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Allogeneic mesenchymal stem cells (MSCs) are a promising cell source for treating mus-
culoskeletal injuries in horses. Effective and safe allogeneic therapy may be hindered, 
however, by recipient immune recognition and rejection of major histocompatibility com-
plex (MHC)-mismatched MSCs. Development of strategies to prevent immune rejection 
of MHC-mismatched MSCs in vivo is necessary to enhance cell survival and potentially 
increase the efficacy and safety of allogeneic MSC therapy. The purposes of this study 
were to evaluate if transforming growth factor-β2 (TGF-β2) downregulated MHC expres-
sion on equine MSCs and to determine if TGF-β2 treatment altered the phenotype of 
MSCs. Equine bone marrow-derived MSCs from 12 horses were treated with 1, 5, or 
10 ng/ml TGF-β2 from initial isolation until MHC expression analysis. TGF-β2-treated 
MSCs had reduced MHC I and MHC II surface expression compared to untreated con-
trols. TGF-β2 treatment also partially blocked IFN-γ-induced upregulation of MHC I and 
MHC II. Constitutive and IFN-γ-induced MHC I and MHC II expression on equine MSCs 
was dynamic and highly variable, and the effect of TGF-β2 was significantly dependent 
on the donor animal and baseline MHC expression. TGF-β2 treatment did not appear to 
change morphology, surface marker expression, MSC viability, or secretion of TGF-β1, 
but did significantly increase the number of cells obtained from culture. These results 
indicate that TGF-β2 treatment has promise for regulating MHC expression on MSCs to 
facilitate allogeneic therapy, but further work is needed to maintain MHC stability when 
exposed to an inflammatory stimulus.

Keywords: mesenchymal stem cell, equine, allogeneic, major histocompatibility complex, transforming growth 
factor-β2, iFn-γ
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inTrODUcTiOn

Bone marrow-derived mesenchymal stem cell (MSC) therapy 
has shown significant promise for decreasing healing time and 
reducing reinjury rates in horses with musculoskeletal injuries 
(1). Although MSCs are capable of differentiating in vitro, the 
therapeutic properties of MSCs are derived primarily from 
immunomodulatory and trophic factors secreted by the cells 
(2–4). Allogeneic MSC therapy is particularly attractive because 
quality donor cells could be used at the time of injury. Currently, 
controversy exists over the use of autologous versus allogeneic 
MSCs. MSCs were originally described in early literature as 
immune-privileged due to their strong immunomodulatory 
properties (5). Analysis of alloimmune responses following 
in  vivo transplantation have shown, however, that major his-
tocompatibility complex (MHC)-mismatched MSCs do evoke 
both cell-mediated and humoral immune responses and do 
not persist as long as autologous MSCs (6–10). A recent study 
found that repeated intra-articular injections of allogeneic 
equine MSCs, but not autologous MSCs, resulted in adverse 
clinical signs, indicating an immune response against the 
allogeneic MSCs (11). We have also recently shown that horses 
injected with MHC-mismatched MSCs produce anti-MHC 
antibodies that are cytotoxic to MSCs as early as 7–14 days post 
transplantation (12, 13). Recipient immune recognition of mis-
matched MHC molecules on the surface of donor cells, termed 
allorecognition, and subsequent rejection of MSCs likely leads 
to decreased efficacy of therapy and an increase in the likelihood 
of adverse events.

Allorecognition of both MHC I and MHC II surface molecules 
on donor MSCs can contribute to in  vivo rejection. MHC I 
molecules can be directly recognized by CD8+ T cells resulting 
in direct cytotoxicity of the foreign cell (14). CD4+ T cells can 
directly recognize MHC II surface molecules and enhance either 
cytotoxic or humoral immune responses. MHC molecules can 
also be shed by the donor cell and then internalized by antigen-
presenting cells and presented to B or T cells, a process known 
as indirect recognition. Indirect recognition of MHC peptides is 
critical for CD4+ T  cells to initiate class switching and alloan-
tibody production in B cells (15, 16). Dendritic cells have been 
shown to present intact MHC I peptides to B cells, which leads 
to alloantibody generation (17). It is therefore critical to limit 
allorecognition of both MHC I and MHC II in order to prevent 
rejection of MHC-mismatched MSCs.

Development of strategies to limit allorecognition may help 
facilitate the use of allogeneic MSCs clinically. Downregulation of 
MHC surface expression is a common tactic utilized by viruses, 
neoplastic cells, and cells in immune-privileged tissues to avoid 
immune surveillance (18–20). In immune-privileged tissues like 
the brain, transforming growth factor-β2 (TGF-β2) is highly 
expressed and appears to help prevent autoantigen presentation 
and subsequent immune responses (21). TGF-β2 has been shown 
to downregulate constitutive MHC I surface expression on a 
variety of cell types including melanoma cells, intestinal epithelial 
cells, and astrocytes as well as block IFN-γ-induced MHC expres-
sion (22–24). The TGF-β2 isoform has previously been shown to 
be more effective than TGF-β1 at blocking IFN-γ-induced MHC 

expression (25). All equine MSCs express MHC I and can be 
heterogeneous for MHC II, but IFN-γ can strongly upregulate 
expression of MHC I and MHC II (26). Other inflammatory 
cytokines including IL-1β and TNF-α can alter MHC expression, 
but only IFN-γ upregulates both MHC I and MHC II surface 
expression (27). Because MSCs are typically injected directly into 
an inflammatory environment where IFN-γ may be present, it 
is particularly important to block IFN-γ-induced expression in 
order to limit allorecognition.

The aim of this study was to characterize the effects of TGF-
β2 on constitutive and IFN-γ-induced MHC surface expression 
on equine bone marrow-derived MSCs. We also examined the 
morphology, cell surface marker expression, and TGF-β isoform 
secretion, which we define as the MSC phenotype, to determine 
if these were altered by TGF-β2 treatment.

MaTerials anD MeThODs

horses
A total of 12 horses were used for this study. All animals were 
between the ages of 5 and 17 years, free of systemic disease as 
determined by routine physical examinations and bloodwork, 
free of medication for 48  h prior to use, and non-pregnant. 
The Institutional Animal Care and Use Committee of North 
Carolina State University approved the use of horses in these 
studies.

Msc isolation and culture
Bone marrow aspirates were collected aseptically from the 
sternum of 12 horses by using 11-gauge Jamshidi bone marrow 
biopsy needles under standing sedation with local anesthesia. For 
each harvest, a total of 120 ml of aspirate was collected into 60-ml 
syringes containing 25,000 U of heparin each. Bone marrow aspi-
rates were purified via Ficoll-Paque Plus (GE Healthcare, Chicago, 
IL, USA) gradient centrifugation, as previously described (28). 
Isolated cells from each horse were evenly divided onto 100-mm 
tissue-culture plates containing the appropriate media for each 
treatment group. MSC base media used for the negative control 
group consisted of low glucose (1 g/dl) DMEM media contain-
ing 10% fetal bovine serum (FBS) (Atlanta Biologicals, Flowery 
Branch, GA, USA), 2  mM l-glutamine, penicillin (100  U/ml), 
and streptomycin (100  µg/ml). Standard MSC media used for 
the traditional control group consisted of MSC base media with 
the addition of basic fibroblastic growth factor (bFGF, 1 ng/ml) 
(Corning, Inc., Corning, NY, USA), which is a normal addition 
to media for equine MSC culture (12, 26). TGF-β2 treatment 
group media consisted of standard MSC media containing 
human recombinant TGF-β2 at concentrations of 1, 5, or 10 ng/
ml (BioLegend, San Diego, CA, USA).

