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Abstract

Mesenchymal stromal cells (MSCs) are known to have regenerative, anti-inflammatory, and
immunodulatory effects. There are extensive indications that pig MSCs function satisfactorily
across species barriers. Pig MSCs might have considerable therapeutic potential, particularly in
xenotransplantation, where they have several potential advantages. (i) pMSCs can be obtained
from the specific organ- or cell-source donor pig or from an identical (cloned) pig. (ii) They are
easy to obtain in large numbers, negating the need for prolonged ex vivo expansion. (iii) They can
be obtained from genetically-engineered pigs, and the genetic modification can be related to the
therapeutic goal of the MSCs. We have reviewed our own studies on MSCs from genetically-
engineered pigs, and summarize them here.

We have successfully harvested and cultured MSCs from wild-type and genetically-engineered pig
bone marrow and adipose tissue. We have identified several pig (p)MSC surface markers (positive
for CD29, CD44, CD73, CD105, CD166, and negative for CD31, CD45), have demonstrated their
proliferation and differentiation (into adipocytes, osteoblasts, and chondroblasts), and evaluated
their antigenicity and immune suppressive effects on human peripheral blood mononuclear cells
and CD4™T cells. They have identical or very similar characteristics to MSCs from other
mammals.

Genetically-modified pMSCs are significantly less immunogenic than wild-type pMSCs, and
downregulate the human T cell response to pig antigens as efficiently as do human MSCs. We
hypothesized that pMSCs can immunomodulate human T cells through induction of apoptosis or
anergy, or cause T cell phenotype switching with induction of regulatory T cells, but we could
find no evidence for these mechanisms. However, pMSCs upregulated the expression of CD69 on
human CD4* and CD8* T cells, the relevance of which is currently under investigation.

We conclude that MSCs from genetically-engineered pigs should continue to be investigated for
their immunomodulatory (and regenerative and anti-inflammatory) effects in pig-to-nonhuman
primate organ and cell transplantation models.
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Introduction

Mesenchymal stromal cells (MSCs) were discovered in 1968 by Friedenstein [1] as an
adherent fibroblast-like population in the bone marrow capable of differentiating into bone.
MSCs can be isolated from various tissues of mammals; the blood, bone marrow, and
adipose tissue have to date formed the major sources. The number of cells that can be
isolated from any tissue is small. For example, MSCs represent only 0.001% to 0.01% of the
total nucleated cells in the bone marrow. However, they grow readily in vitro and can be
expanded to significant numbers in culture. After in vivo administration, they have the
ability to migrate to sites of inflammation and also to sites of allograft rejection [2].

For better characterization of MSCs, in 2006 the International Society of Cellular Therapy
defined human MSCs by the following three criteria:- (i) MSCs must be adherent to plastic
under standard culture conditions; (ii) MSCs must express certain cell surface markers, such
as CD73, CD90, and CD105, and lack expression of other markers, including CD45, CD34,
CD14, CD11b, CD79a, CD19, and HLA-DR surface molecules; and (iii) MSCs must have
the capacity to differentiate into osteoblasts, adipocytes, and chondroblasts under in vitro
conditions [3].

MSCs are known to have regenerative, anti-inflammatory, and immunodulatory effects.
They have garnered particular attention for their potential use as regenerative therapeutic
agents in a range of acute and chronic diseases. To date, the beneficial effects of MSC
therapy have been more frequently linked to their potent anti-inflammatory and immune-
modulating properties, rather than their ability to differentiate. Of particular interest to
transplantation, it has been well-documented that MSCs possess immunomodulatory
properties. They can target several subsets of lymphocytes, including CD4* and CD8*T
lymphocytes, B lymphocytes, natural Killer cells, and regulatory T lymphocytes. Their
effects may be mediated by several soluble factors secreted by MSCs. Furthermore, infused
MSCs can induce T cell apoptosis through Fas/FasL-mediated multiple paracrine
interactions and cell-cell contact, as well as promoting the generation of T regulatory cells,
which may ultimately lead to immune tolerance [4].

