
ORIGINAL RESEARCH
published: 24 February 2022

doi: 10.3389/fvets.2021.789293

Frontiers in Veterinary Science | www.frontiersin.org 1 February 2022 | Volume 8 | Article 789293

Edited by:

Chavaunne T. Thorpe,

Royal Veterinary College (RVC),

United Kingdom

Reviewed by:

Laura Barrachina,

Universidad de Zaragoza, Spain

Barbara Merlo,

University of Bologna, Italy

*Correspondence:

Eva Depuydt

Eva.Depuydt@

Boehringer-Ingelheim.com

Specialty section:

This article was submitted to

Veterinary Regenerative Medicine,

a section of the journal

Frontiers in Veterinary Science

Received: 04 October 2021

Accepted: 31 December 2021

Published: 24 February 2022

Citation:

Depuydt E, Broeckx SY, Chiers K,

Patruno M, Da Dalt L, Duchateau L,

Saunders J, Pille F, Martens A, Van

Hecke L and Spaas JH (2022) Cellular

and Humoral Immunogenicity

Investigation of Single and Repeated

Allogeneic Tenogenic Primed

Mesenchymal Stem Cell Treatments in

Horses Suffering From Tendon

Injuries. Front. Vet. Sci. 8:789293.

doi: 10.3389/fvets.2021.789293

Cellular and Humoral
Immunogenicity Investigation of
Single and Repeated Allogeneic
Tenogenic Primed Mesenchymal
Stem Cell Treatments in Horses
Suffering From Tendon Injuries

Eva Depuydt 1,2*, Sarah Y. Broeckx 1, Koen Chiers 3, Marco Patruno 4, Laura Da Dalt 4,

Luc Duchateau 5, Jimmy Saunders 6, Frederik Pille 2, Ann Martens 2, Lore Van Hecke 1 and

Jan H. Spaas 1,6

1 Boehringer Ingelheim Veterinary Medicine Belgium, Evergem, Belgium, 2Department of Surgery and Anaesthesiology of

Domestic Animals, Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium, 3Department of Pathology,

Bacteriology and Poultry Diseases, Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium, 4Department of

Comparative Biomedicine and Food Science (BCA), University of Padova, Padova, Italy, 5 Biometrics Research Group,

Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium, 6Department of Veterinary Medical Imaging and Small

Animal Orthopaedics, Faculty of Veterinary Medicine, Ghent University, Merelbeke, Belgium

The use of mesenchymal stem cells (MSCs) for the treatment of equine tendon disease

is widely investigated because of their regenerative and immunomodulatory potential.

However, questions have been raised concerning the immunogenic properties of

allogeneic MSCs. Therefore, two studies were conducted to assess the safety of equine

allogeneic peripheral blood-derived tenogenic primed MSCs (tpMSCs). The objective

was to evaluate if a single and repeated tpMSC administration induced a cellular and

humoral immune response in horses suffering from tendon injuries. Horses enrolled in

the first study (n = 8) had a surgically induced superficial digital flexor tendon core lesion

and were treated intralesionally with tpMSCs. Before and after treatment the cellular

immunogenicity was assessed by modified mixed lymphocyte reactions. The humoral

immune response was investigated using a crossmatch assay. Presence of anti-bovine

serum albumin (BSA) antibodies was detected via ELISA. Horses enrolled in the second

study (n= 6) suffered from a naturally occurring tendon injury and were treated twice with

tpMSCs. Blood was collected after the second treatment for the same immunological

assays. No cellular immune response was found in any of the horses. One out of eight

horses in the first study and none of the horses in the second study had anti-tpMSC

antibodies. This particular horse had an equine sarcoid and further investigation

revealed presence of antibodies against sarcoid cells and epithelial-like stem cells before

treatment, which increased after treatment. Additionally, formation of antibodies against

BSA was observed. These findings might indicate a non-specific immune response

generated after treatment. Serum from the other horses revealed no such antibody

formation. These two studies showed that the administration of tpMSCs did not induce
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a cellular or humoral immune response following an intralesional single or repeated (two

consecutive) allogeneic tpMSC treatment in horses with tendon injury, except for one

horse. Therefore, a larger field study should confirm these findings and support the safe

use of tpMSCs as a therapeutic for horses suffering from tendon injuries.

