocyte, as criteria established to
define human MSCs (Dominici et al., 2006). Equine BM-MSCs displayed a gene and
cell surface expression pattern similar to previous reports for this species and showed a
normal growth pattern, with a proliferation rate and viability similar to other studies
(Ranera et al., 2011). Inflammatory conditioned media were prepared based on recent
publications on this field. Inflammatory SF was obtained from an allogeneic donor and
added in concentration and time previously described (Vézina Audette et al., 2013).
SAA and Hp were used to determine the inflammatory status of the SF. Both APP were
high according to the ranges of references established by Jacobsen et al and Basile et al.
(Jacobsen et al., 2006; Basile et al., 2013). SAA is the major APP defined for horses and
experiments marked increases, whereas Hp is a moderate APP with mild modifications
(Jacobsen and Andersen, 2007), which is in agreement with the values of SAA and Hp
found in the SF used in this study. For CK-conditioned media, the synergy displayed by
the pro-inflammatory cytokines TNFa and IFNy (Zimmermann and McDevitt, 2014)
supported the decision of using them to reproduce an inflammatory environment in the

already tested doses 20 ng/ml and 50 ng/ml (Ren et al., 2008; van Buul et al., 2012).

Several mechanisms have been proposed to participate in the immunoregulatory

function of MSCs. Both cell-to-cell contact and paracrine signalling appear to be
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involved, including the participation of chemokine axis, adhesion molecules and soluble
factors (Ma et al., 2014). Adhesion molecules would play an essential role in the cell-to-
cell contact mechanism and in the induction of immune response in MSCs. The co-
culture of MSCs in the presence of T cells triggers the expression of VCAM-1 (Ren et
al., 2010), according to the results obtained in our CK20 and CK50 inflammatory
conditions. More adhesion molecules were up-regulated in presence of inflammatory
environment, the mRNA transcripts of ALCAM increased in SF experiment. These
findings might suggest the relationship of cell-to-cell contact in the immunoregulatory
mechanism. Adhesion molecules are also related to migration of MSCs, a mechanism
that could be critical for recruitment of MSCs into wound sites for tissue regeneration.
Many factors and molecules are involved in this process and diverse authors gather the
complexity of MSC migration in inflammatory environments. Some studies describe the
enhancement of MSC migratory property under inflammatory stimulation (Ries et al.,
2007; Shi et al., 2007), whereas others report a decrease in this property depending on
the time of exposure (Waterman et al., 2010). The migration-related molecules analysed
in this work showed that, under our tested inflammatory conditions, MSC migration
might be diminished. CD44 is a hyaluronan receptor related to the migration of the cells
through the extracellular matrix by binding to the present hyaluronic acid (Zhu et al.,
2006). Nevertheless, CD44 and CD105 surface expression was found significantly
lower in SF conditions, whereas in CK conditions no change was observed by either
RT-gPCR nor by flow cytometry. Furthermore, chemokine receptor CXCR4, also
involved in chemotaxis and migration of MSCs (Honczarenko et al., 2006), was found
down-regulated under exposure to CK20 inflammatory environment. The loss of this

chemokine receptor is accompanied by a decrease in the expression of other adhesion
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molecules, while CD90 and CD105 are not modified (Honczarenko et al., 2006),

similarly to the gene and surface expression results described for our CK conditions.

Paracrine mechanism also plays an important role in the MSC immunomodulation.
Inflammatory SF is able to modulate the transcription of paracrine signalling molecules
in eBM-MSCs (Vézina Audette et al., 2013) and influence the effect of human MSCs
on lymphocyte proliferation (Leijs et al., 2012). The slight changes observed in our
conditions in SF exposed MSCs may be due to the inflammatory degree of the SF used,
which might not have been sufficient to induce significant changes. Moreover, the
stimulus exerted by SF could be variable depending on the inflammatory level, which is

heterogeneous even in the same pathology group (Leijs et al., 2012).