Media were exchanged every 48  h. Cells were passaged 
1:3 at approximately 80% subconfluency by using Accumax 
cell-dissociation solution (Innovative Cell Technologies, Inc., 
San Diego, CA, USA) and plated at a density of approximately 
1 × 104 cells/cm2. Cell counts and viability at each passage were 
determined using a Cellometer® Auto 2000 and ViaStain™ 
AOPI Staining Solution (Nexcelom Bioscience LLC, Lawrence, 
MA, USA). Cell cultures were imaged using an IX83 inverted 
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FigUre 1 | IFN-γ stimulation methods. P3 untreated [−/− transforming 
growth factor-β2 (TGF-β2)], pretreated (+/− TGF-β2), and continuously 
treated (+/+ TGF-β2) mesenchymal stem cells (MSCs) were stimulated with 
1 ng/ml equine IFN-γ over a 72-h period. Untreated and pretreated MSCs not 
stimulated with IFN-γ were used as controls. Major histocompatibility 
complex (MHC) I and MHC II expression was measured via FACS following 
stimulation. Baseline MHC expression was obtained by freezing cells from 
each treatment group just prior to IFN-γ stimulation.
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microscope and cellSens™ software (Olympus Corporation, 
Center Valley, PA, USA). Cells to be cryopreserved were pel-
leted after dissociation and resuspended in freeze media (base 
or standard MSC medium with 10% FBS and 10% dimethyl 
sulfoxide).

immunophenotyping of Mscs
Mesenchymal stem cells were immunophenotyped at passage 2 
(P2) for expression levels of MHC class I and MHC class II using 
FACS analysis. The MHC I and MHC II antibodies (clones cz3 
and cz 11, respectively, Antczak Laboratory) used in this study 
were previously validated for the horse and used at dilutions 
of 1:10 according to previous experience (26, 28). Cells were 
pelleted in aliquots containing approximately 1  ×  106 cells on 
96-well V-bottom plates and treated with a 20-min blocking 
step by using 10% normal goat serum in phosphate-buffered 
saline. The cells were pelleted and resuspended in unconjugated 
primary monoclonal antibody and incubated for 45  min at 
4°C. MSCs were then washed and resuspended in a secondary 
allophycocyanin-conjugated goat anti-mouse IgG antibody (BD 
Biosciences, San Jose, CA, USA), and incubated for an additional 
45 min at 4°C. Cells were analyzed on a LSRII (BD Biosciences) 
flow cytometer equipped with FACSDiva analysis software (BD 
Biosciences). MSCs stained with the secondary antibody alone 
were used as negative controls. Cells were gated as previously 
described and data were collected on a minimum of 1 × 104 cells 
for each sample (26).

Mhc i Quantification
The QIFIKIT® (Agilent Technologies, Inc., Carpinteria, CA, 
USA) was used to quantify MHC I surface expression in MSCs 
and equine fetal fibroblasts, which were isolated from a por-
tion of the body wall of day 34 equine conceptuses collected by 
uterine lavage and grown to confluency. A F(ab′)2 fragment of 
FITC-conjugated goat anti-mouse IgG antibody from the kit was 
used as the secondary antibody for the setup beads, calibration 
beads, MSCs, and fetal fibroblasts. On an LSRII, the setup beads 
were used to set voltages and then the geometric mean fluores-
cence intensity (GMFI) was recorded for the five populations of 
calibration beads and MSCs. From the GMFIs of the calibration 
beads, a linear regression of the calibration curve was generated 
using using Prism 6 (GraphPad, La Jolla, CA, USA). Calculation 
of antigen binding capacity was completed from the linear regres-
sion according to the manufacturer’s instruction as a means of 
determining the average number of MHC I surface molecules for 
each MSC and fetal fibroblast population.

iFn-γ stimulation
For immunophenotyping of IFN-γ-stimulated MSCs, P3 MSCs 
were divided into the following treatment groups: untreated MSCs 
(−/− TGF-β2), TGF-β2-pretreated MSCs (+/− TGF-β2), and 
continuously treated MSCs (+/+ TGF-β2) (Figure 1). Pretreated 
MSCs were cultured in TGF-β2 from initial isolation to just prior 
to IFN-γ stimulation. MSCs were stimulated by replacing cell 
culture media with standard media containing 1 ng/ml recombi-
nant equine IFN-γ (R&D Systems, Minneapolis, MN, USA) at 0 
and 48 h as shown in Figure 1. Untreated and pretreated MSCs 

not stimulated with IFN-γ were used as controls. Baseline MSC 
expression was determined by harvesting MSCs prior to IFN-γ 
stimulation. All 72 h MSC MHC I expression level, results were 
reported as fold change from that of the untreated (−/− TGF-β2) 
MSC group cultured without IFN-γ.

For IFN-γ-induced MHC expression kinetics, untreated and 
TGF-β2-pretreated P3 MSCs were stimulated with IFN-γ as 
described above. MSCs were harvested at baseline, 24, 48, and 
72 h and frozen until FACS analysis.

Msc surface Markers
Cryopreserved TGF-β2-treated and untreated P2 and P3 MSCs 
were expanded for one passage before staining for surface markers 
as previously described (28). The following antibodies were used 
to confirm MSC phenotype: LFA-1 (cz3.2 Antczak lab), CD29 
(TDM29 EMD Millipore), CD44 (CVS18 BioRad), CD45RB 
(DH16A Washington State University), and CD90 (DH24A 
Washington State University). LFA-1 was used neat, while dilu-
tions of 1:10 (CD45RB), 1:100 (CD29, CD44), and 1:200 (CD90) 
were used, according to manufacturer’s directions and according 
to previous experience.

cytokine analysis
P3 MSCs were divided into untreated and pretreated groups and 
stimulated with 1 ng/ml IFN-γ as described under IFN-γ stimu-
lation. All groups were washed at 72 h and media replaced with 
standard media containing no IFN-γ or TGF-β2. Supernatant 
was collected 24 h later for analysis of TGF-β1, 2, and 3 using 
a commercially available multiplexed cytokine/chemokine mag-
netic bead kit (EMD Millipore, Billerica, MA, USA). All samples 
were analyzed in duplicate using a 96-well platform performed 
per manufacturer’s instructions. Sample volume used was 25 µl 
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and all samples were run at a 1:5 dilution. Plates were read using 
a Luminex MagPix instrumentation (Luminex Corporation, 
Austin, TX, USA). A minimum bead count of 50 for each 
cytokine was acquired for data analysis. Data were analyzed 
using Milliplex Analyst 5.1 software (Luminex Corporation, 
Austin, TX, USA).