Keywords: allogeneic, equine mesenchymal stem cell, immunogenicity, alloantibody, tendon, mixed lymphocyte

reaction

INTRODUCTION

Autologous equine mesenchymal stem cells (MSCs) are
widely used in clinical studies as regenerative treatment for
musculoskeletal diseases in horses (1–5). Harvesting and
cultivating autologous MSCs is an invasive, expensive and
time-consuming process with disadvantageous effects of
donor age and disease state on MSC functionality (6–10).
Therefore, recent research focusses on allogeneic treatments
offering an off-the-shelf, quality controlled, standardized MSC
product (11–16). The use of MSCs for the treatment of equine
tendon disease is investigated because of their regenerative
and immunomodulatory potential. However, their tenogenic
properties and regenerative effects could be compromised by
the inflammatory environment of the acute tendon injury (17).
Moreover, although not in horses, ectopic bone formation has
been reported in mice and rabbits after administration of bone
marrow-derived MSCs (BM-MSCs) into acute tendon lesions
(18–21). In order to overcome these disadvantageous effects,
MSCs can be tenogenic primed before clinical application (22).
Our research group has administered allogeneic tenogenic
primed and chondrogenic induced MSCs in horses suffering
from tendon (23–25) and joint (26–29) injuries respectively,
reporting minimal local adverse effects. However, controversy
exists on the immunogenic properties and thus the safe
use of allogeneic MSC treatments (30, 31). The induction
of the humoral and cellular immune responses after major
histocompatibility complex (MHC)-mismatched MSC treatment
has been described (32–34) and could result in potential
immunological abnormalities following repeated administration.
Because it has been reported that priming the MSCs could
induce a higher MHC-I and MHC-II expression (34, 35), the
immunogenicity of allogeneic tenogenic primed MSCs should be
investigated, emphasizing the importance of current research.

The most widely used in vitro test to investigate the cellular
immunogenicity of MSCs is the mixed lymphocyte reaction
(MLR) (36). Previously published MLR results in horses of
allogeneic BM-MSCs co-cultured with equine peripheral blood-
derived mononuclear cells (PBMCs) described no induction
of the host’s cellular immune response (13, 37). However,

Abbreviations: 7-AAD, 7-aminoactinomycine D; BM, Bone marrow; BPV, Bovine

papillomavirus; BSA, Bovine serum albumin; DMEM, Dulbecco’s modified Eagle

medium; EpSC, Epithelial-like stem cell; FBS, Fetal bovine serum; FCCA,

Flow cytometric crossmatch assay; HBSS, Hank’s balanced salt solution; MHC,

Major histocompatibility complex; MLR, Mixed lymphocyte reaction; MSC(s),

Mesenchymal stem cell(s); PBMC(s), Peripheral blood mononuclear cell(s); SDFT,

Superficial digital flexor tendon; tpMSC(s), Tenogenic primed mesenchymal stem

cell(s).

Schnabel et al., reported that MHC-II positive BM-MSCs cause
significantly increased responder PBMC proliferation and that
the immunogenicity of MHC-II negative MSC treatments should
also be taken under consideration (32). For this reason, the
immunogenicity of an allogeneic MSC treatment should be
taken under consideration when evaluating MSC treatment
options (38, 39).

In addition to a cellular immune response, administration of
allogeneic MSCs could result in a humoral immune response by
the recipient. Antibody production following an allogeneic MSC
administration has been reported in the horse (15, 33, 34, 40, 41).
The possible production of anti-MSC antibodies must be taken
under consideration when performing repeated MSC injections.
Although repeated injection of allogeneic MSCs has already been
described in dogs (42) and horses (34, 41, 43), few studies have
investigated the presence of anti-MSC antibodies (15, 33, 34, 42).
Therefore, the current study evaluates the cellular and humoral
response against a single and a repeated dose of equine allogeneic
peripheral blood-derived tenogenic primed MSCs in horses with
tendon injuries.

Another aspect of an immunological concern to consider
is that a (semi)annual vaccination of horses [against equine
influenza, rhinopneumonitis and tetanus for example (44)]
can lead to the induction of an immune response to
xenoproteins present in the vaccine. Most viral vaccines contain
bovine serum albumin (BSA), the major component of fetal
bovine serum (FBS), which can result in the development of
anti-BSA antibodies (45). Because the tpMSCs are cultured
in medium supplemented with FBS, it is important to
correctly differentiate between antibody responses directed
toward the tpMSCs and those directed toward a xenoprotein
in which the tpMSCs are cultivated. Therefore, the detection
of anti-BSA antibodies is also included in the current
immunogenicity investigation.

The objective of this investigation is to evaluate the
cellular and humoral immunogenicity of a single and repeated
intralesional injection of equine allogeneic tenogenic primed
peripheral blood-derived MSCs (tpMSCs) in horses suffering
from tendon injuries.