The IDO, INOS, IL-6 and COX-2, through PGE2 secretion, are consistently reported in
vitro as the most important mediators in the paracrine signalling MSC
immunoregulatory mechanism to suppress T-cell proliferation (Noel et al., 2007;
Nemeth et al., 2009; Bouffi et al., 2010; Ghannam et al., 2010). These soluble
immunosuppressive factors are demonstrated to be produced or transcribed by MSCs
from veterinary species (Carrade and Borjesson, 2013). IDO and iNOS are enzymes
stimulated under inflammatory conditions. IDO causes depletion of local tryptophan,
required for immune cell proliferation, and accumulation of toxic breakdown products
for inflammatory cells (Ryan et al., 2007). iNOS produces nitric oxide (NO), which
inhibits proliferation and function of macrophage and T-cells (Sato et al., 2007). PGE2
and IL-6 also act as powerful immune suppressants, decreasing T-cell proliferation,
stopping differentiation into mature cells, and inhibiting the production of

proinflammatory cytokines (Jiang et al., 2005; Djouad et al., 2007; Xu et al., 2007,
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Raffaghello et al., 2008; Ghannam et al., 2010) . The anti-inflammatory effects
produced by the panel of molecules secreted by MSCs have been reported to act locally
inside the inflamed synovium, producing the phenomena described above of decreasing
the proliferation and function of immune cells (Bouffi et al., 2010). iNOS product, NO,
has vasodilatory effects, increases vascular permeability and promotes angiogenesis in
the inflamed joint (Sutton et al., 2009), and PGEZ2 inhibits the production of collagenase
MMP-1 and regulates the gene expression of extra-cellular matrix components of the
articular cartilage by chondrocytes (Sutton et al., 2009). Proinflammatory cytokines
such TNFa and IFNy induce the gene expression or the secretion of these anti-
inflammatory and regulatory molecules by MSCs from different species and different
sources (Meisel et al., 2004; Aggarwal and Pittenger, 2005; English et al., 2007; Ryan et
al., 2007; Ren et al., 2008; Hemeda et al., 2010; Hegyi et al., 2012). According to these
reports, both of our CK conditions would significantly up-regulate the gene expression
of these molecules. Gene expression results of IL-6 were supported by flow cytometry
as the percentage of positive cells expressing IL-6 was also higher under CK50. Taken
together, these findings indicate an enhancement of immunoregulatory role of eBM-

MSC:s after tested cytokine priming.

IL-10, TGF-B1 and TSG-6 participation in MSC immune mechanisms is reported (Di
Nicola et al., 2002; Aggarwal and Pittenger, 2005; Ma et al., 2014) and some authors
describe an increase in the production of TGF-B1 in rabbit BM-MSCs after IFNy
treatment (Liu et al., 2006) and secretion of TSG-6 by TNFa-activated human MSCs
(Choi et al., 2011). However, some studies have described no change in IL-10 and TGF-
S1 gene expression after TNFo and IFNy stimulation (Yoo et al., 2009), and no TGF-$1

secretion after exposure to activated lymphocytes in equine BM-MSCs (Carrade et al.,
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2012). In our conditions, we have observed that the gene expression of the anti-
inflammatory molecule IL-10 was significantly down-regulated by CK20 treatment and
no significant changes for TGF-f1 and TSG-6 gene expression were observed in any
experiment. Variability in immunoregulatory mechanisms has been described associated
with the species or the MSCs source (Carrade and Borjesson, 2013). Since several
factors could participate in the mechanisms underlying the immune suppression exerted
by MSCs, we hypothesize that the downregulation of some molecules could be
compensated by the overexpression of other factors such COX-2 (PGE2), IDO, iNOS or

IL-6, as commented above.

The differences in immune-regulation mechanisms depending on species, sources and
inflammatory stimuli may explain some differences between our results and previous
reports. Despite of that fact, our data demonstrate a change in the gene expression and
marker surface pattern of eBM-MSC, confirming that the increase of the MSC

immunoregulatory potential is induced by inflammatory environments.

