
1

Cell Medicine, Vol. 4, pp. 1–11, 2012 2155-1790/12 $90.00 + .00
Printed in the USA. All rights reserved. DOI: http://dx.doi.org/10.3727/215517912X647217
Copyright  2012 Cognizant Comm. Corp. www.cognizantcommunication.com

Received June 23, 2011; final acceptance May 10, 2012. Online prepub date: July 15, 2012.
1This work was presented as an abstract at North American Veterinary Regenerative Medicine Conference, June 2–4, 2011, Lexington, KY.
Address correspondence to Dr. Dori L. Borjesson, Department of Pathology, Microbiology and Immunology, School of Veterinary Medicine,  
University of California, Davis, CA 95616, USA. Tel.: +1 530 754 5202; Fax: +1 530 752 3349; E-mail: dlborjesson@ucdavis.edu

Comparative Analysis of the Immunomodulatory Properties of Equine  
Adult-Derived Mesenchymal Stem Cells1

Danielle D. Carrade,* Michael W. Lame,† Michael S. Kent,‡ Kaitlin C. Clark,*  
Naomi J. Walker,* and Dori L. Borjesson*

*Department of Pathology, Microbiology, and Immunology, School of Veterinary Medicine,  
University of California, Davis, CA, USA

†Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis, CA, USA 
‡Department of Surgical and Radiological Sciences, School of Veterinary Medicine, University of California, Davis, CA, USA

Mesenchymal stem cells (MSCs) derived from bone marrow (BM), adipose tissue (AT), umbilical cord blood 
(CB), and umbilical cord tissue (CT) are increasingly being used to treat equine inflammatory and degenerative 
lesions. MSCs modulate the immune system in part through mediator secretion. Animal species and MSC tis-
sue of origin are both important determinants of MSC function. In spite of widespread clinical use, how equine 
MSCs function to heal tissues is fully unknown. In this study, MSCs derived from BM, AT, CB, and CT were 
compared for their ability to inhibit lymphocyte proliferation and secrete mediators in response to activation. 
Five MSC lines from each tissue were isolated. Lymphocyte proliferation was assessed in a mixed leukocyte 
reaction, and mediator secretion was determined by ELISA. Regardless of tissue of origin, quiescent MSCs 
did not alter lymphocyte proliferation or secrete mediators, except for transforming growth factor-b (TGF-b1). 
When stimulated, MSCs of all tissue types decreased lymphocyte proliferation, increased prostaglandin (PGE2) 
and interleukin-6 (IL-6) secretion, and decreased production of tumor necrosis factor-a (TNF-a) and inter-
feron-g (IFN-g). BM-MSCs and CB-MSCs also produced nitric oxide (NO), while AT-MSCs and CT-MSCs 
did not. Equine MSCs did not produce indoleamine 2,3-dioxygenase (IDO). These data suggest that activated 
equine MSCs derived from BM, AT, CT, and CB secrete high concentration of mediators and are similar to 
MSCs from rodents and humans in their immunomodulatory profiles. These findings have implication for the 
treatment of inflammatory lesions dominated by activated lymphocytes and TNF-a and IFN-g in vivo. 
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INTRODUCTION

Equine multipotent mesenchymal stem cells (MSCs) 
are highly proliferative, plastic-adherent, fibroblast-like 
cells that are capable of osteogenic, chondrogenic, and 
adipogenic differentiation (10,31,50,52,56,57). Equine 
MSCs have been isolated from numerous tissues includ-
ing bone marrow (BM) (3,17,52,55), adipose tissue (AT) 
(52,56,57), umbilical cord tissue (CT) (13,41,52), and 
umbilical cord blood (CB) (13,25,26,50). MSCs are uti-
lized in human and veterinary medicine to aid in tissue 
regeneration and healing. MSCs are thought to assist 
in healing in part via modulation and down-regulation 
of the immune response including decreasing the cells 
and cytokines associated with acute inflammation and 
increasing blood flow to promote normal healing instead 

of scarring (36). Currently, the majority of research in 
adult-derived equine MSC therapy is focused on ortho-
pedic injuries and the regeneration of bone, cartilage, and 
tendon (18).