statistical analyses
Immunophenotyping and IFN-γ stimulation data were normal-
ized by log transformation and analyzed by analysis of covariance 
(ANCOVA) with horse as covariate, followed by the Tukey’s test 
for multiple comparisons. TGF-β concentrations in supernatant 
were analyzed by ANCOVA with horse as covariate, followed by 
the Tukey’s test for multiple comparisons. Baseline MHC data for 
the IFN-γ stimulation experiments, cell yield, and viability were 
analyzed using a two-tailed t-test. Analyses were performed using 
JMP® Pro11 (SAS Institute Inc., Cary, NC, USA) and significance 
set at p < 0.05.

resUlTs

Msc immunophenotyping
To first determine the effects of TGF-β2 treatment on MSC 
immunophenotype, MSCs from the same bone marrow aspirate 
were cultured with 1, 5, or 10 ng/ml TGF-β2. Untreated MSCs 
cultured in standard media with or without bFGF were used as 
controls. GMFI was used to assess expression levels of MHC I 
because all MSCs should be positive for MHC I with a fairly nor-
mal distribution of expression. MSCs cultured in 1, 5, and 10 ng/
ml TGF-β2 all had lower MHC I surface expression compared 
with either control group (Figure 2A) and had a significantly 
lower fold change in GMFI compared to the traditional control 
group (Figure 2B). There was no significant difference in MHC I 
expression between any of the TGF-β2 concentrations. Negative 
control MSCs (0  ng/ml bFGF) had the largest variation in 
MHC I expression, but the relative GMFI was not significantly 
different from the traditional control group (1  ng/ml bFGF) 
indicating that bFGF may have some stabilizing effect on MHC 
I expression.

Major histocompatibility complex II expression was reported 
as the average percent of cells positive for each control and 
treatment group as expression can be heterogeneous and not 
accurately represented by any measure of MFI. MSCs from two 
of the eight horses sampled for this experiment were positive for 
MHC II. Treatment with all concentrations of TGF-β2 strongly 
reduced the proportion of P2 MSCs positive for MHC II, but 
statistical significance could not be determined due to the low 
sample size (Figures 2C–D).

Mhc i Quantification
Average MHC I surface expression was quantified for each treat-
ment group using the Dako QIFIKIT® to determine the number 
of surface molecules expressed by MSCs. Quantification of MHC 
I allows for direct comparison of expression to fetal fibroblasts, 
which are considered non-immunogenic in part due to low 
MHC I surface expression (29). The GMFI of each calibration 
bead population was obtained (Figure 3A) and used to generate 

a linear regression equation for antigen binding capacity. The 
average MHC I GMFI of each MSC treatment group for each 
horse was then used to calculate the average antigen binding 
capacity, which would correlate in this experiment to the number 
of MHC I surface molecules (Figure 3B). The assay confirmed 
that P2 MSCs treated with TGF-β2 have significantly fewer 
MHC I surface molecules than MSCs from either control group 
(Figure 3C). MHC I expression levels of treated cells were also 
more similar to equine fetal fibroblasts than control groups and 
had less variation in expression between horses (Figure  3C). 
Due to the small number of fetal fibroblast samples (n = 3), fetal 
fibroblast MHC I expression was not included in the statistical 
analysis.

As there were no significant differences between MHC I 
expression for the three TGF-β2 concentrations, the lowest 
concentration, 1  ng/ml, was used for all subsequent experi-
ments. The traditional control group, which was cultured with 
bFGF, was also used as the untreated control for all other 
experiments.

iFn-γ stimulation
As MSCs are typically injected directly into sites of active 
inflammation, we measured the stability of MHC I and MHC 
II surface expression on untreated, TGF-β2-pretreated, and 
TGF-β2 continuously treated MSCs following stimulation 
with IFN-γ. IFN-γ stimulation induced upregulation of MHC 
I surface expression on untreated and TGF-β2-treated cells as 
compared to the unstimulated controls (Figure  4A). Relative 
to the unstimulated and untreated control group, there was 
no significant difference in MHC I expression in any of the 
treatment groups following IFN-γ stimulation, although the 
pretreated and continuously treated MSCs did trend toward 
having lower MHC I expression (Figure  4B). However, the 
continuously treated TGF-β2 MSCs did have significantly lower 
MHC I expression than the untreated controls following IFN-γ 
stimulation, indicating that TGF-β2 is able to partially block 
IFN-γ-induced MHC I expression under these conditions. 
There was a significant variation in MHC I expression between 
horses that affected how strongly the cells upregulated MHC I 
with IFN-γ stimulation. Individual horses could be divided into 
two categories, MHC I low and MHC I high, depending on the 
fold change in MHC expression following IFN-γ stimulation. 
Horses that had at least a 1.8-fold change increase in expression 
following IFN-γ stimulation and also had the lowest MHC I 
expression (Figure  4C). Horses that already expressed high 
levels of MHC I had less than a 1.4-fold change increase in 
expression (Figure 4D). Over the 72 h without TGF-β2, MHC 
I expression of pretreated MSCs not stimulated with IFN-γ was 
not significantly different from baseline expression and still 
significantly lower than untreated MSCs (Figure 4E).

For MHC II, horses were characterized as MHC II negative 
or MHC II positive depending on baseline expression. Untreated 
MSCs from four horses were negative for MHC II and untreated 
MSCs from three horses were positive for MHC II at the beginning 
of the IFN-γ stimulation. For MHC II negative MSCs, neither 
pretreatment nor continuous treatment significantly prevented 
IFN-γ-induced expression of MHC II (Figures 5A,B), although 
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FigUre 2 | Major histocompatibility complex (MHC) I and MHC II surface expression on untreated and transforming growth factor-β2 (TGF-β2)-treated 
mesenchymal stem cells (MSCs). Equine MSCs were cultured in media containing 0 ng/ml basic fibroblastic growth factor (bFGF) and 0 ng/ml TGF-β2 (negative 
control group), 1 ng/ml bFGF and 0 ng/ml TGF-β2 (traditional control group) or 1 ng/ml bFGF and 1, 5, or 10 ng/ml TGF-β2 from initial isolation to P2. MHC I and 
MHC II expression was measured via FACS analysis. Superscript letters indicate significant differences between groups. (a) Representative histograms from one 
horse of MHC I expression for all treatment groups. Numbers above gates represent population geometric mean fluorescence intensity (GMFI) compared to MHC I 
negative control (gray). (B) MHC I expression shown as the average fold change in GMFI relative to the traditional control group. Data shown are mean ± SD of 
n = 8, p < 0.0001. (c) Representative histograms from one horse of MHC II expression for all treatment groups. Numbers above gates represent the percent of the 
parent population positive for MHC II compared to the negative control. (D) MHC II expression shown as the average percent of MSCs positive for MHC II. Data 
shown are mean ± SD of n = 2.
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like MHC I, treated MSCs tended to have a lower number of 
MSCs positive for MHC II. For MSCs that were MHC II positive 
prior to IFN-γ challenge, only the MSCs continuously treated 
with 1  ng/ml TGF-β2 had significantly fewer cells with MHC 
II expression compared with untreated MSCs (Figures  5C,D). 
Significant upregulation still occurred, however, compared with 
TGF-β2-treated MSCs that were not challenged with IFN-γ again 
indicating partial, but incomplete, blocking of IFN-γ-induced 
MHC expression.

