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Abstract
Background aims—The immunomodulatory and anti-inflammatory effects of mesenchymal
stromal cells (MSC) could prove to be a potential therapeutic approach for prolongation of
survival of cell xenotransplantation. Adipose (Ad) MSC from genetically modified pigs could be
an abundant source of pig donor-specific MSC.

Methods—Pig (p) MSC were isolated from adipose tissue of α1,3-galactosyltransferase gene
knock-out pigs transgenic for human (h) CD46 (GTKO/ hCD46), a potential source of islets. After
characterization with differentiation and flow cytometry (FCM), AdMSC were compared with
bone marrow (BM) MSC of the same pig and human adipose-derived (hAd) MSC. The
modulation of human peripheral blood mononuclear cell (hPBMC) responses to GTKO pig aortic
endothelial cells (pAEC) by different MSC was compared by measuring 3H-thymidine uptake.
The supernatants from the AdMSC cultures were used to determine the role of soluble factors.

Results—GTKO/hCD46 pAdMSC (i) did not express galactose-α1,3-galactose (Gal) but
expressed hCD46, (ii) differentiated into chondroblasts, osteocytes and adipocytes, (iii) expressed
stem cell markers, (iv) expressed lower levels of Swine Leucocyte Antigen I (SLAI), Swine
Leucocyte Antigen II DR (SLAIIDR) and CD80 than pAEC before and after pig interferon (IFN)-
γ stimulation. The proliferative responses of hPBMC to GTKO/hCD46 pAdMSC and hAdMSC
stimulators were similar, and both were significantly lower than to GTKO pAEC (P < 0.05). The
proliferation of hPBMC to GTKO pAEC was equally suppressed by GTKO/hCD46 pAdMSC and
hAdMSC (P > 0.05). The supernatant from GTKO/hCD46 pAdMSC did not suppress the human
xenoresponse to GTKO pAEC, which was cell–cell contact-dependent.

Conclusions—Initial evidence suggests that genetically modified pAdMSC function across the
xenogeneic barrier and may have a role in cellular xenotransplantation.
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Introduction
Currently, mesenchymal stromal cells (MSC) from humans are defined based upon three
minimal criteria: (i) plastic adherence, (ii) trilineage differentiation and (iii) surface
expression of CD73, CD90 and CD105 and absence of expression of CD45, CD34, CD14 or
CD11b, CD79α or CD19 and HLA-DR. MSC from animal origin have been defined as cells
that fulfill the first two criteria (1). The successful management of severe graft-versus-host
disease (GvHD) in a patient with MSC (2) has received considerable attention, and led to the
investigation of their potential role in the fields of autoimmune disorders and organ
transplantation.

The role of MSC in immunomodulation has been studied and confirmed in vivo in various
pre-clinical (3) and clinical (2) models. MSC suppress the proliferation of CD4 + T cells (3),
prevent maturation of dendritic cells (4), induce T-regulatory cells (5) and produce soluble
factors such as prostaglandin (PG) E2 (6), Human Leucocyte Antigen (HLA)-G5,
interleukin (IL)-10, transforming growth factor (TGF)-β (5) and indolamine 2,3-dioxygenase
(IDO) (7), all of which have immunomodulatory effects. Hence MSC may prove to be a
potent cytotherapeutic agent in clinical practice in the not-too-distant future. One of the
problems in establishing MSC therapy clinically would be an inadequate supply of human
(h) MSC; many regimens under study require multiple dosing of the cells. Although MSC
numbers can be expanded in vitro, MSC should not be passaged too often as there may be a
risk of malignant transformation (8,9) and/ or loss of function because of replicative
senescence.