Interest in MSCs grew rapidly and, by the beginning of 2012, the public clinical trial
database showed 206 clinical trials using these cells for a wide range of therapeutic
applications [5]. The successful treatment of patients with severe acute graft-vs-host disease
by the administration of third-party haploid-identical human MSCs in 2004 created a surge
of interest in the potential therapeutic effects of these cells [6, 7]. Their therapeutic potential
is being investigated in sub-clinical rejection [8], chronic allograft nephropathy [9], and the
induction of tolerance to renal allografts [10].

Do mesenchymal stem cells function across species barriers?

For the purposes of xenotransplantation, it is important to know whether MSCs function
across species barriers. An extensive survey of the literature indicated that, by the end of
2011, there had been 94 reports of in vivo cross-species administration of MSCs [11]. In 88
studies (93.6%) there was evidence that the MSCs engrafted and functioned across the
species barrier, and in only 6 cases (6.4%) was there evidence of failure to function. Human-
derived MSCs were demonstrated to function in no fewer than seven different recipient
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species, including mouse, rat, sheep, hamster, dog, rabbit, and pig. However, to date there
are no in vivo data from a pig-to-primate model.

A large range of animal disease models (n=90) were chosen for testing MSC function across
species. In nine studies, MSCs co-transplanted with hematopoietic stem cells, umbilical cord
blood, skin or liver, influenced graft survival. Five different routes of administration,
including intravenous, intraperitoneal, subcutaneous, and intratrachael administration, or
local injection, have been proved successful.

There are, therefore, extensive indications that pig MSCs would function satisfactorily in a
different species, for example, humans. In our own laboratory we have had the opportunity
of studying MSCs from various genetically-engineered pigs, and we here review our initial
experience.

Pig mesenchymal stromal cells (pMSCs)

At our own center, we have successfully harvested and cultured MSCs from pig bone
marrow and adipose tissue [12-15]. We identified a fibroblast-like morphology of
genetically-engineered porcine adipose-derived MSCs (Figure 1). We have also
demonstrated differentiation of these pig (p)MSCs into adipocytes, osteoblasts, and
chondroblasts (Figure 1). We have identified several pMSC surface markers, have
demonstrated differentiation and proliferation of the MSCs, and evaluated their antigenicity
and immune suppressive effects on human peripheral blood mononuclear cells (PBMC) and
CD4* T cells. We have successfully isolated MSCs from three different genetically-
engineered pigs (of which there are now more than 20 different genetic variations and which
are reviewed in 16, 17) and have confirmed their phenotype and differentiation capacity.
They have identical or very similar characteristics to MSCs from other mammals.

By flow cytometry, wild-type pMSCs were demonstrated to be positive for expression of the
important galactose-al,3-galactose (Gal) antigen (against which humans have natural
antibodies) and MSCs from a1,3-galactosyltransferase gene-knockout (GTKO) pigs (in
which this antigen has been deleted) were negative [18, 19]. GTKO pMSCs were positive
for CD29, CD44, CD73, CD105, and CD166, and negative for CD31 and CD45 (Figure 2).

Potential advantages of pig MSCs over human MSCs

Pig MSCs might have considerable therapeutic potential, particularly in xenotransplantation
[12-15], but also possibly in allotransplantation and even autoimmune disease. In regard to
xenotransplantation there are several potential advantages of pMSCs:-

i. Inthe case of organ or cell transplantation, pMSCs can be obtained from the
specific organ- or cell-source donor pig or from an identical (cloned) pig. This
would enable the MSCs to be genetically identical to the organ or cells to be
transplanted. There would be no need for third-party donors, as is the case with
most human MSCs. For example, in pig islet transplantation into primates, the
pPMSCs could be obtained from the same islet “donor”, i.e., the same islet-source
pig, and could possibly provide a preferable microenvironment for the islets,
resulting in more rapid stimulation of local growth factors and revascularization,
and even regeneration of the islets [20, 21].

