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Summary

Background: Allogeneic mesenchymal stem cells (MSCs) are a promising cell source for treating musculoskeletal injuries in horses. Controversy exists,
however, over whether major histocompatibility complex (MHC)-mismatched MSCs are recognised by the recipient immune system and targeted for
death by a cytotoxic antibody response.

Objectives: To determine if cytotoxic anti-MHC antibodies generated in vivo following MHC-mismatched MSC injections are capable of initiating
complement-dependent cytotoxicity of MSCs.

Study design: Experimental controlled study.

Methods: Antisera previously collected at Days 0, 7, 14 and 21 post-injection from 4 horses injected with donor MHC-mismatched equine leucocyte
antigen (ELA)-A2 haplotype MSCs and one control horse injected with donor MHC-matched ELA-A2 MSCs were utilised in this study. Antisera were
incubated with ELA-A2 MSCs before adding complement in microcytotoxicity assays and cell death was analysed via eosin dye exclusion. ELA-A2
peripheral blood leucocytes (PBLs) were used in the assays as a positive control.

Results: Antisera from all 4 horses injected with MHC-mismatched MSCs contained antibodies that caused the death of ELA-A2 haplotype MSCs in the
microcytotoxicity assays. In 2 of the 4 horses, antibodies were present as early as Day 7 post-injection. MSC death was consistently equivalent to that
of ELA-A2 haplotype PBL death at all time points and antisera dilutions. Antisera from the control horse that was injected with MHC-matched MSCs did
not contain cytotoxic ELA-A2 antibodies at any of the time points examined.

Main limitations: This study examined MSC death in vitro only and utilized antisera from a small number of horses.

Conclusions: The cytotoxic antibody response induced in recipient horses following injection with donor MHC-mismatched MSCs is capable of killing
donor MSCs in vitro. These results suggest that the use of allogeneic MHC-mismatched MSCs must be cautioned against, not only for potential adverse
events, but also for reduced therapeutic efficacy due to targeted MSC death.
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Introduction

Initial studies evaluating the efficacy of equine mesenchymal stem cells
(MSCs) from mature horses for the treatment of musculoskeletal injuries
used autologous cells [1-7], but more recently, numerous studies have
been performed to evaluate the safety of allogeneic, mature equine MSCs
in the hope of replacing autologous cells with allogeneic cells [8-17].
Allogeneic MSCs would allow for the immediate treatment of acute injuries
with cells of known quality and sufficient quantity and eliminate the need
for either bone marrow aspirate or adipose biopsy from the patient.
Controversy exists, however, over the immunogenicity of these MSCs
in vivo, probably due to variability in the way the term allogeneic is defined
and how the immune response is examined.

While all previous studies used the term allogeneic to describe MSCs
from a different animal of the same species, most do not clarify whether or
not the MSCs were major histocompatibility complex (MHC)-matched or
mismatched [10-16]. This information is critical as previous studies have
shown that MHC-mismatched MSCs induce both recipient humoral and
memory T cell responses in vivo [8,9,18,19]. Currently, only one equine
study has evaluated MSC recipients for an antibody response [9]: injection
of recipient horses with MHC-mismatched donor MSCs resulted in a
detectable antibody against the donor MHC haplotype in all 6 recipients as
determined by complement-dependent cytotoxicity of donor peripheral
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blood leucocytes (PBLs). Although none of the recipients in that study had
a detectable systemic inflammatory response, the antibody response
findings led to major concerns over the safety of MSC injections following
recipient immune priming and the viability and efficacy of donor MSCs
once transplanted.

There is evidence from other species that donor allogeneic MHC-
mismatched MSCs are targeted for destruction by the recipient immune
system and do not persist as long as allogeneic MHC-matched or
autologous MSCs [20,21]. Even though most adult MSCs are used for their
paracrine signalling effects rather than for expected differentiation or
engraftment into host tissue, they still need to persist throughout the
inflammatory phase and into the remodelling phase for maximal
therapeutic benefit. The purpose of this study was to determine if recipient
antisera containing antibodies against the MHC haplotype of the donor
would cause the death of donor MSCs and at what time points following
MSC injection. Our hypothesis was that MSCs would be targeted for death
by cytotoxic antibodies with similar cytotoxicity as PBLs.