Equine MSCs, similar to human and mouse MSCs, 
express major histocompatibility complex (MHC) class 
I but do not express MHCII or T-cell costimulatory mol-
ecules on their surface (13,28,29). In humans and rodents, 
MSCs do not stimulate a T-helper cell response but rather 
suppress T-cell proliferation in mixed leukocyte reactions 
(MLRs) in vitro (15,24,59). Numerous soluble media-
tors have been implicated in the inhibition of T-cell pro-
liferation. These soluble factors include prostaglandin E2 
(PGE2) (2), transforming growth factor-b (TGF-b1) (20), 
interleukin-6 (IL-6) (39), nitric oxide (NO) (47), indolea-
mine 2,3-dioxygenase (IDO) (37), and IL-10 (5). Mediator 
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secretion by MSCs is thought to be stimulated by tumor 
necrosis factor-a (TNF-a) and interferon gamma (IFN-g), 
mediators largely present in inflammatory environments 
(47). Murine MSCs exposed to IFN-g become activated 
and are able to suppress graft versus host disease in vivo 
(42), while human AT-derived MSCs pretreated with IFN-g 
and TNF-a inhibit T-cell proliferation more than non-pre-
treated MSCs (14). These data suggest that MSCs require 
activation by proinflammatory mediators to become 
immunosuppressive. 

There may be important differences between spe-
cies in terms of mechanisms of immunomodulation. For 
example, murine MSCs secrete NO as a T-cell suppres-
sant, while human MSCs utilize IDO (46). Defining the 
“immunophenotype” (mediators secreted by MSCs that 
modulate the immune system) of equine MSCs will help 
guide the appropriate therapeutic use of MSC in equine 
medicine. In addition, a more complete understanding 
of the mechanisms equine MSCs use to modulate the 
immune system will help establish the best arenas for 
which horses can serve as a model for human disorders 
and tissue regeneration.

Interest in adult stem cells derived from CB and CT 
is increasing for a number of reasons. The collection of 
BM and AT for MSC isolation is relatively invasive. The 
number of BM-MSCs decreases with donor age (38) 
and equine BM-MSCs undergo earlier senescence (30 
population doublings) when compared to AT-MSCs and 
CT-MSCs (60–80 population doublings), which would 
limit their use in tissue banking (54). Finally, MSCs 
derived from CB and CT may have increased pluripo-
tentiality (23,27,50). Studies have compared the ability 
of MSCs isolated from a variety of tissues to modulate 
the immune system in humans (59), rodents (51), non-
human primates (6), pigs (11), and dogs (22). Equine 
MSCs derived from BM, AT, CT, and CB appear to differ 
in their osteogenic and chondrogenic differentiation abil-
ity (7,57); however, to date, there are no equine studies 
that have compared the ability of MSCs derived from dif-
ferent tissue types to alter lymphocyte proliferation and 
secrete immunomodulatory mediators. 

In this study, we compared the immunomodulatory 
properties of equine MSCs derived from AT, BM, CT, 
and CB. We hypothesized that MSCs, irrespective of tis-
sue of origin, secrete immunomodulatory mediators and 
suppress T-cell proliferation in vitro. 

MATERIALS AND METHODS

Tissue Collection

For this study, five samples from each tissue type 
were obtained from two sources, the Center for Equine 
Health (CEH) and the Regenerative Medicine Laboratory 
(RML). Some samples were obtained from adult horses 

(BM and AT) and foals (CT and CB) housed at the CEH 
at the University of California, Davis (UCD) according 
to approved animal care and use protocols. Tissue sam-
ples were also obtained from the RML at the William R. 
Pritchard Veterinary Medical Teaching Hospital, School 
of Veterinary Medicine, UCD. These tissues were initially 
submitted to expand MSCs for autologous patient treatment. 
After full treatment, the remaining MSCs were donated for 
research (written owner consent obtained). All samples 
were collected as previously described (4,13,50,52,54,56).