ii. pMSCs are easy to obtain in large numbers from either adipose tissue or bone
marrow. There is, therefore, much less need for prolonged ex vivo expansion of
pMSCs with its disadvantages, which include cell senescence and the risk of
malignant change [22, 23].
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iii. pMSCs can be obtained from genetically-engineered pigs, which is clearly not
possible for hMSCs, and the genetic modification can be related to the therapeutic
goal of the MSCs. In particular, even though the immunogenicity of MSCs from
wild-type pigs is already weak compared with other pigs cells, e.g., pig aortic
endothelial cells (pAECS), genetic modifications reduce the immunogenicity
further. For example, as we have shown for other pig cells (e.g., pAECs), the
absence of expression of Gal on GTKO pMSCs reduces both human antibody
binding and the proliferative cellular response of human immune cells (Figure 3)
[13]. The data suggest that in vitro observations on the efficacy of pMSCs in down-
regulating the strength of the human T cell response to pig antigens would likely be
reproduced in vivo in pre-clinical large animal models and in clinical trials.

The data available in the literature from other animal models suggest that pMSCs might also
have a regenerative effect if administered to humans [24-26].

In vitro studies using pMSCs

We initially investigated bone marrow-derived pMSCs from both wild-type and GTKO pigs
[12,13]. Before activation with porcine interferon-gamma (pIFN-v), <% of bone marrow-
derived GTKO pMSCs expressed swine leukocyte antigen (SLA) class I, compared to 2.5%
of GTKO pAECs. After activation, only 49% of GTKO pMSCs upregulated SLA class Il
expression, compared to 99% of GTKO pAECs. Without activation, only 3% of GTKO
pMSCs expressed CD80 compared to 80% of GTKO pAECs. After activation, GTKO
pAECs upregulated the CD86 mRNA level much more strongly than GTKO pMSCs. The
human CD4* T cell response to GTKO pMSCs was significantly weaker than to GTKO
pAECs, even after activation.

More than 99% of MSCs from GTKO pigs transgenic for the human complement-regulatory
protein CD46 expressed hCD46. Human PBMC and CD4* T cell responses to GTKO and
GTKO/CD46 pMSCs were comparable to those to hMSCs, and all were significantly lower
than to GTKO pAECs. GTKO/CD46 pMSCs downregulated human T cell proliferation as
efficiently as hMSCs. Reduced levels of proinflammatory cytokines, IL-2, IFN-y, TNF-a,
and soluble CD154 (CD40L) correlated with the downregulation of human T cell
proliferation by co-culture with pMSCs.

We also investigated adipose-derived pMSCs (AdMSCs) from GTKO/hCD46 pigs [14].
These pMSCs (i) did not express Gal, but did express hCD46, (ii) differentiated into
chondroblasts, osteocytes, and adipocytes, (iii) expressed stem cell markers, (iv) expressed
lower levels of SLA class I, SLA class IIDR, and CD80 than pAECs before and after pIFN-y
stimulation. The proliferative responses of human (h)PBMCs to GTKO/hCD46 pAdMSC
and hAdMSC stimulators were similar, and both were significantly lower than to GTKO
pAECs. The proliferation of hPBMCs to GTKO pAECs was equally suppressed by GTKO/
hCD46 pAdMSCs and hAdMSCs. The supernatant from GTKO/hCD46 pAdMSCs did not
suppress the human xenoresponse to GTKO pAECs which must therefore be dependent on
cell-cell contact.

From these and other data, we concluded that genetically-modified pMSCs are significantly
less immunogenic than wild-type pMSCs. Furthermore, GTKO/CD46 pMSCs downregulate
the human T cell response to pig antigens as efficiently as do hMSCs, which will be
advantageous in therapeutic pig cell xenotransplantation.