Cross-species transplantation (xenotransplantation) is being explored as an alternative
source of organs and cells, for example islets, for clinical transplantation. Pigs offer the
prospect of providing an unlimited supply of organs and cells for this purpose, but there are
several immune barriers that need to be overcome before success can be assured. These
barriers are steadily being resolved by genetic modification of the source pigs. The
hyperacute rejection of a pig organ transplanted into a human or non-human primate results
from anti-pig antibody binding to the pig vascular endothelial cells followed by activation of
the complement. The major target antigen for anti-pig antibodies is galactose-α1,3-galactose
(Gal). Pigs are now available in which the gene for the enzyme responsible for production of
Gal has been deleted [Gal-knockout (GTKO) pigs], and this modification reduces the
incidence of hyperacute rejection. A transgene for a human complement regulatory protein,
for example CD46, has been introduced into GTKO pigs, reducing the incidence of rejection
further. Nevertheless, other barriers remain, such as the adaptive (T-cell mediated) immune
response, and these might be overcome or minimized by the concomitant transplantation of
MSC. This approach may be indicated particularly when pig islets are transplanted into
humans or non-human primates.

For purposes of xenotransplantation, genetically engineered pig MSC may be superior to
human MSC for the effects we are trying to obtain (10). For example, the expression of
human CD46 on endothelial cells from transgenic pigs is significantly higher than human
CD46 on human endothelial cells, thus probably providing greater protection to the human
immune response. We therefore believe that, with further genetic engineering, pig cells,
including MSC, will have significantly greater protection from the human immune response
than human cells. Furthermore, in view of the very large number of MSC that can be
obtained from a single large pig, we believe that there will be advantages both in the larger
number of MSC available from a single source and in the reduced number of passages that
will be required for expansion of the number. With regard to xenotransplantation, the organ
or cells (e.g. islets) and the MSC will be obtained from the same source pig, and therefore
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the MSC will be donor-specific. In clinical transplantation, MSC are almost invariably third-
party (allogeneic) MSC, which may complicate the immunologic picture.

Genetically modified pigs are a potential source of MSC, which have been shown to inhibit
the hT-cell xenoresponse (10,11). As adipose tissue has a high frequency of MSC (12), and
is present in ample amount in pigs, it may provide very large numbers of minimally
passaged MSC. We have been able to isolate the MSC efficiently from the adipose tissue of
genetically modified pigs, which may become sources of organs and cells for
xenotransplantation. We have characterized and functionally evaluated adipose (Ad) MSC
from α1,3-galactosyltransferase gene-knockout pigs transgenic for the human complement-
regulatory protein CD46.

Methods
Pigs

Adipose tissue and bone marrow (BM) were harvested from GTKO pigs transgenic for
hCD46 (GTKO/ hCD46 pigs; Revivicor, Blacksburg, VA, USA). Pig (p) aortic endothelial
cells (pAEC) were harvested from wild-type (WT) and GTKO pigs. Three pigs from each
type were used for these experiments. The WT, GTKO and GTKO/hCD46 pigs were of a
Large White/Landrace/Duroc cross-breed.

Isolation of Ad- and BM-derived MSC
Pig Ad-derived MSC (pAdMSC)—Adipose tissue from the anterior abdominal wall of
the pigs was collected and transferred to the laboratory in Dulbecco’s modified Eagle
medium (DMEM; Invitrogen, Grand Island, NY, USA) with antibiotics (see below). About
10 g of pig adipose tissue was minced into 2–4-mm pieces with sterile scissors and digested
with 15 mL 0.15% collagenase type 1 (Worthington, Lakewood, NJ, USA) for 1 h at 37°C
(Figure 1). The lysate was then centrifuged at 1200 g at 4°C for 5 min, and the pellet
(stromal vascular fraction) washed with phosphate-buffered saline (PBS) and seeded in 75-
cm2 collagen-coated flasks (BD [Becton Dickinson] Lab-ware, Franklin Lakes, NJ, USA).
MSC medium contained DMEM (low glucose with L-glutamine), 10% fetal bovine serum
(FBS; Sigma-Aldrich, St Louis, MO, USA), 1% 4-(2-hydroxycthl)-1-piperazincethane
sulfonic acid (HEPES) buffer, penicillin G (10 000 U/mL), streptomycin (10 000 μg/mL)
and amphotericin B (25 μg/m) (Invitrogen). Cells not adherent to the bottom of the culture
flask after 24 h of culture were removed. The medium was changed every 2–3 days. At 90–
95% confluence, adherent cells were harvested using trypsin–ethylene diamine tetra acetic
acid (EDTA; Invitrogen), and further passaged at a concentration of 3000 cells/cm2. All
experiments were performed using MSC after 3–7 passages.