Isolation and Culture of MSCs

CB, CT, BM, and AT were processed exactly as pre-
viously described (13,50,52,54). After processing, cells 
were plated in a tissue culture flask in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Gibco, Invitrogen, Carlsbad, 
CA, USA) with 10% fetal bovine serum (FBS) (Hyclone, 
Logan, UT, USA), 10% equine serum (Hyclone), 1% peni-
cillin–streptomycin (Gibco), and 0.1% Fungizone (Gibco), 
referred to as MSC medium. Tissue culture was maintained 
at 37°C in 5% CO2, ambient O2. Cells were passaged at 
70% confluence using 0.05% trypsin/EDTA (Gibco), neu-
tralized with MSC medium, and replated in tissue culture 
flasks. Low passage MSCs were cryopreserved in liquid 
nitrogen using standard cryopreservation protocols (48).

For experimental use, cryopreserved MSCs were 
thawed quickly in a 37°C water bath, washed with MSC 
medium, centrifuged, plated in MSC medium without 
added Fungizone and expanded at 37°C, 5% CO2 (48). 
For all experiments, MSCs were between passages 3 and 
7 and highly proliferative and did not show the morpho-
logical signs associated with senescence. 

MSC Characterization

Flow cytometric analysis of surface markers CD29 
(Beckman Coulter, Inc., Brea, CA, clone 4B4LDC9LDH8), 
CD44 (AbD Serotek, Raleigh, NC, USA, clone CVS18), 
CD90 (VMRD, Inc., Pullman, WA, clone DH24A), MHCI 
(AbD Serotek, clone CVS22), MHCII (AbD Serotek, clone 
CVS20), CD86 (BD Pharmigen, clone IT2.2), and F6B  
(a pan leukocyte antibody, (Dr. Jeffrey Stott, UCD, School 
of Veterinary Medicine) (32) were completed exactly as 
previously described (13). Flow cytometry data were ana-
lyzed using FlowJo flow cytometry software (Tree Star, 
Inc., Ashland, OR, USA). 

Mixed Leukocyte Reaction (MLR)

Peripheral Blood Mononuclear Cell (PBMC) Isolation. 
Equine peripheral blood was collected into tubes contain-
ing acid–citrate dextrose (ACD; BD Biosciences, Franklin 
Lakes, NJ) via jugular venipuncture. PBMCs were obtained 
by mixing 20 ml blood with 15 ml of Dulbecco’s phos-
phate-buffered saline (DPBS, Gibco), then underlaying 
with 10 ml Ficoll-Paque Plus (GE Healthcare, Piscataway, 
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NJ). The blood was centrifuged (500 × g, 20 min, no brake), 
and PBMCs were isolated, washed with DPBS (300 × g,  
10 min), resuspended in MLR medium (DMEM + 10% 
FBS), and kept on ice until plating.

T-Cell Enrichment. Nylon wool (0.5 g; Polysciences, 
Inc., Warrington, PA, USA) was loaded into a 12-ml syringe, 
autoclaved, then soaked with 37°C MLR medium for 1 h 
prior to the addition of PBMCs. PBMCs were layered over 
the nylon wool in 2 ml of media and incubated at 37°C for 
1 h. The nylon wool was then washed with MLR medium. 
The flow-through was centrifuged (300 × g, 10 min). T-cell-
enriched PBMCs were resuspended in 5 ml of cold (4°C) 
MLR medium and kept on ice until plating. Composition of 
the cells obtained after T-cell enrichment was not measured 
for each assay however nylon wool enriched CD3+ T cells 
from ∼10% in whole blood (data not shown) to ∼80–85% 
post-nylon wool isolation as determined by flow cytom-
etry (Fig. 1A, B; equine CD3+ clone UC-F6G, Dr. Jeffrey 

Stott, UCD, School of Veterinary Medicine). CD21+ B cells 
decreased from ~47% post-Ficoll to ~7% post-nylon wool 
treatment (Fig. 1C, D; anti-human CD21, clone B-ly4, BD 
Pharmigen) (8,16). The remaining CD3–CD21– cells were 
identified as monocytes (Fig. 1E, F). In one study, T-cell 
enrichment by nylon wool was shown to alter T-cell acti-
vation status through decreased cytokine production (58). 
Appropriate controls in each experiment were designed (T 
cells alone) to correct for any baseline activation.

Irradiation. To prevent MSCs and PBMCs prolifera-
tion, stimulator allogeneic PBMCs and all MSCs were 
plated at 1 × 106 cells/ml in cell culture flasks and irra-
diated (10 Gy, Varian 2100C linear accelerator, Varian 
Medical Systems, Inc., Palo Alto, CA). Post irradiation, 
PBMCs and MSCs were washed (300 × g, 10 min), resus-
pended in MLR medium, and kept on ice until plating.