Materials and methods

A schematic of the study design and methods is shown in Figure 1.

Antisera against the equine leucocyte antigen (ELA)-
A2 haplotype

This study used serum samples obtained from a previous experiment
conducted by the corresponding author and colleagues at Cornell
University that is described above in the introduction [9]. Briefly, bone
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Fig 1: Schematic of study design. Antisera obtained in the study by Pezzanite et al.[9], was incubated with mesenchymal stem cells (MSCs) and peripheral blood
leucocyte (PBL) target cells collected from equine leucocyte antigen (ELA)-A2 donor horses and complement in microcytotoxicity assays. Eosin dye exclusion was used to

estimate percent cytotoxicity of target cells.

marrow-derived MSCs from female donor horses of the ELA-A2 haplotype
were injected intradermally in the neck of MHC-mismatched recipient
horses identified as non-ELA-A2 haplotype by microsatellite typing. In
addition, one ELA-A2 haplotype homozygote horse was the recipient of
female donor ELA-A2 MSCs as a MHC-matched (negative) control. Blood
samples from experimental and control horses were collected preinjection,
at time of injection, and every 48 h for 4 weeks following injection. Each
sample was processed to collect the serum, which was then aliquoted and
frozen at —20°C for later use. First, aliquots were used in microcytotoxicity
assays to determine cytotoxic antibody titres for each recipient horse
against donor ELA-A2 PBLs as previously described [9]. Next, antisera from
the 4 recipients that were found in those assays to have strong antibody
responses as determined by donor ELA-A2 PBL death were selected to be
used in this study to determine if those same antibody responses would
cause the death of ELA-A2 MSCs in vitro. Sera from the control ELA-A2
recipient that was confirmed to have no anti-ELA antibody response in the
previous study was used again as a negative control in this study. In
addition, antisera from the strongest responder in the previous study that
was found to be cross-reactive against the ELA-A3 haplotype was used
against ELA-A3 MSCs.

Mesenchymal stem cell culture

Frozen passage 4 bone marrow-derived MSCs from 2 female horses of the
ELA-A2 haplotype and one male horse of the ELA-A3 haplotype were
thawed and expanded in culture over 5 days. All MSCs had been
previously validated by a panel of positive (MHC |, CD44, CD29, CD90) and
negative (CD11a/CD18, CD45RB) markers [8]. MSCs were plated at a
density of 1 x 10* cells’icm? and cultured for 24 h in standard media
containing low glucose (10 g/l) DMEM?, 10% fetal bovine serum®, 2 mol/l L-
glutamine, penicillin (100 U/ml), and streptomycin (100 pg/ml), and 1 ng/mli

basic fibroblast growth factor®. Media was then changed so that the serum
component consisted of 5% fetal bovine serum and 5% equine serum of the
same ELA haplotype as the MSCs for the next 48 h followed by another
media change so that the serum component consisted solely of 10%
equine serum for the 48 h just prior to the microcytotoxicity
assay. MSCs were lifted from tissue culture plates using Accumax® cell-
dissociation solution, washed three times with phosphate-buffered saline
(PBS), and counted using a Cellometer Auto 2000 cell counter and ViaStain
AOPI Staining Solution®. MSCs were diluted to 1 x 10° live cells/l in PBS
and used immediately in the microcytotoxicity assays.

Peripheral blood leucocyte isolation

Blood was collected via jugular venipuncture from one ELA-A2 haplotype
horse and one ELA-A3 haplotype horse into sterile blood collection tubes
containing 158 units of lithium heparin’. Plasma was allowed to separate
in each tube for 20 min at room temperature. PBLs were then isolated
from the plasma via carbonyl iron® granulocyte depletion and Ficoll-
Paque Plus”" gradient centrifugation. Isolated PBLs were counted using
the Cellometer cell counter and ViaStain AOPI staining solution and
diluted in PBS to 3 x 10° live cells/l to be used immediately in the
microcytoxicity assays.