MATERIALS AND METHODS

Horses
The blood collection from the horses (EC_2017_001) including
the blood collection from the donor horses (EC_2016_003)
was approved by an independent ethics committee approved
by the Flemish Government (permit number: LA1700607).
The research of the present study was in accordance with
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national and international animal welfare regulations
(Directive 2001/82/EC as amended, Belgian animal welfare
legislation (KB 29/05/2013), Directive 2010/63/EU and
EMEA/CVMP/816/00-Final).

For the first study, eight warmblood horses (four geldings and
four mares; age ranged between 3 and 12 years) with a surgically
induced superficial digital flexor tendon (SDFT) core lesion
enrolled in a previous study performed by our group received a
single intralesional treatment with a proprietary formulation of
3 × 106 equine allogeneic tenogenic primed mesenchymal stem
cells (tpMSCs) (46). To assess the cellular immune response, 9mL
of whole blood was collected aseptically from the vena jugularis
into sterile ethylenediaminetetraacetic acid (EDTA) tubes before
treatment and 16 weeks after treatment. For the investigation of
the humoral immune response, blood was collected before and 2
weeks after tpMSC administration in serum clot activator blood
collection tubes.

For the second study, blood was collected 6 to 8 weeks
after the second tpMSC treatment from six client-owned
warmblood horses (two geldings, two mares and two stallions;
age ranged between 8 and 19 years) suffering from naturally
occurring tendon disease receiving a repeated intralesional
tpMSC administration (time range of 7 to 9 weeks between
the two tpMSC administrations). The treatment consisted of 3
×106 tpMSCs for each injection. From these horses, peripheral
blood was collected on a single occasion to reduce inter-
test variation.

Isolation and Tenogenic Priming of
Mesenchymal Stem Cells
Tenogenic primed MSCs were prepared from the peripheral
blood from one adult donor horse and characterized as
previously described (23, 47). Briefly, blood was collected
aseptically from the vena jugularis in sterile EDTA tubes.
After gradient centrifugation, the interphase was isolated,
seeded and cultivated in culture medium [Dulbecco’s modified
Eagle medium low glucose (DMEM; Life Technologies)
supplemented with FBS (Sigma-Aldrich)]. Subsequently,
the MSCs were cultured until passage 5 and thoroughly
characterized (i.e. viability, morphology, presence of cell
surface markers, and trilineage differentiation) as previously
described (47), prior of being frozen as intermediate cell
stock. After characterization, cells were thawed, further
cultivated and tenogenic primed by adding tenogenic growth
factors to the culture medium. The specific growth factors
and the markers used for characterization of the tenogenic
priming cannot be disclosed due to company policies. At
80% confluency, the cells were trypsinized and resuspended
at a concentration of 3 × 106 tpMSCs in 1mL DMEM
supplemented with 10% dimethyl sulfoxide (Sigma-Aldrich).
The samples were cryopreserved at −80◦C until further
use. For each treatment, tpMSCs were thawed, drawn into a
syringe and injected intralesionally immediately after thawing.
The donor horse was screened for equine pathogens as
previously reported by our group (23) at Böse laboratory
(Harsum, Germany).

Immunophenotyping of MSCs Using Flow
Cytometry
To perform an immunophenotypic characterization of theMSCs,
the expression of several markers was evaluated simultaneously
by flow cytometry as previously described (47). Per series,
MSCs were labeled using the following panel of primary
antibodies: CD29-APC (clone TS2/16, Biolegend), CD44-FITC
(clone CVS18, Bio-Rad), CD90 (clone DH24A, A&E Scientific),
CD45-PE-Cy5.5 (clone F10-89-4, Bio-Rad) and MHC-II-PE
(clone CVS20, Bio-Rad). For the CD90 detection, a secondary
anti-mouse IgM-PE-Cy7 antibody was used (clone RMM-1,
Biolegend). A minimum of 10,000 counts were acquired using a
BD FACSCanto II flow cytometer (BD Biosciences). In addition,
cells were incubated in parallel with or without isotype-specific
murine IgG1-APC (clone TS2/16, Biolegend), IgG1-FITC (clone
MOPC-21, Biolegend), IgM-PE-Cy7 (clone RMM-1, Biolegend),
IgG2a-PE-Cy5.5 (cloneMOPC-173) and IgG1-PE (cloneMOPC-
21, Biolegend) to establish the background signal.