Experimental Setup, Tritiated Thymidine. The experi-
mental design for the MLR is depicted in Figure 2.  
Enriched T cells from experimental horses, allogeneic 
PBMCs, and MSCs were plated in12-well plates (CellStar, 
Greiner Bio-one North America, Inc., Monroe, NC) at  
the ratio of 1:1:10, MSC/irradiated PBMCs/enriched T cells 
and were incubated at 37°C, 5% CO2 for 4 days. A cell ratio 
of 1:10 was selected as our initial work determined that a 
cell ratio of 1 MSC:100 T cells lessened the antiproliferative 
effects of MSCs on T cells. However, there was no differ-
ence in lymphocyte proliferation in cell ratios of 1:1, 1:5, and 
1:10 (data not shown). This cell ratio was comparable to the 
ratios used by others (35,39). In the final 18 h of coculture, 
cells were treated with 1.5 × 10–6 Ci/ml of tritiated thymidine 
(GE Healthcare, Waukesha, WI). Adherent cells were col-
lected with cell scrapers (Costar, Corning, Lowell, MA). All 
media containing cells were removed, and the cells were pel-
leted (8,000 × g, 5 min). The supernatant was removed, and 
DNA was isolated according to manufacturer’s directions 
with a prolonged lysis step of 1 h (DNeasy Blood and Tissue 
Kit, qiagen, Inc., Valencia, CA). Purified DNA (170 μl) was 
added to 20 ml of scintillation counting solution (Scintisafe, 
Fisher Scientific, Pittsburgh, PA) and counted on a liquid 
scintillation counter (Beckman Coulter) (Fig. 2 A,B). 

A stimulation index was calculated by the following 
formula: mean D disintegrations per minute (dpm) of 
experimental group/mean dpm of experimental enriched 
T cells alone. D dpm was calculated to determine prolifer-
ation of experimental enriched T cells without influence 
of other cells and was defined as dpm of experimental 
group (e.g., T + MSC) – mean dpm of the nonexperimen-
tal factor (e.g., MSCs alone) (9) (Fig. 2C).

Experimental Setup, Bromodeoxyuridine (BrdU) 
Incorporation. Enriched T cells from experimental horses, 
allogeneic PBMCs, and MSCs were plated in 24-well 
plates (CellStar) at a ratio of 1:10 MSCs/enriched T cells 

Figure 1. Representative flow cytometric histograms and 
cell images depicting T-cell enrichment and B-cell depletion 
by nylon wool. (A) CD3+ T cells post-Ficoll peripheral blood 
mononuclear cell (PBMC) isolation. (B) CD3+ T cells post 
nylon wool isolation. (C) CD21+ B cells post-Ficoll PBMC iso-
lation. (D) CD21+ B cells post-nylon wool isolation. (E) Cells 
present post-Ficoll PBMC isolation (100×). (F) Cells present 
post-nylon wool T cell isolation (100×).
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and were incubated at 37°C, 5% CO2 for 4 days. In the final 
24 h of coculture, cells were treated with BrdU (1 mM) 
(BD Biosciences). Cells were collected and processed as 
per manufacturer directions (FITC BrdU Flow Kit, BD 
Biosciences) and analyzed on a flow cytometer (Cytomics 
FC500, Beckman Coulter) (Fig. 2A, B). 

Mediator Secretion Assay 

T-cell-enriched PBMCs stimulated with either alloge-
neic PBMCs or phytohemagglutin (PHA, Sigma) were 
incubated with MSCs at a 5:1 T cell/MSC ratio. Cells 
were plated in12-well plates (CellStar) and incubated at 
37°C, 5% CO2. After 4 days of coculture, the media super-
natant was removed. Any contaminating cells were pel-
leted (300 × g, 10 min), and the supernatant was aliquoted 
and frozen at –80° for further analysis.