Microcytotoxicity assays

The standard two-stage microcytotoxicity dye exclusion test was used to
detect cytotoxic antibodies as previously described [22,23], but with MSCs
as target cells in addition to traditional PBLs. Briefly, PBLs and MSCs were
tested against diluted antisera (neat, 1:2, and 1:16) from the four known
MHC-mismatched recipients with the strongest immune responses from
the previous study as described above and the one MHC-matched (control)
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recipient. One microliter of diluted antisera and 1 pl of PBL or MSC
suspension was incubated for 30 min at room temperature under oil in
wells of Terasaki plates'. Five microliters of rabbit complement’ was then
added and plates incubated for an additional hour at room temperature.
The wells were then stained with 2 pl of 5% eosin dye and fixed with 5 pl
of 10% buffered formalin (pH between 7.2 and 7.4). All experiments were
run in duplicate and target cell death assessed by the two authors. Results
are expressed as the average cytotoxicity score by microscopic evaluation
of the percentage of dead cells using a modified National Institute of Heath
cytotoxicity scoring system as shown: score 1: <10%, score 2: 10-19%, 4:
20-49%, 6: 50-80%, 8: 81-100%. Scores of 6 or greater are considered
positive for alloantibodies in sera. Images of wells were taken at 10x using
an 1X83 inverted microscope and cellSens software.®

Data analysis

Microcytotoxicity scores for MHC-mismatched PBLs and MSCs at each
dilution of antisera were compared over the antisera collection times of
0, 7, 14 and 21 days using 2-way repeated measures ANOVAs and
Holm-Sidak all pairwise multiple comparison procedures. All analyses
were performed using SigmaPlot Version 13" and significance set at
P<0.05.

For each dilution and collection time, the cytotoxicity scores of the two
lines of ELA-A2 MSC target cells were compared using multiple t tests and
the Holm-Sidak method. All analyses were performed using Prism Version
7 and significance set at P<0.05.

Results

Cell viability prior to microcytotoxicity assay

Peripheral blood leucocyte viability was >95% after carbonyl iron
granulocyte depletion and Ficol-Paque Plus gradient centrifugation
isolation. MSC viability following culture expansion and enzymatic
dissociation from tissue culture plates was >92%.

Microcytoxicity assays

The antisera from the 4 horses that received a single injection of MHC-
mismatched MSCs and the one control horse that received MHC-matched
MSCs were tested in microcytotoxicity assays against PBLs from one ELA-
A2 haplotype horse and MSC target cells from 2 ELA-A2 haplotype horses.
Eosin dye exclusion was used to estimate the cytotoxicity score of the

MHC-matched
ELA-A2 MSCs

MHC-mismatched
ELA-A2 MSCs

MHC-mismatched
ELA-A3 MSCs

Day O DEV

Allogeneic MSCs are killed by cytotoxic anti-MHC antibodies

antisera following incubation of the antisera with target cells and rabbit
complement. Target cells that appeared round and refractile with a clear
centre were estimated to be alive, while flat, uniformly dark cells were
counted as dead (Fig 2).

Incubation of antisera from the control horse with target cells did not
result in significant cell death (<20% cell death) at any time point or at any
dilution (Fig 3) indicating the absence of ELA-A2 antibodies. None of the
experimental horses had significant levels of pre-existing ELA-A2 antibodies
prior to injection with ELA-A2 MSCs as shown by the lack of significant
target cell death following incubation with Day O antisera. By Day 7, 2 of
the 4 experimental horses had cytotoxic ELA-A2 antibodies present at
concentrations capable of killing at least 50% of PBL and MSC target cells at
the neat antisera concentration. By Day 14, all 4 of the recipient horses had
>50% cell death of PBL and MSC target cells for neat antisera. Similar
results were seen for antisera from Day 21. A comparable time-dependent
trend was seen with 1:2 and 1:16 diluted antisera, but with reduced
cytotoxicity. There was a significant time-dependent effect on cytotoxicity
score from Day 0 to Day 14 and 21 for both PBL and MSC target cells at all
dilutions as well as Day 7 compared with Day 14 and 21 cytotoxicity
scores. There was a large amount of variation in cytotoxicity of antisera
between horses at Day 7, but the median cytotoxicity scores for PBLs and
MSCs were not significant (P = 0.061) compared with Day 0 scores. There
was no significant difference between cytotoxicity of PBLs and MSCs at any
time point (neat P =0.9; 1:2 P=0.3; 1:16 P =0.3) and no significant
difference between cytotoxicity of the 2 lines of ELA-A2 MSC target cells
used at any time point or dilution.