Modified Mixed Lymphocyte Reaction
Whole blood was centrifuged, and the buffy coat was collected
and diluted in Hank’s balanced salt solution (HBSS, Life
Technologies). Next, the suspension was layered upon an equal
volume of Percoll and the interphase was collected after gradient
centrifugation. PBMCs were washed and resuspended in HBSS
to a concentration of 1 × 106 PBMCs/mL. Subsequently, the
PBMCs were labeled with carboxyfluorescein succinimidyl ester
(Life Technologies) according to manufacturer’s instructions to
evaluate cell proliferation. Finally, PBMCs were diluted in culture
medium [DMEM supplemented with FBS (Sigma-Aldrich),
antibiotics/antimycotics (Sigma-Aldrich) and β-mercapto-
ethanol (Sigma-Aldrich)] to a final concentration of 2 × 106

cells/mL. Then, 100 µL was added to the designated wells of the
u-bottom 96-well tissue-culture plate (= 2 × 105 PBMCs/well).
For the co-incubation samples, tpMSCs were thawed, washed
and resuspended in culture medium to a final concentration
of 2 × 105 tpMSCs/mL. The tpMSCs were plated at a 1:10
tpMSC:PMBC ratio (16, 39). The included negative control
consisted of a PBMC culture from each horse (to assess baseline
PBMC proliferation). As a positive control, PBMCs from
each horse were stimulated with the mitogen concanavalin A
(5µg/mL; Sigma-Aldrich) (39, 48). Cultures were maintained
for 4 days in a humidified incubator at 37◦C and 5% CO2.

After the incubation period, PBMCs were collected, stained
with 7-aminoactinomycine D (7-AAD; 1:100; BioLegend) for
discrimination of live and dead cells. In the viable population,
the PBMC proliferation was analyzed using a flow cytometer (BD
FACSCanto II, BD Biosciences).

Flow Cytometric Crossmatch Assay
Whole blood was allowed to clot at room temperature for at
least two h. Following centrifugation, serum was collected, heat-
inactivated at 56◦C for 30min and cryopreserved at−20◦C until
further analysis.

The FCCA was adapted to previously described methods
(15, 49). Briefly, the vials containing the tpMSCs were thawed,
counted, suspended to a suitable concentration and blocked
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with goat serum to decrease non-specific antibody binding. The
tpMSCs were mixed with the heat-inactivated recipient serum
and stained after centrifugation using a fluorescent secondary
antibody (Alexa Fluor 647 goat anti-horse IgG, 1:100; Jackson
ImmunoResearch) targeting horse IgG antibodies bound to
the tpMSCs. The assay negative control consisted of tpMSCs
incubated with only the secondary antibody. As a positive
control, tpMSCs were incubated with heat-inactivated serum
derived form a hyperimmunized horse with a known high
anti-MSC antibody binding before staining with the secondary
antibody. After incubation, the samples were centrifuged,
resuspended in flow stain buffer and stained with 7-AAD for
flow cytometric analysis. The hyperimmunized horse suffered
from multiple naturally occurred musculoskeletal diseases and
was repeatedly treated intralesionally, intra-articularly and
systemically (vena jugularis) with a minimal treatment interval of
2 weeks, resulting in increased IgG antibody levels. Therefore, the
serum derived from this horse could be used as a positive control
for the current assay.

Based on the results of the previous analysis, this protocol
was also executed on the serum derived from the eight horses
with a surgically induced SDFT lesion to detect alloantibodies
against equine epithelial-like stem cells [EpSCs (50)] and
commercially available equine sarcoid cells (E42-02/R; Friedrich-
Loeffer-Institut) before and two weeks after a single tpMSC
treatment (Study 1).

The alloantibody response was considered positive when an
antibody binding of >15% was observed (15).

Anti-BSA Antibody ELISA
This assay was performed as previously described (15, 49).
Briefly, a 96-well ELISA plate (PerkinElmer Life and Analytical
Science) was coated with 100 µL BSA (1 µg/well; Sigma-
Aldrich) in a carbonate-bicarbonate buffer (63.5mM carbonate,
pH 9.6) overnight at 4◦C. Then 100 µL of 1% rabbit serum
albumin (Sigma-Aldrich) in phosphate buffered saline (PBS;
Sigma-Aldrich) was added to block. After incubation at 37◦C for
1 h, wells were washed with PBS-Tween (Sigma-Aldrich) once
for 10min and then 6 times briefly. Then, 100 µL of test serum
(diluted 1:100 in wash buffer) was added to each well. Each
sample was plated in duplicate. Known negative (PBS and fetal
horse serum) and high positive samples (horse with a known
high anti-BSA antibody binding) were run as assay controls.
Plates were incubated at 37◦C for 1 h and washed as described
above. Next, 100µL of rabbit anti-equine IgGH&L-HRP (diluted
1:100,000; Abcam) was added to each well. Plates were incubated
at 37◦C for 1 h and subsequently washed as described above. A
colorimetric reaction was initiated by adding 100 µL of TMB
peroxidase substrate (KPL) to each well. Plates were incubated
at room temperature in the dark. The colorimetric reaction was
stopped by adding 100 µL of 2N H2SO4 (Sigma-Aldrich). The
plates were read at 450 nm on a microplate reader (Victor 2030
Reader, PerkinElmer Life and Analytical Science). Fold increase
in color relative to the negative control was determined for
each sample. Samples were considered negative for anti-BSA
antibodies if they displayed a fold increase < 2 compared to the
negative control (15).