ELISAs for PGE2 (R&D Systems, Prostaglandin E2 
Parameter Assay Kit, Minneapolis, MN) (19), TGF-b1 
(R&D Systems, Human TGF-b1 Immunoassay) (33), 
IFN-g (R&D Systems, Equine IFN-g Duoset), and TNF-a 
(Thermo Scientific, Equine TNFa Screening Set, Waltham, 
MA) (34) were completed per manufacturer instructions. 
IL-6 was measured via ELISA exactly as previously 
described (12). All ELISA plates were read spectrophoto-
metrically on a microplate reader (Synergy HT Multi-Mode, 
Biotek, Winooski, VT) with Gen5 software (Biotek).

Assay for NO Production

Nitric oxide is readily converted to NO2 in media. 
Nitrite (NO2

–), the ion of NO2, was measured in media 
using a Griess reagent system, modified to follow a pub-
lished technical bulletin (Griess Reagent System, Promega 
Corporation) (49,53). Briefly, 1 volume of media was 
combined with 1 volume of 1% sulfanilamide (in 5% 
phosphoric acid) (Sigma). After 5–10 min, 1 volume of 
0.1% napthylethylenediamine dihydrochloride (Sigma) 
was added. Wells were incubated for at least 5 min and  
read within 30 min at 540 nm on a microplate reader 
(Thermomax, Molecular Devices, Inc., Menlo Park, CA). 
NO2

– concentration was determined using a standard curve.

IDO Assay

IDO catalyses the conversion of tryptophan to 
N-formyl kynurenine, which is then catabolized to 
kynurenine. Kynurenine levels are directly proportional 
to IDO activity. A mediator secretion assay (described 
above) was performed, with MSC media supplemented 
with l-tryptophan (Sigma) to a final concentration of 
600 μM. Two volumes of cultured media were treated 
with 1 volume of 30% trichloroacetic acid (Sigma) 
and centrifuged. Equal parts of trichloroacetic acid-
treated supernatant and Ehrlich’s reagent (1% p-dime-
thylaminobenzaldehyde in glacial acetic acid, Sigma) 

Figure 2. Mixed leukocyte reaction (MLR) flow chart and stimulation index calculation. (A) MLR with alloantigen stimulation.  
(B) MLR with phytohemagglutin (PHA) stimulation. (C) Stimulation index calculation. dpm, disintegrations per minute; BrdU, bro-
modeoxyuridine; MSC, mesenchymal stem cell.
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were mixed and read at 490 nm on a microplate reader 
(Synergy HT Multi-Mode Gen5 software) (1,44).

Statistical Analyses

Results are expressed as median and range. Data were ana-
lyzed using Mann–Whitney–Wilcoxon tests with Bonferroni 
correction to adjust for multiple comparisons (a = 0.05) 
(StatXact 9, Cytel, Inc., Cambridge, MA, USA). 

RESULTS

MSC Characterization

MSCs derived from AT, BM, CT, and CB were uni-
formly positive for CD29 (average 92.27%, range 89.45–
94.04%), CD44 (average 94.68%, range 93.03–96.49%), 
CD90 (average 91.34%, range 77.18–96.86%), MHCI 
(average 69.69%, range 49.04–95.82%) and negative for 
CD86, F6B (equine panleukocyte marker), and MHCII 
(data not shown). Trilineage differentiation capacity was 
not assessed for the specific MSCs used in these studies, 
although our laboratory, along with collaborators, have 
previously performed differentiation studies on equine 
MSCs derived in the same manner (13,50,52,55,56).

In the Absence of Activation, MSCs Neither Stimulate 
Nor Inhibit Baseline Lymphocyte Proliferation 

One-way MLRs were performed to determine 
if MSCs derived from different tissues influenced 
baseline lymphocyte proliferation. In the absence of 
stimulation, BM-MSCs and AT-MSCs inhibited T-cell 
proliferation to approximately half of baseline pro-
liferation (Fig. 3A). CT-MSCs and CB-MSCs neither 
inhibited nor stimulated baseline T-cell proliferation 
(Fig. 3A). Although a trend was noted, there was no 
statistical significance between MSCs derived from 
different tissues ( p = 0.06) and there was no statistical 
difference between MSCs and baseline T-cell prolif-
eration ( p > 0.05, all comparisons).