Antisera from the one non-ELA-A2 experimental horse determined to
have developed anti-ELA-A3 antibodies in the previous study was also
tested against PBL and MSC target cells from an ELA-A3 haplotype horse
(Fig 2). Incubation with Day 0 antisera did not result in significant cell death
of PBLs or MSCs demonstrating a lack of pre-existing ELA-A3 antibodies
prior to MSC injection. The cytotoxicity of the ELA-A3 target cells followed
a similar time-dependent effect as the ELA-A2 target cells (Fig 4).
Incubation with Day 7 and 14 neat antisera resulted in >50% cell death of
both PBL and MSC target cells and >80% cell death of both PBL and MSC
target cells following incubation with Day 21 neat antisera with similar
trends seen for antisera diluted 1:2 and 1:16.

Discussion

In a previous study, it was demonstrated that cytotoxic anti-MHC
antibodies were produced following injection of MHC-mismatched MSCs

DEVA

DEVAR

Day 21

Fig 2: 10x images from Terasaki plate wells used for microcytotoxicity assays containing equine leucocyte antigen (ELA)-A2 mesenchymal stem cells (MSCs) or ELA-A3
MSCs and neat antisera collected on Days 0, 7, 14, or 21 post-injection with either major histocompatibility complex (MHC)-matched or MHC-mismatched MSCs. Live cells
appear round with a clear centre. Dead cells appear flat with a dark centre. Cell death was estimated to be <10% for MHC-matched wells on all days and for MHC-
mismatched wells on Day 0 as shown in this figure. Cell death was estimated to be >80% for all MHC-mismatched wells on Days 7-21 as shown in this figure.

Equine Veterinary Journal 49 (2017) 539-544 © 2016 The Authors Equine Veterinary Journal published by John Wiley & Sons Ltd on behalf of EVJ Ltd. 541



Allogeneic MSCs are killed by cytotoxic anti-MHC antibodies

— ek Cytotoxicity score
1:1-9%

2:10-19%

4:20-49%

61 6:50-80%

8:81-100%

mm MHC-matched PBLs

B MHC-matched MSCs
24 B MHC-mismatched PBLs

B \\HC-mismatched MSCs

Score
N
1

0 7 14 21
Time (days)

_—% Cytotoxicity score

1:1-9%

2:10-19%

4:20-49%

6:50-80%

8:81-100%

B MHC-matched PBLs

M MHC-matched MSCs

B MHC-mismatched PBLs
m MHC-mismatched MSCs

Score

0 7 14 21
Time (days)

Cytotoxicity score
1:1-9%

2:10-19%
4:20-49%

6 6:50-80%
8:81-100%

™ \\HC-matched PBLs

B MHC-matched MSCs

B \\HC-mismatched PBLs
B \\HC-mismatched MSCs

0 7 14 21
Time (days)

Fig 3: Cytotoxicity ~scores of peripheral blood leucocytes (PBLs) and
mesenchymal stem cells (MSCs) from the equine leucocyte antigen (ELA)-A2
microcytotoxicity assays. A standard two-stage microcytotoxicity assay was used
to compare the cytotoxicity of ELA-A2 haplotype PBLs and MSCs following
incubation with antisera. Mean cytotoxicity scores and range for ELA-A2
haplotype PBLs and MSC target cells following microcytotoxicity assay with n = 4
major histocompatibility complex (MHC)-mismatched antisera neat a), 1:2 b), and
1:16 ¢) dilutions. *P<0.05, *'P<0.01, *"*P<0.001 using repeated measures ANOVA
and Holm-Sidak all pairwise multiple comparison procedures. Scores from the
microcytotoxicity assay with MHC-matched antisera are included as reference.
Error bars indicate the range of scores above the mean.