Pig BM-derived MSC (pBMMSC)—BM was scraped and flushed from the femur under
aseptic conditions, and collected in a Petri dish. After filtering through a 70-μm cell strainer
(BD Biosciences, Bedford, MA, USA), the diluted BM was layered over Ficoll-paque (GE
Lifesciences, Piscataway, NJ, USA) for density centrifugation at 600 g for 20 min at 24°C.
The buffy coat collected was washed twice in cold PBS and centrifuged at 700 g for 5 min at
4°C and cultured in 75-cm2 collagen-coated flasks. The medium was changed every 2–3
days. At 90–95% confluence, adherent cells were harvested using trypsin–EDTA, and
further passaged at 3000 cells/cm2.

Characterization of pAdMSC—Surface phenotyping of isolated GTKO/hCD46
pAdMSC and pBMMSC was carried out using flow cytometry. Antibodies used were (i)
anti-CD29 and anti-CD105 (both from Novus-Biologicals, Littleton, CO, USA); (ii) anti-pig
CD45 (a marker for hematopoietic cells), anti-pig Swine Leucocyte Antigen I (SLAI), anti-
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pig Swine Leucocyte Antigen II DR (SLAIIDR), anti-human CD46 and hamster anti-mouse
CD80 (all from Serotec, Raleigh, NC, USA); (iii) anti-human CD73, anti-pig CD31 (a
marker for endothelial cells) and anti-human CD90 (all from BD Pharmingen, San Diego,
CA, USA); and (iv) BSI-B4 lectin (Sigma-Aldrich).

Surface expression of SLAI, SLAIIDR and CD80 on GTKO/hCD46 pAdMSC was
compared with GTKO pAEC before and after pig interferon (IFN)-γ (40 ng/mL for 48 h;
R&D Systems, Minneapolis, MN, USA). In order to measure the expression of SLAI and
Swine Leucocyte Antigen II (SLAII) before and after stimulation, a high concentration of
pIFN-γ was used to stimulate the pAEC and pAdMSC. (In preliminary studies, we had
tested different concentrations and different time-periods of exposure to pIFN-γ. The
minimum concentration of pIFN-γ that resulted in maximum up-regulation of SLAI and II
expression was selected.) Pig CD80 is an important co-stimulation molecule in the human
T-cell response to pig antigens.

Induction of trilineage differentiation
For adipocyte differentiation, 2.5 × 104 cells were cultured in six-well collagen-coated plates
(Becton Dickinson [BD]). At 95–100% confluence, adipogenic differentiation medium [1
μM dexamethasone, 10 μg/mL human recombinant insulin, 0.5 mM 3-isobutyl-1-
methylxanthine (IBMX) and 10 mM indomethacin] was added and changed every 3 days.
Adipogenic differentiation was confirmed by Oil Red staining on days 7 and 14. All
reagents were purchased from Sigma-Aldrich.

For osteoblast differentiation, 2.5 ×104 cells were cultured in six-well collagen-coated
plates. At 95–100% confluence, osteogenic differentiation medium (100 μM
dexamethasone, 50 mM ascorbic acid and 10 mM β-glycerol phosphate in DMEM) was
added and changed every 3 days. Osteogenic differentiation was confirmed by Von Kossa
staining (ScyTek Laboratories, Logan, UT, USA) for calcium deposition on days 7 and 14.

For chondroblast differentiation, GTKO/hCD46 pAdMSC were trypsinized, and aliquots of
25 × 104 cells in 0.5 mL of chemically defined medium [10 ng/mL pTGF-1β (Merck KGaA,
Darmstadt, Germany) and 100 nM dexamethasone] were pelleted at the bottom of the
conical tubes and incubated at 37°C with 5% CO2 for 21 days. After 2 days, the pellets
condensed into a cohesive spherical body at the bottom of the conical tubes. Medium was
changed carefully every 3 days without disturbing the pellet at the bottom. At 21 days, the
condensed cells were spread on a slide, air dried, fixed with absolute alcohol, and stained
with Alcian Blue (ScyTek) to confirm the presence of acidic mucosubstances suggestive of
chondrogenic differentiation.