Determination of Bovine Papillomavirus
(BPV)
BPV is a well-known pathogen associated with the development
of equine sarcoids (11). To check if the commercially available
sarcoid cell-line is correctly positive for BPV and to evaluate
a potential relationship between the elevated antibody response
and the presence of BPV on the EpSCs and MSCs, a PCR was
performed on the sarcoid cell line, EpSC line and MSCs derived
from the tpMSC donor to evaluate for presence of BPV-1 and
BPV-2 DNA. DNA was extracted from MSCs, equine EpSCs
and equine sarcoid cells. Samples were thawed, supernatant was
removed after centrifugation and the pellet was resuspended
in PBS (Sigma-Aldrich). Subsequently, cells were lysed using
proteinase K and lysis buffer (DNeasy Blood and Tissue Kit;
Qiagen) and DNA was extracted using a commercially available
kit (DNeasy Blood and Tissue Kit; Qiagen). After extraction,
DNA was mixed with equine specific primers and probes
(Table 1) and iQ Supermix (Bio-Rad), after which polymerase
chain reaction (PCR) was performed. The primers needed to
amplify BPV are BPV+1 and BPV-1. The specific probes BPV
type 1 and BPV type 2 are necessary for the detection of BPV-
1 and/or BPV-2. Gene expression was analyzed on the CFX96
Real-time PCR Detection System (Bio-Rad). Interferon beta
(IFN-β) was used as an internal control (house-keeping gene).
The primers needed to amplify IFN-β are IFN-β-F and IFN-β-
R (Table 1). The specific probe IFN-β allows detection of the
IFN-β gene.

Statistical Analysis
Mixed Lymphocyte Reactions

Study 1 (Single tpMSC Treatment)
The fold change of each coculture/positive control was compared
to the negative control. Therefore, the negative control was set to
1 and a mixed model was fitted. The Bonferroni correction for
multiple comparisons was applied, setting the significance level
at 0.025 (0.05/2).

Study 2 (Repeated tpMSC Treatment)
The normal distribution of the data was checked using the
Shapiro-Wilk test. Normally distributed data were analyzed
using the independent samples T-Test. P-values < 0.05 were
considered statistically significant.

Flow Cytometric Crossmatch Assay
The normal distribution of the data was checked using the
Shapiro-Wilk test. Normally distributed data were analyzed using
the paired samples T-Test and not normally distributed data by
theWilcoxon Signed Rank Test. P-values< 0.05 were considered
statistically significant.

RESULTS

Isolation and Characterization of MSCs
The cells displayed all properties to be characterized as MSCs
(51). Briefly, they were plastic-adherent, trilineage differentiation
towards osteoblasts, chondroblasts and adipocytes was successful
and MSCs were positive for CD29 (100%), CD44 (100%),
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TABLE 1 | Sequences and accession numbers of BPV-1, BPV-2 and IFN-β primers and probes.

Gene Sequence Accession number

BPV+1 primer F: AATCGGGTGAGCAACCTTT X02346

BPV-1 primer R: TGCTGTCTCCATCCTCTTCA M20219

BPV type 1 probe (FAM)CGTCAATCAGGTCTAAACGCCC(BHQ1) M14546

BPV type 2 probe (TEXAS RED)TCAACCAGGTCTAAGCGCCC(BHQ2) M20219

IFN-β-F primer F: AGGTGGATCCTCCCAATGG M14546

IFN-β-R primer R: CGAAGCAAGTCATAGTTCACAGAAA M14546

IFN-β probe (FAM)CCTGCTGTGTTTCTCCACCACGGC (BHQ1) M14546

FIGURE 1 | Mixed lymphocyte reaction assay. (A) In eight horses before and after a single tpMSC treatment, the tpMSC-PBMC coculture did not give rise to a

significant increase in mean PBMC proliferation before and after a single tpMSC treatment compared to the negative control. No statistically significant difference was

present between PBMC proliferation before and after treatment. (B) In six horses after a second tpMSC treatment, the mean PBMC proliferation percentage was

significantly lower than the proliferation rate of the negative control samples. PBMCs, peripheral blood mononuclear cells; tpMSCs = tenogenic primed mesenchymal

stem cells. *P-values ≤ 0.05.