iFn-γ-induced Mhc Kinetics
Next, we analyzed if TGF-β2 treatment changed the rate of IFN-γ-
induced MHC I and MHC II upregulation. MSCs from two horses 
were compared in this assay. On MSCs from Horse 1, MHC I 
expression peaked at 24 h on both untreated and pretreated MSCs, 
then declined over the next 48 h (Figure 6A). Pretreated MSCs 
had lower MHC I expression at 0, 24, and 48 h, but slightly higher 
expression at 72 h. Horse 2 had very high MHC I baseline expres-
sion on untreated MSCs and expression decreased over the 72 h 
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FigUre 3 | Quantification of major histocompatibility complex (MHC) I surface expression on untreated and transforming growth factor-β2-treated mesenchymal 
stem cells (MSCs). The QIFIKIT® assay was used to quantify the average number of MHC I surface molecules on passage 2 MSCs based on the population 
geometric mean fluorescence intensity (GMFI). Superscript letters indicate significant differences between groups. (a) Calibration bead populations were gated to 
obtain GMFI for linear regression analysis. (B) Representative histograms from one horse showing MHC I expression and population GMFI for all treatment groups. 
(c) Average number of MHC I molecules as determined by linear regression analysis for all treatment groups. Data shown are mean ± SD of n = 7, p = 0.0003. 
Fetal fibroblasts are included as a MHC Ilow reference cell.
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(Figure 6A). Horse 1 was baseline MHC II negative and Horse 
2 was baseline MHC II positive. MHC II expression on MSCs 
from both horses gradually increased throughout the 72 h of the 
assay in both untreated and pretreated MSCs (Figure 6B). MHC 
II expression on pretreated MSCs remained lower than untreated 

MSCs throughout the assay. The MHC I expression patterns at 
72  h were different in these two individual horses than what 
was seen overall in the previous IFN-γ stimulation assay further 
demonstrating that MHC I expression on MSCs is dynamic and 
dependent on baseline expression and the individual MSC donor.
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FigUre 4 | Major histocompatibility complex (MHC) I surface expression on untreated and transforming growth factor-β2 (TGF-β2)-treated mesenchymal stem cells 
(MSCs) following IFN-γ stimulation. P3 untreated (−/−), TGF-β2-pretreated (+/−), and TGF-β2 continuously treated (+/+) MSCs were stimulated with 1 ng/ml IFN-γ 
for 72 h before MHC I expression analysis via FACS. Untreated and pretreated MSCs not stimulated with IFN-γ were used as controls. Superscript letters indicate 
significant differences between groups. (a) Representative histograms from one horse of MHC I expression for all treatment groups. Numbers above gates represent 
population geometric mean fluorescence intensity (GMFI) compared to MHC I negative control (gray). (B) MHC I expression shown as the average fold change in 
GMFI relative to the control group (−/− TGF-β2 untreated, solid blue bar). Data shown are mean ± SD of n = 9, *p < 0.0001 by t-test, p < 0.0001 by analysis of 
covariance (ANCOVA). (c) MHC I expression for MHC I low horses shown as the average fold change in GMFI relative to the control group (−/− TGF-β2 untreated, 
solid blue bar). Data shown are mean ± SD of n = 5, *p < 0.0001 by t-test, p < 0.0001 by ANCOVA. (D) MHC I expression for MHC I high horses shown as the 
average fold change in GMFI relative to the control group (−/− TGF-β2 untreated, solid blue bar). Data shown are mean ± SD of n = 4, *p = 0.0049 by t-test, 
p < 0.0001 by ANCOVA. (e) MHC I GMFI of baseline and unstimulated MSCs treatment groups. Data shown are mean ± SD of n = 9, p < 0.0001.
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Msc Morphology and surface Markers
Morphology of P2 untreated and TGF-β2-treated MSCs was 
visually compared using phase contrast microscopy. Untreated 
and TGF-β2-treated MSCs were both spindle shaped with 
similar width and length (Figure  7A). Expression of standard 
MSC surface markers was measured to determine if 1  ng/ml 
TGF-β2 treatment altered equine MSC surface marker expres-
sion. Both untreated and TGF-β2-treated MSCs were positive for 

CD29, CD44, and CD90 and negative for CD45RO and LFA-1 
(Figure  7B). Overall, there were not significant differences 
between the expression for treated or untreated MSCs for any of 
the positive or negative surface markers, except CD90 expression 
was slightly downregulated on TGF-β2-treated MSCs in four of 
the five horses. Unlike MHC surface expression, expression levels 
of CD29, CD44, and CD90 were very similar between individual 
horses.
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FigUre 5 | Major histocompatibility complex (MHC) II surface expression on untreated and transforming growth factor-β2 (TGF-β2)-treated mesenchymal stem cells 
(MSCs) following IFN-γ stimulation. P3 untreated (−/−), TGF-β2-pretreated (+/−), and TGF-β2 continuously treated (+/+) MSCs were stimulated with 1 ng/ml IFN-γ 
for 72 h before MHC II expression analysis via FACS. Untreated and pretreated MSCs not stimulated with IFN-γ were used as controls. Superscript letters indicate 
significant differences between groups. (a) Representative histograms from one MHC II baseline negative horse showing MHC II expression for all treatment groups. 
Numbers above gates represent the percent of the parent population positive for MHC II compared to the negative control (gray). (B) MHC II expression shown as 
the average percent of the parent population positive for MHC II relative to the control group (−/− TGF-β2 untreated, solid blue bar). Data shown are mean ± SD of 
n = 6, p < 0.0001. (c) Representative histograms from one MHC II baseline positive horse showing MHC II expression for all treatment groups. Numbers above 
gates represent the percent of the parent population positive for MHC II compared to the negative control (gray). (D) MHC II expression shown as the average 
percent of the parent population positive for MHC II relative to the control group (−/− TGF-β2 untreated, solid blue bar). Data shown are mean ± SD of n = 3, 
*p < 0.0001 by t-test, p < 0.0007 by analysis of covariance.
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cell Yield and Viability
Transforming growth factor-β2 is well known as a negative 
regulator of the cell cycle and can induce apoptosis in certain 
cell types (30, 31). To determine effects of TGF-β2 treatment 
on MSC proliferation capacity, the number and viability of cells 
obtained from P0 to P2 was compared between untreated and 
TGF-β2-treated MSCs. For P0–P2, TGF-β2-treated MSCs had 
significantly increased cell yields compared to untreated, despite 