We further investigated the immunosuppressive effect of pMSCs on the human cellular
immune response to pig antigens [13,14]. When a mixed lymphocyte reaction (MLR) was
set up using hPBMCs as responder cells, and GTKO pAECs or pMSCs as stimulators,
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hPBMC responses were significantly weaker to pMSCs than to pAECs (Figure 4). When
GTKO pAECs were mixed with pMSCs, the pMSCs significantly reduced the hPBMC
proliferative response to GTKO pAECs (Figure 4). The response of hPBMCs to GTKO
pMSCs was not significantly different from that to hMSCs, both of which were significantly
lower than to allogeneic PBMCs.

We proceeded to (i) further evaluate the immunomodulatory effect of pMSCs on human T
cells, especially CD8* T cells (which we had not investigated previously); (ii) explore the
mechanism of how pMSCs affect human T cells in vitro; and (iii) focus on the direct
interplay of pMSCs and human CD4* and human CD8" T cells.

We hypothesized that pMSCs can immunomodulate human T cells through induction of
apoptosis or anergy, or possibly cause T cell phenotype switching with induction of
regulatory T cells. To test this hypothesis, adipose tissue was harvested from GTKO/hCD46
pigs, and pAECs were harvested from GTKO pigs. MLRs demonstrated that pAdMSCs
clearly suppress the hCD4*T cell response to pAECs (Figure 5). GTKO/CD46 pAdMSCs
had low immunogenicity, and significantly decreased the hCD4™ T cell proliferative
response to GTKO pAECs in a dose-dependent manner. Similarly, although hCD8*T cells
displayed a lower proliferative response to GTKO/CD46 pAdMSCs, the pAAMSCs
displayed the same immunosuppressive effect on hCD8*T cells as they did on hCD4*T
cells, again in a dose-dependent manner (Figure 5). Furthermore, pAdMSCs downregulated
granzyme B expression on human CD4* and CD8*T cells. They did not induce the
development of T regulatory cells, and did not induce human T cell apoptosis.

One interesting finding that does not appear to have been reported previously is that
pAdMSCs upregulated the expression of CD69 on hCD4* and hCD8* T cells. The relevance
of this upregulation of CD69 is currently under investigation.

Conclusions

From the studies summarized in this brief review, and from other studies [12-15], we have
concluded that:- (i) isolation of MSCs from genetically-modified pigs is efficient; (ii)
expression of surface MSC markers and poor expression of SLA and costimulatory
molecules can be demonstrated,; (iii) tri-lineage differentiation can be achieved; (iv) pMSCs
have low xenoantigenicity and also an inhibitory effect on human T cell xenoresponses; (V)
GTKO/CD46 pMSCs downregulate human T cell proliferation as efficiently as hMSCs; and
(vi) cell-cell contact appears to be required for the MSCs to have their immunomodulatory
effects.

In summary, therefore, we believe that genetically-modified pMSCs may have considerable
potential in xenotransplantation. Not only are they available in large numbers, which
reduces the necessity for prolonged ex vivo expansion, but they can be obtained from a herd
of identical pigs, thus significantly reducing the variation seen when they are obtained from
pooled human sources. This may be a significant advantage over hMSCs. Although not yet
tested, their anti-inflammatory and regenerative capacities in humans are likely to be no
different from allogeneic MSCs.
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ABBREVIATIONS
AdMSC adipose-derived mesenchymal stromal cells
AECs aortic endothelial cells
Gal galactose-al,3-galactose
GTKO al,3-galactosyltransferase gene-knockout
MLR mixed lymphocyte reaction
MSC mesenchymal stromal cells
PBMC peripheral blood mononuclear cells
SLA swine leukocyte antigen
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Figure 1. Differentiation of pM SCs