[9]. The aim of the current study was to determine if these anti-MHC
antibodies could initiate complement-dependent cytotoxicity of equine
MSCs, as they had for PBLs. Our data demonstrates that incubation of ELA-
A2 haplotype PBL and MSC target cells with antisera containing anti-ELA-A2
antibodies and complement resulted in target cell death. There was no
significant difference between the cytotoxicity of PBLs and MSCs indicating
that the immunosuppressive properties of MSCs are not capable of
protecting the cells from a targeted humoral immune response against
allogeneic MHC molecules and that any cell expressing allogeneic MHC
surface molecules can potentially be killed by a targeted humoral immune
response. All of the horses tested in the current study were strongly
positive for alloantibodies by Day 14 despite having no significant amounts
of pre-existing alloantibodies. In human transplant studies, the presence of
complementbinding  donor-specific  anti-HLA  antibodies  post-
transplantation correlates with rejection and poor graft outcome even with
immunosuppressive therapy [24]. This evidence from the human literature
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Fig 4: Cytotoxicity —scores of peripheral blood leucocytes (PBLs) and
mesenchymal stem cells (MSCs) from the equine leucocyte antigen (ELA)-A3
microcytotoxicity assays. A standard two-stage microcytotoxicity assay was used
to compare the cytotoxicity of ELA-A3 haplotype PBLs and MSCs following
incubation with antisera. Mean cytotoxicity scores for ELA-A3 haploytpe PBLs and
MSC target cells following microcytotoxicity assay with n =1 major
histocompatibility complex (MHC)-mismatched antisera neat a), 1:2 b), and 1:16 c)
dilutions. Scores from the microcytotoxicity assay with the same MHC-
mismatched antisera and ELA-A2 target cells from Figure 3 are included as
reference.

supports that the alloantibodies induced post-transplantation in horses are
likely to contribute to targeted destruction of MSCs in vivo, similar to cells
in solid organ grafts.

Importantly, anti-ELA-A2 antibodies were present in the serum as
early as Day 7 in 2 of the horses indicating that memory T and B cells
may exist in some horses that are capable of inducing a cytotoxic
humoral immune response against MSCs. Even if a case has no known
history of a sensitising event such as pregnancy or a blood transfusion,
it is possible for animals to develop anti-MHC | antibodies due to cross-
reactive epitopes on microorganisms, allergens, or ingested proteins
[25-27]. Any animal could therefore be primed and quickly mount an
antibody response against MSCs even after a single injection. Repeated
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injections of MSCs after the initial sensitisation would result in
accelerated rejection of the cells further limiting their beneficial effects
and increasing the potential for adverse events. It is currently unknown
how the site of transplantation or the cell dosage affect the outcome
or kinetics of an alloantibody response and should be investigated in
future studies.

In addition to a targeted humoral immune response, there is evidence in
the literature that cell-mediated alloimmune responses can limit the
persistence of MSCs in vivo [18-21]. While it is possible that injection of
donor MSCs into less vascularised tissues like tendons and joints may
result in different responses than intradermal or intravascular
administration, during injury even tendons and joints are infiltrated with
immune cells [28,29] that can contribute to allorecognition and subsequent
immune rejection of MSCs. Inflammatory cytokines present in injured tissue
such as interferon-y are known to upregulate MHC expression on equine
MSCs [8], which may make MSCs more likely to be recognised and rejected
by a cell-mediated response. The health status, genetic background,
immune cell repertoire and other individual variables of the recipient may
all affect the strength and specificity of an alloimmune response. To
complete these gaps in knowledge, any future allogeneic MSC clinical trial
in horses should include analysis of both the cell-mediated and humoral
immune response following MSC therapy in addition to MHC haplotyping
donors and recipients.

MSC therapies in horses can improve the outcome of potentially career-
and life-ending musculoskeletal injuries. While previous studies in horses
have found that repeat injections of allogeneic MSCs do not cause overt
clinical symptoms of transplant rejection [15,16], these studies did not
thoroughly investigate whether a cell-mediated or humoral immune
response was induced or whether this limited the persistence of the cells
in vivo. As the likely therapeutic benefits of MSCs appear to be largely due
to the secretion of paracrine factors that promote healing of healthy tissue
[30,31], it is necessary for the cells to persist throughout the initial
inflammatory and healing period. Targeted destruction of allogeneic, MHC-
mismatched MSCs shortly after transplant would therefore limit their
therapeutic potential. Until the in vivo immune response against allogeneic
MSCs is better understood and strategies are developed to prevent
rejection, allogeneic MSC therapy should be strongly cautioned against.
Further investigation into cell-mediated and humoral immune responses
against MHC-mismatched, allogeneic MSCs in vitro and in vivo are
necessary to determine if safe and efficacious allogeneic MSC therapy is an
obtainable goal.
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