there the fact that the same number of cells were plated at the 
beginning of each passage and the groups were grown for the same 
amount of time (Figure 8A). The relative difference between cell 
yield appeared to diminish with each passage, but there was still 
a significantly higher cell yield at P2 in the TGF-β2-treated group. 
The increase in cell yield appears to be dependent on coculture 
with bFGF as MSCs grown with only TGF-β2 had significantly 
reduced cell yield relative to cells cultured with bFGF and TGF-β2 
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FigUre 6 | Major histocompatibility complex (MHC) I and MHC II surface expression kinetics on untreated and transforming growth factor-β2 (TGF-β2)-pretreated 
mesenchymal stem cells (MSCs) following IFN-γ stimulation. MHC I and MHC II expression were measured on untreated and TGF-β2-pretreated MSCs from two 
horses via FACS every 24 h for 72 h following IFN-γ stimulation. (a) MHC I expression shown as the geometric mean fluorescence intensity (GMFI) of MSCs in each 
treatment group over time. (B) MHC II expression shown as the percent of the parent MSC population positive for MHC II in each treatment group over time.
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(p < 0.0001) (Figure S1 in Supplementary Material). There was no 
significant difference between the viability of untreated or treated 
MSCs from P0 to P2 (P0: p = 0.257, P1: p = 0.313, P2: p = 0.100) 
(Figure 8B).

TgF-β isoform Production
Constitutive secretion of TGF-β1, but not TGF-β2, has been 
previously reported from equine MSCs (32). Concentrations 
of TGF-β1 and TGF-β2 were measured in the supernatant of 
unstimulated and IFN-γ-stimulated MSC cultures to determine 
if treatment with TGF-β2 affected production of either TGF-β 
isoform. Unstimulated and IFN-γ-stimulated MSCs from both 
untreated and TGF-β2-pretreated groups secreted TGF-β1 
as well as TGF-β2 (Figures  9A,B). There was no significant 
difference between the concentrations of TGF-β1 secreted by 
untreated or TGF-β2-pretreated MSCs or between unstimulated 
and stimulated MSCs (p = 0.102) (Figure 9A), but unstimulated 
TGF-β2-pretreated MSCs did secrete significantly more TGF-β2 
than untreated MSCs (Figure  9B). Expression of TGF-β1 was 
significantly different between individual horses (p  =  0.011). 
TGF-β3 could not be detected in any of the samples (data not 
shown).

DiscUssiOn

The aims of this study were to determine the effects of TGF-β2 
on MHC expression, phenotype, and TGF-β isoform secretion 
of equine bone marrow-derived MSCs. The data obtained in 
this study are consistent with these previous findings in other 
cell types that TGF-β2 is capable of downregulating MHC I and 
II expression and partially blocking IFN-γ-induced expression 
(22–25). Our studies also confirm that MSCs treated with TGF-
β2 retain their phenotype and are able to secrete high levels of the 
immunomodulatory cytokine TGF-β1 as well as TGF-β2.

As shown in our initial immunophenotyping, although all 
MSCs are positive for MHC I expression, the degree of MHC I 
expression on untreated bone marrow-derived MSCs is highly 
variable between individual horses. MSCs treated with TGF-β2 in 
this study had consistently lower MHC I surface expression than 
untreated MSCs, less variation in MHC I expression levels than 
untreated MSCs, and similar expression levels as fetal fibroblasts. 
It is important to note that the TGF-β2-treated cells are still 
positive for MHC I, as absent MHC I expression would result 
in natural killer cell-mediated lysis (33). As shown in the MHC 
I quantification assay, constitutive MHC I expression levels on 
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FigUre 7 | Phenotype of untreated and transforming growth factor-β2 (TGF-β2)-treated mesenchymal stem cells (MSCs). (a) P2 MSCs were imaged via phase 
microscopy, bar = 500 µM. (B) P3 untreated and TGF-β2-treated MSCs were stained for positive MSC surface markers CD29, CD44, and CD90 and negative 
surface markers LFA-1 and CD45RO. Expression is shown as FACS histograms from five horses.
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FigUre 9 | Production of TGF-β1 and transforming growth factor-β2 (TGF-β2) by untreated and TGF-β2-treated mesenchymal stem cells (MSCs). TGF-β1 and 
TGF-β2 concentrations were measured in the supernatant of untreated (−/− TGF-β2), untreated and IFN-γ stimulated (−/− TGF-β2 + IFN-γ), TGF-β2-pretreated 
(+/− TGF-β2), and TGF-β2-pretreated and IFN-γ stimulated (+/− TGF-β2 + IFN-γ) MSCs using a TGF-β multiplex assay. Superscript letters indicate significant 
differences between groups. (a) TGF-β1 is displayed as the mean concentration ± SD of n = 7. (B) TGF-β2 is displayed as the mean concentration ± SD of n = 7, 
p = 0.0045 by analysis of covariance.

FigUre 8 | Cell yield and viability of untreated and transforming growth factor-β2 (TGF-β2)-treated mesenchymal stem cells (MSCs). Cell yield and viability were 
determined at each passage using a Cellometer® Auto 2000 and ViaStain™ AOPI Staining Solution. (a) Cell yield is displayed as the average fold change in cell 
counts relative to untreated MSCs. Data shown are mean ± SD of n = 8, ****p < 0.0001 by t-test (B) Viability is displayed as the average fold change in percent 
viability of MSCs relative to untreated MSCs. Data shown are mean ± SD of n = 8.
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MSCs are highly variable between horses, but in our experience, 
individual horses tend to have consistent MHC I expression 
levels between bone marrow aspirates. This variation between 
individuals has also been documented in humans and chickens 
and is influenced by MHC haplotype in chickens (34, 35). The 
immunophenotyping results for MHC II expression on untreated 
MSCs are consistent with previous findings that equine bone 
marrow-derived MSCs are heterogeneous for MHC II expression 
(26). Untreated MSCs from two of the initial eight horses used for 
testing the three TGF-β2 concentrations were positive for MHC 
II, but treatment with TGF-β2 was able to dramatically reduce 
MHC II expression on unstimulated MSCs to nearly undetect-
able levels. Further research on individual variance in MHC I 
and MHC II expression levels may be helpful for identifying ideal 
donor horses for allogeneic MHC therapy and for developing 
further strategies to regulate MHC expression.

Similar to a previous study on intestinal epithelial cells (23), 
IFN-γ-induced upregulation of MHC I on MSCs in this study 
was attenuated by TGF-β2 treatment, although the significance 
was dependent on if the donor horse was MHC I baseline high 
or low. The degree to which IFN-γ was able to upregulate MHC I 
and TGF-β2 to block IFN-γ-induced MHC I expression appeared 
to be highly dependent on the individual horse from which the 
MSCs were obtained. It is still unclear if these differences in 
response to IFN-γ and TGF-β2 between horses are influenced 
by MHC haplotype or the health status of the animal, although 
all horses in this study were systemically healthy. TGF-β2 treat-
ment also reduced the proportion of MSCs positive for MHC II 
following IFN-γ challenge, but this change was only significant 
for MSC populations that were already positive for MHC II at 
baseline measurement. Continuous treatment with TGF-β2 was 
shown to be the most effective at blocking IFN-γ-induced MHC 
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I and MHC II expression in MSCs and co-delivery of TGF-β2 via 
encapsulation in hydrogels or scaffolds with MSCs may be pos-
sible for in vivo therapy (36). Other methods that can be used with 
TGF-β2 treatment expression, like 3D culture (37) or manipula-
tion of expression of the class II transactivator (38), should also 
be explored to stabilize MHC expression on MSCs.