MSCs Inhibit Proliferation of Stimulated Lymphocytes 

MSCs significantly suppressed T-cell  proliferation 
when stimulated by allogeneic PBMCs (Fig. 3B, p <  
0.05) or PHA (Fig. 3C, p < 0.05). Activated equine 
BM-, AT-, CT-, or CB-derived MSCs all reduced T-cell 
proliferation in vitro regardless of stimulatory agent. 
Lymphocyte proliferation, as measured by tritiated 
thymidine and BrdU incorporation, was very similar; 

Figure 3. Mixed leukocyte reactions. (A) Equine adipose tissue 
(AT)-MSCs, bone marrow (BM)-MSCs, cord tissue (CT)-MSCs, 
and cord blood (CB)-MSCs neither stimulate nor inhibit T-cell 
proliferation in an unstimulated environment. Equine AT-MSCs, 
BM-MSCs, CT-MSCs, and CB-MSCs inhibit T-cell prolifera-
tion in response to (B) allogeneic PBMCs or (C) mitogen (PHA) 
stimulation. Data in (A) and (B) are presented as median and 
range stimulation index value. Baseline unstimulated T-cell pro-
liferation is indicated by the solid horizontal line at index value 
1.0. Bars with an asterisk are significantly different in median 
stimulator index value when compared to PBMC stimulated T 
cells ( p < 0.05, Mann–Whitney–Wilcoxon). Data in (C) are pre-
sented as median and range % BrdU positive. Baseline unstim-
ulated T-cell proliferation is indicated by the solid horizontal 
line at 7.0%. Bars with an asterisk are significantly different 
in median % BrdU-positive cells when compared to PHA-
stimulated T cells ( p < 0.05, Mann–Whitney–Wilcoxon).
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however, greater variability was noted using tritiated 
thymidine. As such, we validated BrdU incorporation 
and switched over completely to this nonradioactive 
methodology. 

Stimulated MSCs Secrete IL-6 and PGE2 Whereas 
TGF-b1 Is Constitutively Expressed by All MSCs

Unstimulated T cells, AT-MSCs, BM-MSCs, CT-MSCs, 
and CB-MSCs did not produce IL-6 (Fig. 4A). Overall, 
the pattern of mediator secretion in response to PHA and 
alloantigens (PBMCs) was similar. In allo antigen (PBMC)-
stimulated assays, AT-MSCs, BM-MSCs, CT-MSCs, and 
CB-MSCs secreted significantly more IL-6 when compared 
to alloantigen-stimulated T cells (Fig. 4A, p < 0.05). After 
incubation with PHA-stimulated T cells, all tissue-derived 
MSCs secreted significantly more IL-6 when compared to 
PHA-stimulated T cells (Fig. 4A, p < 0.05).

Unstimulated T cells, AT-MSCs, BM-MSCs, and CB- 
MSCs did not produce PGE2 (Fig. 4B). quiescent 
CT-MSCs produced measurable amounts of PGE2; how-
ever, this difference was not statistically significant com-
pared to unstimulated T cells (Fig. 4B). MSCs, regardless 
of tissue of origin, secreted significantly more PGE2 
when incubated with activated T cells compared to acti-
vated T cells alone (Fig. 4B, all comparisons, p < 0.05). 
TGF-b1 was constitutively produced by all MSC lines 
(Fig. 4C), although AT-MSCs did not produce more 
TGF-b1 than T cells alone ( p = 0.37). Although TGF-b1 
production was generally higher in MSC culture condi-
tions when compared to stimulated T cells alone, a signif-
icant increase was not noted (Fig. 4C, p > 0.05). TGF-b1 
was the only cytokine measured that was not produced in 
higher quantities by activated MSCs compared to base-
line MSCs (Fig. 4C). 

Figure 4. MSC mediator secretion. (A) interleukin (IL)-6, (B) prostaglandin E2 (PGE2), and (C) transforming growth factor (TGF)-b1 
secretion by unstimulated T cells, unstimulated MSCs, stimulated T cells, and stimulated T cells in the presence of MSCs after alloanti-
gen (PBMC) or mitogen (PHA) stimulation. Data are presented as median and range mediator secretion. Bars indicated with an asterisk 
are significantly different in median mediator secretion from the T-cell control (p < 0.05, Mann–Whitney–Wilcoxon).  
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MSCs Decrease TNF-a and IFN-g Produced by 
Activated T-Cell-Enriched PBMCs

T cells stimulated with PHA produced high concentra-
tions of TNF-a and IFN-g when compared to baseline T 
cells (Fig. 5). MSCs significantly and equally decreased 
the production of TNF-a by PHA-stimulated T cells, 
regardless of MSC tissue of origin (Fig. 5A, p < 0.05). 