CD90 (100%) and negative for CD45 (1%) and MHC-II (0%)
(Supplementary Materials 1–3).

Modified Mixed Lymphocyte Reaction
Study 1: Single tpMSC Treatment
The addition of tpMSCs to equine PBMCs did not give rise
to a significant increase in mean PBMC proliferation before
(PBMCs + tpMSCs; 4.2 ± 2.2%) and after a single tpMSC
treatment (PBMCs + tpMSCs; 3.2 ± 1.4%) compared to
the negative control (PBMCs; 3.2 ± 1.7% and 3.7 ± 1.5%,
respectively). Moreover, no statistically significant difference
was present between PBMC proliferation before and after
treatment (Figure 1A).

Study 2: Repeated tpMSC Treatment
The mean PBMC proliferation percentage of cells from treated
horses (PBMCs + tpMSCs; 1.5 ± 0.7%) was significantly lower
than the proliferation rate of the negative control samples
(PBMCs; 4.2± 2.5%) (P = 0.041) (Figure 1B).

Flow Cytometric Crossmatch Assay
Study 1: Single tpMSC Treatment
The percentage antibody binding to tpMSCs obtained before (5.9
± 2.7%) and after (7.5 ± 8.1%) treatment was similar to the

negative control (4.0 ± 4.9%) for seven out of eight horses. For
these seven horses, there was no significant difference between
the antibody binding to tpMSCs before and after treatment
(Figure 2A). One horse showed an elevated level of antibody
binding after the treatment with tpMSCs (65.6%) (Figure 2B),
which was further investigated. A retrospective investigation of
the clinical data of this horse revealed it was diagnosed with an
equine sarcoid. To evaluate potential cross-reactivity of the anti-
tpMSC antibodies to other cell types an additional FCCA was
performed using skin EpSCs and a sarcoid cell line. No significant
increase in antibody binding to EpSCs and sarcoid cells was
detected after treatment (4.1 ± 2.2% and 2.6 ± 0.8%) compared
to before treatment (4.0 ± 3.7% and 2.2 ± 0.7%) in seven out
of eight horses (Figures 2C,E). However, a remarkable increase
in antibody response against the EpSCs and sarcoid cells after
treatment (92.1% and 90.1%) was observed compared to before
treatment (22.7% and 40.4%) in the horse with the equine sarcoid
(Figures 2D,F).

Study 2: Repeated tpMSC Treatment
In the repeatedly treated horses, no alloantibodies against the
tpMSCs could be detected in the equine serum after the second
treatment (6.7± 3.7%) (Figure 3). From these horses, no baseline
samples before treatment could be obtained for comparison.
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FIGURE 2 | Flow cytometric crossmatch assay study 1. (A) Mean (+ SD) antibody binding to tpMSCs in seven out of eight horses and (B) one out of eight horses. (C)

Mean (+ SD) antibody binding to EpSCs in seven out of eight horses and (D) one out of eight horses. (E) Mean (+ SD) antibody binding to sarcoid cells in seven out of

eight horses and (F) one out of eight horses. tpMSCs, tenogenic primed mesenchymal stem cells; EpSCs, epithelial-like stem cells; PC, positive control; NC, negative

control; BT, before treatment; AT, after treatment.

FIGURE 3 | Flow cytometric crossmatch assay study 2. In six horses suffering

from naturally occurring tendon injuries treated two times with tpMSCs, no

alloantibodies against the tpMSCs could be detected in the equine serum.

tpMSCs, tenogenic primed mesenchymal stem cells; PC, positive control; NC,

negative control; AT, after treatment.

Anti-BSA Antibody ELISA
In study 1, three out of eight horses had high preexisting anti-BSA
antibody levels ranging from 6 to 17 times higher than the horses
with no anti-BSA antibody titers before tpMSC administration,
which is defined as a fold increase < 2 compared to the negative
control (15). Four of the five horses did not show considerable
changes in anti-BSA antibody levels when sampled before or after

tpMSC administration. However, one of these five horses showed
a 5 times higher antibody level after treatment (Figure 4A, H6).

In the horses that received a repeated tpMSC
injection (study 2), four out of six had high anti-
BSA antibody titers after two treatments and one
horse had a slightly increased anti-BSA antibody
titer (Figure 4B, H11).

Bovine Papillomavirus PCR
A PCR was performed on the sarcoid cell line, EpSC line and
MSCs derived from the tpMSC donor to evaluate for presence
of BPV-1 and BPV-2 DNA. A positive result was only obtained in
the equine sarcoid cells (949,400 copies/µL), indicating that BPV
was not the common denominator and the equine sarcoid cells
were indeed a clinically relevant cell line (Table 2). All cell types
were negative for BPV-2.