In comparison to the changes seen in MHC expression, TGF-
β2 treatment did not appear to significantly change the morphol-
ogy, surface markers, or viability of MSCs. TGF-β2-treated MSCs 
were still positive for MSC surface markers CD29, CD44, and 
CD90 and negative for hematopoietic markers CD45RO and 
LFA-1. Four of the five horses had reduced CD90 expression, 
but CD90 has previously been shown to have no effect on the 
immunomodulatory properties of human MSCs (39). TGF-β2 
treatment also had unexpected, yet positive effects on the pro-
liferative capacity of MSCs. TGF-β isoforms are well understood 
to negatively regulate of cell cycle progression from G1 to S 
phase (30), but treatment of MSC cultures with 1 ng/ml TGF-β2 
significantly increased the cell yield of early passage MSCs in this 
study. TGF-β has been shown to increase production of connec-
tive tissue growth factor, a mitogenic peptide, in fibroblasts (40) 
and may have similar effects on production in MSCs. MSCs from 
older patients may not proliferate as well as younger and healthier 
patients (41, 42), so TGF-β2 treatment may be a viable option 
for increasing autologous MSC cell yield from older horses or 
horses with poorly proliferating MSCs. It is important to note 
that MSCs treated with TGF-β2 in the absence of bFGF have 
reduced proliferative abilities compared to MSCs cultured with 
both indicating that cotreatment with bFGF is necessary. The dif-
ference in proliferative capabilities depending on the presence of 
bFGF may be due to changes in cell cycle progression and should 
be explored in future studies. The effects of TGF-β2 treatment on 
the in vitro differentiation capabilities or other paracrine factors 
were not explored in this study, but may be relevant for future 
therapies. As TGF-β isoforms activate transcription factors with 
broad cellular effects (43), it is possible that treatment may alter 
the potency or therapeutic properties of the cells (44).

We also report that equine MSCs constitutively express TGF-
β1 and TGF-β2 and that TGF-β2 treatment does not negatively 
impact expression of either of these. In vitro assays like mixed 
leukocyte reactions and cytotoxicity assays are needed to deter-
mine if the modest increases in TGF-β2 expression seen in TGF-
β2-treated MSCs change the immunomodulatory properties of 
the cells and immune recognition. There was also significant 
variation in concentrations of TGF-β1 and TGF-β2 secreted by 
individual horses further supporting that some animals may 
make more ideal donors based on the MHC expression and 
cytokine profiles of their cells.

In conclusion, TGF-β2 downregulates constitutive MHC I 
and MHC II surface expression, partially blocks the effects of 
IFN-γ on MHC expression, and does not significantly alter the 

morphology, cell surface marker expression, or secretion of TGF-
β1 in equine bone marrow-derived MSCs. These findings warrant 
further investigation into the in vitro and in vivo cell-mediated 
immunogenicity of TGF-β2-treated MSCs to determine if 
downregulation of MHC I and MHC II expression is sufficient 
to prevent immune rejection of MHC-mismatched MSCs and to 
improve clinical applications.
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FigUre s1 | Effects of basic fibroblastic growth factor (bFGF) and transforming 
growth factor-β2 (TGF-β2) on cell yield. Cell yield was determined by manual 
hand count. Cell yield is displayed as the average fold change in cell count 
relative to mesenchymal stem cells cultured with 1 ng/ml bFGF, 5 ng/ml TGF-β2. 
Data shown are mean ± SD of n = 6, ****p < 0.0001 by t-test.

reFerences

1. Godwin EE, Young NJ, Dudhia J, Beamish IC, Smith RKW. Implantation 
of bone marrow-derived mesenchymal stem cells demonstrates improved 
outcome in horses with overstrain injury of the superficial digital flexor 

tendon. Equine Vet J (2012) 44:25–32. doi:10.1111/j.2042-3306.2011. 
00363.x 

2. da Silva Meirelles L, Fontes AM, Covas DT, Caplan AI. Mechanisms involved 
in the therapeutic properties of mesenchymal stem cells. Cytokine Growth 
Factor Rev (2009) 20:419–27. doi:10.1016/j.cytogfr.2009.10.002 

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://journal.frontiersin.org/article/10.3389/fvets.2017.00084/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fvets.2017.00084/full#supplementary-material
https://doi.org/10.1111/j.2042-3306.2011.
00363.x
https://doi.org/10.1111/j.2042-3306.2011.
00363.x
https://doi.org/10.1016/j.cytogfr.2009.10.002


13

Berglund et al. MHC Expression on TGF-β2-Treated MSCs

Frontiers in Veterinary Science | www.frontiersin.org June 2017 | Volume 4 | Article 84

3. Murphy KC, Fang SY, Leach JK. Human mesenchymal stem cell spheroids in 
fibrin hydrogels exhibit improved cell survival and potential for bone healing. 
Cell Tissue Res (2014) 357:91–9. doi:10.1007/s00441-014-1830-z 

4. Caplan AI, Sorrell JM. The MSC curtain that stops the immune system. 
Immunol Lett (2015) 168:136–9. doi:10.1016/j.imlet.2015.06.005 

5. Ryan JM, Barry FP, Murphy JM, Mahon BP. Mesenchymal stem cells 
avoid allogeneic rejection. J Inflamm (Lond) (2005) 2:8. doi:10.1186/1476- 
9255-2-8 

6. Badillo AT, Beggs KJ, Javazon EH, Tebbets JC, Flake AW. Murine bone marrow 
stromal progenitor cells elicit an in  vivo cellular and humoral alloimmune 
response. Biol Blood Marrow Transplant (2007) 13:412–22. doi:10.1016/j.
bbmt.2006.12.447 

7. Isakova IA, Lanclos C, Bruhn J, Kuroda MJ, Baker KC, Krishnappa V, et al. 
Allo-reactivity of mesenchymal stem cells in rhesus macaques is dose and 
haplotype dependent and limits durable cell engraftment in vivo. PLoS One 
(2014) 9:e87238. doi:10.1371/journal.pone.0087238 

8. Poncelet AJ, Vercruysse J, Saliez A, Gianello P. Although pig allogeneic 
mesenchymal stem cells are not immunogenic in vitro, intracardiac injection 
elicits an immune response in  vivo. Transplantation (2007) 83:783–90. 
doi:10.1097/01.tp.0000258649.23081.a3 

9. Eliopoulos N, Stagg J. Allogeneic marrow stromal cells are immune rejected 
by MHC class I- and class II-mismatched recipient mice. Gene Ther (2005) 
106:4057–65. doi:10.1182/blood-2005-03-1004.Supported 