At baseline, T cells produced a small but measureable 
amount of IFN-g whereas unstimulated MSCs did not (Fig. 
5B, p < 0.05). Stimulated T cells produced increased IFN-g 
compared to T cells alone (Fig. 5B). In cultures of MSCs 
and PHA-stimulated T cells, IFN-g production by T cells 
was significantly reduced (Fig. 5B, p < 0.01, all compari-
sons). TNF-a and IFN-g concentration obtained by PBMC 
stimulation of T cells was similar to but lower than the 
amount secreted after PHA stimulation (data not shown). 

NO Is Produced by Activated BM-MSCs and CB-MSCs, 
But Not by AT-MSCs or CT-MSCs

Nitrite was only detectable in cultures including BM- 
and CB-MSCs and not in cultures including AT-MSCs or 
CT-MSCs (Fig. 6). CB-MSCs and BM-MSCs produced 
significantly more nitrite than AT- and CT-MSCs (Fig. 6, 
p < 0.001). NO was not produced by T cells stimulated with 
PHA (data not shown). Production of NO by MSCs was sim-
ilar with alloantigen (PBMC) stimulation (data not shown).

IDO Is Not Produced by Equine AT-, BM-, CT-, or 
CB-MSCs

Kynurenine, a downstream product of IDO-induced 
tryptophan catabolism, was not produced by AT-, BM-, 
CT-, or CB-MSCs with or without stimulation by allo-
antigen or PHA-stimulated T cells (data not shown). 

Figure 5. MSC mediator inhibition. (A) tumor necrosis factor (TNF)-a and (B) interferon (IFN)-g production by unstimulated T 
cells, unstimulated MSCs, stimulated T cells, and stimulated T cells in the presence of MSCs after mitogen (PHA) stimulation. Data 
are presented as median and range mediator production. Bars indicated with an asterisk are significantly different in median mediator 
production from the T-cell control ( p < 0.05, Mann–Whitney–Wilcoxon).
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DISCUSSION

MSCs have been shown to have immunomodulatory 
effects and are currently being used clinically to treat 
degenerative, immune-mediated, and inflammatory dis-
orders in humans and degenerative and inflammatory 
lesions in horses. A number of studies have compared the 
immunomodulatory functions of human MSCs derived 
from different tissues in vitro (23,24,59). Our data sug-
gest that equine AT-MSCs, BM-MSCs, CT-MSCs, and 
CB-MSCs are quite similar in terms of in vitro func-
tion with only subtle differences in secretion of certain 
mediators. Our study found that, at baseline, BM-MSC, 
AT-MSCs, CT-MSCs, and CB-MSCs neither stimulate nor 
inhibit lymphocyte proliferation and, for the most part, 
do not secrete measurable concentrations of mediators. 
These data are compatible with data in other species that 
suggest that MSCs require ongoing activation or stimula-
tion to modulate immune cells. When activated, equine 
MSCs, regardless of tissue of origin, increased secretion 
of PGE2 and IL-6 and exerted an inhibitory effect on 
T-cell proliferation and cytokine production (TNF-a and 
IFN-g). The one parameter by which MSCs differed was 
the production of NO: BM- and CB-MSCs produced NO, 
while AT- and CT-MSCs did not. If in vitro data compar-
ing MSC function between MSC types correlate with in 
vivo function, the selection of tissue from which to derive 
MSCs will be dependent on the practicality of obtaining, 
culturing, and banking each tissue or factors, such as dif-
ferentiation ability, rather than the immunomodulatory 
mediators measured in this study.