(A)Fibroblast-like morphology of GTKO/hCD46 pAdMSC (light microscopy 10x) (B)
Adipogenic differentiation of GTKO/hCD46 pAdMSC - Oil red stain (20x). (Insert —fat
droplets stained with oil red-40x). (C) Osteogenic differentiation of GTKO/hCD46
pAdMSC - Von Kossa stain (20x), showing morphological changes in pAdMSC and linear
calcium deposition (black). (D) Chondrogenic differentiation of GTKO/hCD46 pAdMSC -
Alcian blue stain (10x), showing strongly acidic mucosubstance (blue) and goblet cells (red
nuclei). (Reproduced from Kumar G, et al, Cytotherapy 2012; 14:494-504 [14], with
permission).
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Figure 2. Pig M SC surface markers

By flow cytometry, GTKO pMSC were positive for CD29, CD44, CD73, CD105, and
CD166, and negative for CD31 and CD45 (black); isotype control (gray). (Reproduced from
Ezzelarab M, et al. Xenotransplantation 2011; 18:183-195 [13] with permission).
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Figure 3. Immunogenicity of pM SCs

(L eft) Using serum from two healthy human volunteers (one with high [Human 1] and one
with low [Human 2] levels of anti-pig antibodies), IgM/IgG antibody binding to WT and
GTKO pMSC was measured by flow cytometry. IgM/IgG binding to GTKO pMSC was less
than that to WT pMSC. Relative mean immunoflorescence intensity (MFI) was calculated
by dividing the MFI of the tested serum sample by the MFI of the background (secondary
antibody binding to target cells). Data are representative of three different experiments.
(Right) Proliferative responses of PBMC from two different healthy humans to WT and
GTKO pMSC in mixed lymphocyte reaction (responder:stimulator ratio 1:10). In both cases,
the response to GTKO pMSC was weaker than that to WT pMSC (p<0.01 vs. WT pMSC).
(Reproduced from Ezzelarab M, et al. Xenotransplantation 2011; 18:183-195 [13] with
permission).
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Figure 4. Downregulation of human PBMC responsesto GTK O pig (p)AEC by GTKO pMSC,
GTKO/CD46 pM SC, and human (h)M SC

In mixed lymphocyte reaction, human PBMC proliferative responses to GTKO pAEC alone
(A), hMSC alone (B), GTKO pMSC alone (C), and GTKO/CD46 pMSC alone (D) were
measured. The human PBMC response was significantly weaker to all three types of MSC
(B, C, and D) than to GTKO pAEC (A). When GTKO pAEC were mixed with hMSC (E),
GTKO pMSC (F), or GTKO/CD46 pMSC (G) at a 1:10 responder:stimulator ratio, each
type of MSC significantly reduced the human PBMC proliferative response, with GTKO/
CD46 pMSC reducing the response more significantly than hMSC. Data representative of
three different experiments (*p<0.01 and **p<0.001 vs. GTKO pAEC [A]; #p<0.05 vs.
GTKO pAEC + hMSC [E]). (Reproduced from Ezzelarab M, et al. Xenotransplantation
2011;18:183-195 [13] with permission).
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Figure5. Suppression of human CD4* and CD8* T cell proliferation by genetically-modified
GTKO/CD46 pMSC

In MLR, human CD4* (left) or CD8" (right) T cell proliferation was measured after
coculture with GTKO/CD46 pMSC, or with GTKO pAEC (at a responder:stimulator ratio of
1:10). Also, human T cells were cocultured with GTKO/CD46 pMSC mixed with GTKO
pAEC at a 1:1 ratio. GTKO/CD46 pMSC significantly downregulated the responses of
CD4" or CD8* T cells in response to GTKO pAEC. The proliferation was measured after 5
days of culture, and 16h after addition of 3H-thymidine (1uCi/well) using a beta-scintillation
counter (PerkinElmer, Waltham, MA). The results are represented as counts per minute
(CPM). Data represent 2 different experiments, and are presented as mean £ SD of
triplicates. * p<0.01
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