10. Zangi L, Margalit R, Reich-Zeliger S, Bachar-Lustig E, Beilhack A, Negrin R, 
et al. Direct imaging of immune rejection and memory induction by alloge-
neic mesenchymal stromal cells. Stem Cells (2009) 27:2865–74. doi:10.1002/
stem.217 

11. Joswig A-J, Mitchell A, Cummings KJ, Levine GJ, Gregory CA, Smith R, 
et al. Repeated intra-articular injection of allogeneic mesenchymal stem cells 
causes an adverse response compared to autologous cells in the equine model. 
Stem Cell Res Ther (2017) 8:42. doi:10.1186/s13287-017-0503-8 

12. Pezzanite LM, Fortier LA, Antczak DF, Cassano JM, Brosnahan MM, Miller D, 
et al. Equine allogeneic bone marrow-derived mesenchymal stromal cells elicit 
antibody responses in  vivo. Stem Cell Res Ther (2015) 6:1–11. doi:10.1186/
s13287-015-0053-x 

13. Berglund AK, Schnabel LV. Allogeneic MHC-mismatched equine bone 
marrow-derived mesenchymal stem cells are targeted for death by cytotoxic 
anti-MHC antibodies. Equine Vet J (2016) 1–6. doi:10.1111/evj.12647 

14. Halamay KE, Kirkman RL, Sun L, Yamada A, Fragoso RC, Shimizu K, et al. 
CD8 T cells are sufficient to mediate allorecognition and allograft rejection. 
Cell Immunol (2002) 216:6–14. doi:10.1016/S0008-8749(02)00530-0 

15. Steele DJ, Laufer TM, Smiley ST, Ando Y, Grusby MJ, Glimcher LH, et  al. 
Two levels of help for B  cell alloantibody production. J Exp Med (1996) 
183:699–703. doi:10.1084/jem.183.2.699 

16. Sauvé D, Baratin M, Leduc C, Bonin K, Daniel C. Alloantibody production 
is regulated by CD4+ T  cells’ alloreactive pathway, rather than precursor 
frequency of Th1/Th2 differentiation. Am J Transplant (2004) 4:1237–45. 
doi:10.1111/j.1600-6143.2004.00520.x 

17. Curry AJ, Pettigrew GJ, Negus MC, Easterfield AJ, Young JL, Bolton EM, et al. 
Dendritic cells internalise and re-present conformationally intact soluble 
MHC class I alloantigen for generation of alloantibody. Eur J Immunol (2007) 
37:696–705. doi:10.1002/eji.200636543 

18. Rinaldo CR. Modulation of major histocompatibility complex antigen expres-
sion by viral infection. Am J Pathol (1994) 144:637–50. 

19. Cromme FV, Walboomers JMM, Van Oostveen JW, Stukart MJ, De Gruijl 
TD, Kummer JA, et  al. Lack of granzyme expression in T  lymphocytes 
indicates poor cytotoxic T  lymphocyte activation in human papillomavi-
rus-associated cervical carcinomas. Int J Gynecol Cancer (1995) 5:366–73. 
doi:10.1046/j.1525-1438.1995.05050366.x 

20. Niederkorn JY. Mechanisms of immune privilege in the eye and 
hair follicle. J Investig Dermatol Symp Proc (2003) 8:168–72. 
doi:10.1046/j.1087-0024.2003.00803.x 

21. Siglienti I, Chan A, Kleinschnitz C, Jander S, Toyka KV, Gold R, et  al. 
Downregulation of transforming growth factor-beta2 facilitates inflam-
mation in the central nervous system by reciprocal astrocyte/microglia 
interactions. J Neuropathol Exp Neurol (2007) 66:47–56. doi:10.1097/
nen.0b013e31802d47b4 

22. Ma D, Niederkorn JY. Transforming growth factor-beta down-regulates 
major histocompatibility complex class I antigen expression and increases the 

susceptibility of uveal melanoma cells to natural killer cell-mediated cytolysis. 
Immunology (1995) 86:263–9. 

23. Donnet-Hughes A, Schiffrin EJ, Huggett AC. Expression of MHC antigens by 
intestinal epithelial cells. Effect of transforming growth factor-beta 2 (TGF-
beta 2). Clin Exp Immunol (1995) 99:240–4. doi:10.1111/j.1365-2249.1995.
tb05539.x 

24. Schluesener HJ. Transforming growth factors type beta 1 and beta 2 suppress 
rat astrocyte autoantigen presentation and antagonize hyperinduction of 
class II major histocompatibility complex antigen expression by interfer-
on-gamma and tumor necrosis factor-alpha. J Neuroimmunol (1990) 27:41–7. 
doi:10.1016/0165-5728(90)90134-9 

25. Lee YJ, Han Y, Lu HT, Nguyen V, Qin H, Howe PH, et  al. TGF-beta sup-
presses IFN-gamma induction of class II MHC gene expression by inhibiting 
class II transactivator messenger RNA expression. J Immunol (1997) 158: 
2065–75. 

26. Schnabel LV, Pezzanite LM, Antczak DF, Felippe MJ, Fortier LA. Equine bone 
marrow-derived mesenchymal stromal cells are heterogeneous in MHC class 
II expression and capable of inciting an immune response in vitro. Stem Cell 
Res Ther (2014) 5:13. doi:10.1186/scrt402 

27. Hill J, Cassano J, Goodale M, Fortier L. Mesenchymal stem cell antigenicity is 
supressed in an inflammed joint environment. Am J Vet Res (2017) (in press). 

28. Radcliffe CH, Flaminio MJBF, Fortier LA. Temporal analysis of equine 
bone marrow aspirate during establishment of putative mesenchymal pro-
genitor cell populations. Stem Cells Dev (2010) 19:269–82. doi:10.1089/scd. 
2009.0091 

29. Zuliani T, Saiagh S, Knol AC, Esbelin J, Dréno B. Fetal fibroblasts and kerati-
nocytes with immunosuppressive properties for allogeneic cell-based wound 
therapy. PLoS One (2013) 8:e70408. doi:10.1371/journal.pone.0070408 

30. Datto MB, Li Y, Panus JF, Howe DJ, Xiong Y, Wang XF. Transforming growth 
factor beta induces the cyclin-dependent kinase inhibitor p21 through a 
p53-independent mechanism. Proc Natl Acad Sci U S A (1995) 92:5545–9. 
doi:10.1073/pnas.92.12.5545 

31. Moustakas A, Heldin CH. Non-Smad TGF-beta signals. J Cell Sci (2005) 
118:3573–84. doi:10.1242/jcs.02554 

32. Carrade DD, Lame MW, Kent MS, Clark KC, Walker NJ, Borjesson DL. 
Comparative analysis of the immunomodulatory properties of equine 
adult-derived mesenchymal stem cells. Cell Med (2012) 4:1–11. doi:10.3727
/215517912X647217 

33. Ljunggren HG, Kärre K. In search of the “missing self ”: MHC mol-
ecules and NK  cell recognition. Immunol Today (1990) 11:237–44. 
doi:10.1016/0167-5699(90)90097-S 