Preservation of low immunogenicity in MSCs after stimulation is important to allow
allogeneic transplantation. Allogeneic MSC therapy would be an “off-the-shelf” product
due to the scarcity of MSCs, especially in cases where MSC are low and the quality
might be committed as it happens in aged individuals and disease, and also in situations
where autologous MSCs might have the same genetic defects as the patient (Chen and
Tuan, 2008). The three inflammatory conditions tested in the present work induced a
non-significant increase of MHC-I gene expression, but only CK50 and CK20
conditions induced an increase in MHC-I1 gene expression, significant for CK50

condition. The increase in MHC-1 and MHC-I1 surface expression detected by flow
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cytometry was only observed for CK50 condition. Inflammatory conditions have been
reported to induce the expression of MHC (Najar et al., 2012). In fact, IFNy is
considered as MHC inductor in MSCs, but not TNFa, in a non-dose-dependent manner
(Chan et al., 2006; Chan et al., 2008; Chinnadurai et al., 2014) . IFNy-upregulated MHC
expression is not accompanied by an immunogenicity increase, due to the lack of
expression of the co-stimulatory molecules CD40, CD80 and CD86 (Tse et al., 2003)
along with the immune-suppressive properties of MSCs, which attenuate the local
immune system response (Ankrum et al., 2014). Some reports show that IFNy
stimulated-MSCs display MHC-I molecules up-regulated and induce the expression of
MHC-II, but are not able to modify the expression of co-stimulatory molecules (Tse et
al., 2003; Klyushnenkova et al., 2005). According to these authors, in CK50 conditions
we have observed a significant diminution in CD40L gene expression. CD40L acts as a
ligand for the co-stimulatory molecule CD40, expressed by the professional antigen
presenting cells. It has been described that blocking CD40L, immune-tolerance is
allowed (Briones et al., 2011), thus the down-regulation of the gene coding for this
molecule might be implicated in the attenuation of the immunogenicity of eBM-MSCs.
This lack of change in co-stimulatory molecule gene expression, combined with up-
regulation of the immunoregulatory molecules, suggest that eBM-MSC might remain

immune-evasive after inflammatory priming.

In summary, eBM-MSCs are able to change their gene expression profile in response to
inflammatory stimuli, and several of these changes are correlated with modifications in
the eBM-MSC surface expression profile. Inflammatory synovial environment does not
promote significant and homogeneous immunoregulatory changes in the expression

patterns, indicating that the inflammatory environment of an injured joint might not be

23



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

sufficient to activate eBM-MSCs to display immunosuppression potential. Controlled
concentrations of TNFa and IFNy treatment would induce the changes in a significant
and more homogenous manner. In consequence, 1A cellular therapy would improve the
efficiency by prior ex vivo priming of eBM-MSCs. The up-regulation of MHC-11
produced by CK priming may mean an immunogenicity increase, but it might be
relieved by the absence of co-stimulatory molecules to trigger an immune response and
the enhancement of immunomodulatory factor expression by the eBM-MSCs
themselves. Further studies, including in vivo experiments of immune response, would

be needed to elucidate the effect of cytokine priming on the immunogenicity of MSCs.

Conclusion

Several important findings on eBM-MSC behaviour and immunoregulatory responses,
relevant to their 1A therapeutic applications, were identified in the current investigation.
Firstly, the eBM-MSC immunomodulatory gene expression pattern was modified when
exposed to inflammatory environment, and was dependent on the type of stimuli, but
not necessarily in a dose-dependent manner. Secondly, cytokine priming induced the
expression of MHC, but not of the co-stimulatory molecules, therefore, the
immunogenicity was not necessarily increased. The immunomodulatory profile
enhancement reached treating eBM-MSCs with TNFa and IFNy could be advantageous
to the modulation of the immune response, but further studies to ensure that it does not

affect the immune-evasive status of eBM-MSCs negatively are needed.
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Tables