DISCUSSION

To the best of our knowledge, this is the first study in the equine
species investigating cellular and humoral immunogenicity of
single or repeated intralesional injections of equine allogeneic
tenogenic primed peripheral blood-derived MSCs (tpMSCs) in
horses suffering from tendon injuries. The absence of the cellular
immune response was evaluated in a modified MLR assay
resulting in a similar mean recipient PBMC proliferation when
compared to the negative control. These results clearly indicate
that allogeneic tpMSCs can be injected intralesional without the
induction of a cellular immune response. Previously published
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FIGURE 4 | Anti-BSA antibody detection. (A) In three out of eight horses before and after a single tpMSC treatment, a high preexisting anti-BSA antibody level could

be detected. One horse showed a 5 times higher antibody level after treatment (H6). (B) In four out of six horses after two local tpMSC treatments a high anti-BSA

antibody level could be detected. tpMSC, tenogenic primed mesenchymal stem cell.

TABLE 2 | PCR results of the BPV detection in EpSCs, MSCs and equine sarcoid cells.

Gene Sample Cq value Starting quantity (copies/µL) Log starting quantity (copies/µL)

IFN-β(house-keeping gene) EpSCs 20.6 81,200 4.9

MSCs 19.2 194,050 5.3

Sarcoid cells 19.8 126,700 5.1

BPV-1 EpSCs Not applicable Not applicable Not applicable

MSCs Not applicable Not applicable Not applicable

Sarcoid cells 19.8 949,400 6.0

BPV-2 EpSCs Not applicable Not applicable Not applicable

MSCs Not applicable Not applicable Not applicable

Sarcoid cells Not applicable Not applicable Not applicable

MLR results of allogeneic bone marrow-derived MSCs (BM-
MSCs) co-cultured with equine PBMCs also described absence
of the host’s cellular immune response (13, 37). In a comparable
in vitro study, the cellular immunogenicity of autologous and
allogeneic BM-MSCs was investigated (39). It was observed that
the allogeneic MSCs did not generate a strong alloreactive T
cell response. Additionally, an in vitro study reported by Ranera
et al. shows that equine allogeneic BM-MSCs are able to suppress
the proliferation of mismatched PBMCs (16). However, this was
not the case with MHC-II positive BM-MSCs which elicited a
significantly increased responder lymphocyte proliferation (32),
indicating that immunogenicity investigations remain important
when evaluating MSC treatment options (38, 39). Considering
humoral immunogenicity, one out of eight horses which received
a single local allogenic tpMSC treatment and none of the horses
receiving repeated treatments had anti-tpMSC antibodies. This
was observed by the absence of a significant difference between
the antibody binding before and after treatment (Study 1) or
between the negative control and after treatment (Study 2). One
horse (Study 1; H6; 12,5%) had an elevated antibody binding
to the tpMSCs after a single treatment and was found to also
have an equine sarcoid [i.e. the most common dermatological
neoplasm in horses (52)]. The results of the additional analyses
revealed that the humoral immune response induced by tpMSC

treatment showed cross-reaction with EpSCs, sarcoid cells and
bovine xenoproteins (BSA). Furthermore, a pre-existing presence
of antibodies against sarcoid cells and other cell types of the
epidermal lineage (i.e. EpSCs) were observed in this single horse.
Serum from the other seven horses revealed no such binding
or changes in anti-BSA antibody levels before and after tpMSC
treatment. If there are antibodies present against BSA, this should
always be taken under consideration when treating patients with
a cell-based therapy cultivated in culture media supplemented
with BSA. If cross-reaction of these specific antibodies occurs
with the applied cell therapy, this could lead to a humoral
immune response against the treatment.

In the current study, different timepoints were used for the
evaluation of the cellular and humoral immune response. For the
humoral immune response, it has been reported that the highest
antibody peak after a single treatment is expected two weeks after
treatment (53). Therefore, blood was sampled two weeks after
the single treatment in the first study for the humoral immune
response. When administering multiple injections, it has been
reported that the antibody peak remains high from one week after
the second treatment administration onwards (53). Therefore,
blood was drawn six to eight weeks after the last treatment of the
repeatedly treated horses from the second study. Considering the
cellular immune response, lymphocyte responses and memory
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cells are shown to persist on a long-term (54, 55). Therefore,
the blood collection at the end of the first study could also be
used to perform the mixed lymphocyte reaction assay. For the
repeated injected horses, the blood collection performed at week
6–8 to investigate the humoral immune response was also used to
perform the mixed lymphocyte reaction.