34. Hobbs CGL, Rees LEN, Heyderman RS, Birchall MA, Bailey M. Major 
histocompatibility complex class I expression in human tonsillar 
and laryngeal epithelium. Clin Exp Immunol (2006) 145:365–71. 
doi:10.1111/j.1365-2249.2006.03125.x 

35. Chappell P, Meziane EK, Harrison M, Magiera L, Hermann C, Mears L, et al. 
Expression levels of MHC class I molecules are inversely correlated with 
promiscuity of peptide binding. Elife (2015) 2015:1–22. doi:10.7554/eLife. 
05345 

36. Lee K, Silva EA, Mooney DJ. Growth factor delivery-based tissue engineering: 
general approaches and a review of recent developments. J R Soc Interface 
(2011) 8:153–70. doi:10.1098/rsif.2010.0223 

37. Guo L, Zhou Y, Wang S, Wu Y. Epigenetic changes of mesenchymal stem 
cells in three-dimensional (3D) spheroids. J Cell Mol Med (2014) 18:2009–19. 
doi:10.1111/jcmm.12336 

38. Waldburger JM, Suter T, Fontana A, Acha-Orbea H, Reith W. Selective 
abrogation of major histocompatibility complex class II expression on extra-
hematopoietic cells in mice lacking promoter IV of the class II transactivator 
gene. J Exp Med (2001) 194:393–406. doi:10.1084/jem.194.4.393 

39. Moraes DA, Sibov TT, Pavon LF, Alvim PQ, Bonadio RS, Da Silva JR, et al. 
A reduction in CD90 (THY-1) expression results in increased differentiation 
of mesenchymal stromal cells. Stem Cell Res Ther (2016) 7:97. doi:10.1186/
s13287-016-0359-3 

40. Grotendorst GR. Connective tissue growth factor: a mediator of TGf-β action 
on fibroblasts. Cytokine Growth Factor Rev (1997) 8:171–9. doi:10.1016/
S1359-6101(97)00010-5 

41. Kretlow JD, Jin Y-Q, Liu W, Zhang WJ, Hong T-H, Zhou G, et al. Donor age 
and cell passage affects differentiation potential of murine bone marrow-de-
rived stem cells. BMC Cell Biol (2008) 9:60. doi:10.1186/1471-2121-9-60 

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.1007/s00441-014-1830-z
https://doi.org/10.1016/j.imlet.2015.06.005
https://doi.org/10.1186/1476-
9255-2-8
https://doi.org/10.1186/1476-
9255-2-8
https://doi.org/10.1016/j.bbmt.2006.12.447
https://doi.org/10.1016/j.bbmt.2006.12.447
https://doi.org/10.1371/journal.pone.0087238
https://doi.org/10.1097/01.tp.0000258649.23081.a3
https://doi.org/10.1182/blood-2005-03-1004.Supported
https://doi.org/10.1002/stem.217
https://doi.org/10.1002/stem.217
https://doi.org/10.1186/s13287-017-0503-8
https://doi.org/10.1186/s13287-015-0053-x
https://doi.org/10.1186/s13287-015-0053-x
https://doi.org/10.1111/evj.12647
https://doi.org/10.1016/S0008-8749(02)00530-0
https://doi.org/10.1084/jem.183.2.699
https://doi.org/10.1111/j.1600-6143.2004.00520.x
https://doi.org/10.1002/eji.200636543
https://doi.org/10.1046/j.1525-1438.1995.05050366.x
https://doi.org/10.1046/j.1087-0024.2003.00803.x
https://doi.org/10.1097/nen.0b013e31802d47b4
https://doi.org/10.1097/nen.0b013e31802d47b4
https://doi.org/10.1111/j.1365-2249.1995.tb05539.x
https://doi.org/10.1111/j.1365-2249.1995.tb05539.x
https://doi.org/10.1016/0165-5728(90)90134-9
https://doi.org/10.1186/scrt402
https://doi.org/10.1089/scd.
2009.0091
https://doi.org/10.1089/scd.
2009.0091
https://doi.org/10.1371/journal.pone.0070408
https://doi.org/10.1073/pnas.92.12.5545
https://doi.org/10.1242/jcs.02554
https://doi.org/10.3727/215517912X647217
https://doi.org/10.3727/215517912X647217
https://doi.org/10.1016/0167-5699(90)90097-S
https://doi.org/10.1111/j.1365-2249.2006.03125.x
https://doi.org/10.7554/eLife.
05345
https://doi.org/10.7554/eLife.
05345
https://doi.org/10.1098/rsif.2010.0223
https://doi.org/10.1111/jcmm.12336
https://doi.org/10.1084/jem.194.4.393
https://doi.org/10.1186/s13287-016-0359-3
https://doi.org/10.1186/s13287-016-0359-3
https://doi.org/10.1016/S1359-6101(97)00010-5
https://doi.org/10.1016/S1359-6101(97)00010-5
https://doi.org/10.1186/1471-2121-9-60


14

Berglund et al. MHC Expression on TGF-β2-Treated MSCs

Frontiers in Veterinary Science | www.frontiersin.org June 2017 | Volume 4 | Article 84

42. Fafián-Labora J, Fernández-Pernas P, Fuentes I, De Toro J, Oreiro N, Sangiao-
Alvarellos S, et al. Influence of age on rat bone-marrow mesenchymal stem 
cells potential. Sci Rep (2015) 5:16765. doi:10.1038/srep16765 

43. Morikawa M, Koinuma D, Miyazono K, Heldin C-H. Genome-wide 
mechanisms of Smad binding. Oncogene (2012) 32:1–7. doi:10.1038/onc. 
2012.191 

44. Watabe T, Miyazono K. Roles of TGF-β family signaling in stem cell renewal 
and differentiation TGF-β family signaling in the maintenance of pluripotency 
and self-renewal of embryonic stem (ES) cells. Cell Res (2009) 19323:103–15. 
doi:10.1038/cr.2008.323 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Berglund, Fisher, Cameron, Poole and Schnabel. This is an open- 
access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
https://doi.org/10.1038/srep16765
https://doi.org/10.1038/onc.
2012.191
https://doi.org/10.1038/onc.
2012.191
https://doi.org/10.1038/cr.2008.323
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Transforming Growth Factor-β2 Downregulates Major Histocompatibility Complex (MHC) 
I and MHC II Surface Expression on Equine Bone Marrow-Derived Mesenchymal Stem Cells Without Altering Other Phenotypic Cell Surface Markers
	Introduction
	Materials and Methods
	Horses
	MSC Isolation and Culture
	Immunophenotyping of MSCs
	MHC I Quantification
	IFN-γ Stimulation
	MSC Surface Markers
	Cytokine Analysis
	Statistical Analyses

	Results
	MSC Immunophenotyping
	MHC I Quantification
	IFN-γ Stimulation
	IFN-γ-Induced MHC Kinetics
	MSC Morphology and Surface Markers
	Cell Yield and Viability
	TGF-β Isoform Production

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