Table 1. Genes analysed by RT-gPCR. GenBank accession numbers of the sequences

used for primers design. Primers (F: Forward and R: Reverse) and length of the

amplicon in base pair (bp). Genes were grouped in agreement with the functions and

implications of encoded molecules, in order to facilitate the posterior analysis: House-

keeping, characterization cell surface markers, adhesion molecules and chemokine

receptors, immunomodulation-related paracrine molecules and antigen presenting-

related molecules

GENE Accession number Primer sequence (5°-3") Ams?zl:acon
HOUSE-KEEPING
F:GGCAAGTTCCATGGCACAGT
GAPDH ~ NM_001163856 R:CACAACATATTCAGCACCAGCAT 128
B2M NM_001082502.2 F: TCGTCCTGCTCGGGCTACT 102

R: ATTCTCTGCTGGGTGACGTGA

CHARACTERIZATION CELL SURFACE MARKERS, ADHESION MOLECULES AND

CHEMOKINES RECEPTORS

com o EICCACTCCECCTCTTT .
o womsons ESCCATCTIECACKTIOWAS
couwommses £ COCBRTOMENETE T
o Ao CIOAICOSMAIGICCNTIA
o wommiss EATMACCITANIENTTICTOO 4
A o L IATCOACICTCECCTCG
crcrs xucouemesFL ISASCASCACETACCANACT .
IMMUNOMODULATION-RELATED PARACRINE MOLECULES
COX-2 AB041771 F: GTTTGCATTTTTTGCCCAGC 103

R: ACTTAAATCCACCCCGTGACC
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F: TCATGACTACGTGGACCCAAAA

Do xMooidsoeat R: CGCCTTCATAGAGCAGACCTTC 104
oS Avoziss3 R TOAGCATTCCAGATCCOOA i
L6 EuesTIO R CAGGTCTCCTGATIGAACCCA o
TSG6  AYSITLL g TTCCAGACCOTGOTTOTCTOT 101
L10 BT R TGGAGCTTACTGAAGGCACTCT 140
ANTIGEN PRESENTING-RELATED MOLECULES
TR 5w
won womans AT
oo e RSECCRSEC
CDAOL  XM_001490011 F: AGTTCGAAGGCTTCGTCAAGG o1

R: CGCAATTTGAGGCTCCTGAT
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Figure legends

Figure 1. Equine BM-MSCs expression of genes coding for immunomodulatory related
molecules analysed by RT-qPCR. Gene expression of each gene in every experiment
(SF, CK50 and CKZ20) is represented as Mean £ S.E.M (n=3) of the relative expression
regarding correspondent control. A) Expression of genes coding for molecules
participating in direct cell-cell contact mechanism of MSCs VCAM-1, ALCAM, CXCR4;
B) Expression of genes coding for immunomodulatory molecules implied in the MSCs
paracrine signalling mechanism COX-2, IDO-1, iNOS, IL-6, IL-10, TGFf-1, TSG-6. C)
Expression of genes coding for immunogenic molecules participating in the antigenic

presentation MHC-1, MHC-II, CD40 and CD40L (* = p<0.05).

Figure 2. Equine BM-MSCs surface expression of molecules related with
immunomodulatory functions and immunogenic molecules related with antigenic
presentation, analysed by flow cytometry. Expression of each molecule in every
experiment (SF and CK50) is represented as Mean + S.E.M (n=3) of percentage of
positive cells. A) Control and SF-stimulated eBM-MSCs (Experiment 1) positive for
CD90, CD105, CD44 and IL-6. B) Control and CK50-stimulated eBM-MSCs
(Experiment 2) positive for CD90, CD105, CD44 and IL-6. C) Control and SF-
stimulated eBM-MSCs (Experiment 1) positive for MHC-1 and MHC-I1. D) Control and
CK50-stimulated eBM-MSCs (Experiment 2) positive for MHC-1 and MHC-I11 (* =

p<0.05).
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Highlights

Highlights

Joint inflammation did not activate the eBM-MSCs immunomodulatory potential.

Cytokine priming upregulates the immunoregulatory profile of eBM-MSCs

Cytokines lead to an increase in MHC, but not in costimulatory molecules expression.

Equine BM-MSCs change their immune-phenotype according to their environment.