Additionally, BPV is a well-known pathogen associated with
the development of equine sarcoids (11). As a result of the PCR
analysis for the detection of BPV DNA in MSCs, EpSCs and a
sarcoid cell line, a positive result was only obtained in the sarcoid
line, indicating BPV was not the common denominator and the
sarcoid cell line was indeed a relevant cell line of an in life sarcoid.
Based on current results, it remains unclear whether this could
be related to the presence of a naturally occurring equine sarcoid
in one sero-converting horse or if it is an individual non-specific
immune response against one or several different (xeno)antigens.
Despite the occurrence of the non-specific immune response in
one horse, a previous study performed by our group including
these horses revealed no clinical abnormalities and promising
results of the tpMSC treatment (46). Owens et al., reported an
anti-BM-MSC antibody response in 37% of the horses receiving
an allogeneic treatment (15). In the latter in vivo study, a
total of 19 horses received fully unmatched allogeneic adipose
tissue-derived MSCs or BM-MSCs via intravenous, intra-arterial,
intra-tendon and intraocular routes (range of 25 to 80 million
MSCs per injection). The same flow cytometric crossmatch assay
was used to detect alloantibodies. The high MSC dosage in
this study may contribute to the higher alloantibody response
when compared to the current investigation. Additionally,
Barrachina et al., reported alloantibody production in case of a
MHC halfmatch and mismatch in the sera of recipient horses
following a single and repeated intra-articular allogeneic BM-
MSC administration using an in vitro microcytoxicity assay
(34). In the latter study, the horses received multiple BM-
MSC injections with only 1 week, 3 weeks or 90 days between
treatments. This in combination with the use of a different
detection method could give rise to a higher antibody detection.

Furthermore, in clinical studies, the allogeneic use of MSCs
has been described for single (12, 23, 46) and repeated (24,
25) treatment of horses suffering from tendon injuries without
evidence of any local immunological reactions (absence of heat,
swelling, pain or lameness) after intralesional injection. On the
other hand, a higher number of circulating CD8 T-cells after
repeated intravenous injection of equine allogeneic MSCs has
been reported (56, 57). The authors suggested this could be an
alloantigen-directed cytotoxic response. Although it has been
described that repeated administration of allogeneic peripheral
blood-derived tpMSCs is indicated in some clinical cases to
improve the outcome of tendon injuries (24, 25), in depth
research on the cellular and humoral immunogenicity of repeated
allogeneic MSC treatments is presently lacking, emphasizing the
importance of current research.

The performed study comes with some limitations. First, from
the horses with naturally occurring tendon lesions only serum
after the second tpMSC injection and no serum before the first
or second tpMSC injection was available. Therefore, baseline
values could not be included for these horses. However, these

time points were investigated in the horses receiving a single
tpMSC treatment. Additionally, since these horses are client-
owned and not involved in a clinical trial with prescheduled
visits, no standardized follow-up time points were included as
in Study 1. Second, considering the lack of positive results in
the MLR assay, the use of PBMCs derived from the allogeneic
donor could be included as a positive control and autologous
PBMCs as a negative control to support the results. This way the
PBMC proliferation induced by allogeneic cells can be evaluated
as positive control in addition to the concanavalin A stimulation.
However, a previous study performed by our group showed that
native MSCs are able to suppress concanavalin A stimulated
PBMCs (58). This data shows that if there is a reaction between
the MSCs and PBMCs in the co-culture, this can be detected
using this assay. Third, both studies consisted of respectively 8
or 6 horses, which is a rather small sample size. Therefore, these
results should be confirmed in a larger field study. Fourth, the
equine leukocyte antigen (ELA) haplotype from both donor and
recipient horses was unknown. It has been reported that specific
antibodies can be produced when donor and recipient are ELA-
mismatched, but not when they are ELA-matched (33, 34, 40).
It is thus possible that anti-ELA antibodies are produced when
donor and recipient are ELA-mismatched. However regarding
the clinical applicability of MSCs it is not always possible in
the field to only treat ELA-matched recipients when an MSC
treatment is indicated.

It can be concluded that, except for one horse, the
administration of tpMSCs did not induce a cellular or humoral
immune response following an intralesional single or repeated
(two consecutive) allogeneic tpMSC treatment in horses with
tendon injury, confirming the low immunogenic properties of
equine allogeneic peripheral blood-derived mesenchymal stem
cells in these two studies. In the future, a larger field study
should confirm these findings and support the safe use of equine
allogeneic tpMSCs as a promising therapeutic for horses suffering
from naturally occurring tendon injuries.
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