PGE2, IL-6, NO, and IDO have been implicated as fac-
tors that decrease T-cell proliferation (2,39,47). Species 
differences have been noted (46); human MSCs produce 
IDO, and mouse MSCs produce NO to limit T-cell pro-
liferation. Our work implies that, with the production of 
NO, horse MSCs may modulate one arm of the immune 

response similar to mouse MSCs, with NO produced 
by BM-MSCs and CB-MSCs. The divergence between 
blood-derived MSCs and solid tissue-derived MSCs, 
with regards to NO production, has not been previously 
described. As NO is a short-lived mediator with paracrine 
effects, lymphocytes must be in close proximity to be 
affected. NO may play a role in the vasoactive and angio-
genic affects noted for MSCs. 

TGF-b1 was the single cytokine measured that was 
constitutively produced by all of our equine MSCs and 
was not increased upon activation. TGF-b1 concentra-
tions mimicked those produced by unactivated human and 
mouse BM-MSCs, although it is not yet known whether 
the TGF-b1 produced by equine MSCs is physiologically 
relevant (20,21). Similar to our study, TGF-b secretion 
by human MSCs was not increased by MSC activation. 
In addition, these authors showed that blocking TGF-b 
restored T-cell proliferation in an MLR assay (20). Others 
have shown even lower TGF-b1 concentrations in cultures 
of human MSCs incubated with stimulated T cells (8 and 
60 pg/ml for AT-MSCs and BM-MSCs, respectively), 
indicating that even constitutive low production of TGF-b1 
may be sufficient to alter T-cell proliferation (45). Although 
not yet demonstrated in horse MSCs, these results suggest 
that basal secretion of TGF-b1 by MSCs may be sufficient 
to inhibit T-cell proliferation seen in vitro. 

The immunomodulatory capability of all of our 
MSCs was greatly amplified when incubated with acti-
vated T cells. The production of mediators was enhanced 
in the presence of either allo-activated or mitogen- 
stimulated T cells when compared to nonactivated T cells. 
In our assays, MSCs were in contact with lymphocytes. 
Investigation of the importance of cell–cell contact for 
the inhibition of lymphocyte proliferation in the equine 
model has not been investigated. We hypothesize that, 
in inflammation, activated PBMCs produce TNF-a and 
IFN-g. This results in T-cell proliferation and augmented 
cytokine release. These cytokines stimulate MSC media-
tor secretion. Mediators secreted by MSCs then act on 
cells of the immune system and result in decreased lym-
phocyte proliferation. For in vitro assays, differences in 
the immunomodulatory function of MSCs exist with the 
use of purified T cells versus PBMCs as responder cells. 
Human MSCs did not decrease proinflammatory cytokine 
production when purified T cells were used in the MLRs 
(30). T-cell-enriched PBMCs in our MLRs allowed for a 
more global look at the interaction of other immune cells 
(including B cells, NK cells, and monocytes) with MSCs 
in a manner more reflective of the environment encoun-
tered by MSCs in vivo. 

The known interactions between MSCs and lym-
phocytes has provided some of the rationale for the use 
of MSCs with T-cell-mediated diseases (e.g., graft vs. 
host disease and Crohn’s disease). There is currently 

Figure 6. Nitrite (NO2
–) production by MSCs after mitogen 

(PHA) stimulation of T cells. Data are presented as median and 
range NO2

–  production. 
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no information on the efficacy of equine MSCs to treat 
“autoimmune” or immune-mediated diseases. Our data 
suggest that MSCs entering an inflammatory niche domi-
nated by TNF-a and IFN-g may become activated and 
down- regulate the lymphocyte response to promote heal-
ing. It is not yet known if the concentrations of mediators 
produced by equine MSCs are physiologically relevant 
or active. This distinction is important as there are dis-
crepancies in animal studies between in vitro immuno-
modulation and in vivo efficacy (2,40,43). Limitations to 
our study include a small sample size and narrow scope 
of reagents available to the equine research market which 
limit mediator analyses. Further studies are needed to (1) 
delineate the mechanisms of action for each mediator, (2) 
determine if in vitro functions correlate with in vivo effi-
cacy, (3) determine the necessity of cell-to-cell contact 
between MSCs and T cells for immunomodulatory func-
tion, and (4) expand our understanding of equine MSC 
interaction with other cells of the immune system. This is 
the first study of equine MSC immunophenotype in vitro. 
These data provide a critical starting point for beginning 
to dissect out how equine MSCs respond to and alter the 
inflammatory niche and how the horse may best serve as 
a large animal model for human diseases.
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