Measurement of IgM and IgG antibody binding
Heat-inactivated naive human serum and serum from baboons sensitized to GTKO pig
antigens (non-Gal antigens) were incubated with GTKO pAEC and GTKO pAdMSC. IgM
and IgG binding was determined by using fluorescein isothiocyanate (FITC)-conjugated
goat anti-human IgM (μ-chain) (Cat#62-7511) and IgG (γ-chain) (Cat#62-8411) antibodies
(Invitrogen, Carlsbad, CA, USA) after blocking with 10% goat serum. Indirect mean
immunofluorescence intensity (MFI) was measured with a BD-FACSDiva™. Relative MFI
was calculated by dividing the sample MFI by non-serum control MFI (secondary antibody
only).

Lymphocyte proliferation assay
The immune response to GTKO/hCD46 pAdMSC was tested by measuring the proliferative
response of hPBMC, and comparing it with the response to GTKO pAEC, WT pAdMSC
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and hAdMSC (as stimulators), where GTKO pAEC were used as positive control. hPBMC,
used as responders, were isolated from fresh blood using Ficoll-paque density-gradient
centrifugation (as described above for BMMSC isolation). The stimulators were harvested
following serial culture, resuspended in AIM-V medium (Invitrogen), irradiated (2500 rads)
and plated at 2 × 104/well in flat-bottomed 96-well plates (Corning, Lowell, MA, USA).
hPBMC were added (2 × 105 /well) and cultured in an incubator at 37°C and 5% CO2/95%
air. The proliferation was measured using 3H-thymidine uptake after 5 days of culture, and
16 h after addition of thymidine, using a beta-scintillation counter (PerkinElmer, Waltham,
MA, USA).

The immunomodulation was measured by the suppression of the hPBMC proliferative
response to GTKO pAEC (at a fixed ratio of hPBMC to GTKO pAEC of 10:1) in the
presence of irradiated GTKO/ hCD46 pAdMSC or allogeneic hAdMSC (Lonza,
Walkersville, MD, USA) at different ratios (1:2, 1:1 and 2:1) with respect to GTKO pAEC.
The proliferation was measured using 3H-thymidine uptake (as above). GTKO pAEC were
selected as stimulators because of the stronger hPBMC proliferative response to them
compared with GTKO/hCD46 pAEC, which was very weak; this allowed us to determine
more adequately the suppressive effect of the addition of MSC.

Supernatant harvested from GTKO/hCD46 pAdMSC cultured in pIFN-γ containing AIM-V
medium for 24 h was used as conditioned medium to study the role of soluble factors in
hPBMC proliferation against GTKO pAEC and compared with the presence of irradiated
GTKO/hCD46 pAdMSC in similar conditions. The conditioned medium was added to a 96-
well plate at different volumes (25–150 μL) along with GTKO pAEC (stimulators) and
hPBMC (responders) at a ratio of 1:10. The proliferation was measured using 3H-thymidine
uptake (as above).

Statistical analyzes
All data are shown as mean ± SEM. The significance of differences in the mean was
determined using an unpaired Student’s t-test. The software used for the statistical analysis
was Graphpad prism version 5. A P < 0.05 was considered significant.

Results
pAdMSC can be isolated efficiently from genetically modified pigs

The most important technical difficulty in the isolation of AdMSC from GTKO/hCD46 pigs
was the satisfactory digestion of the fat tissue, which was achieved by fine mincing followed
by adequate utilization of collagenase I. Once the fat tissue was adequately digested, the
stromal vascular fraction was centrifuged and cultured in a 75T flask (Figure 1). Fibroblast-
like cells (Figure 2A) were found to have adhered to the flask after 24 h. Each of these cells
represented a fibroblastoid colony-forming unit (CFU-F). Ten grams of fat tissue yielded
approximately 2 × 104 CFU-F initially. After an initial lag time of 5–7 days, these cells
expanded with a doubling time of about 1.5–2 days. The morphology of GTKO/hCD46
pAdMSC was similar to that of GTKO/hCD46 pBMMSC and hAdMSC. Adipose tissue has
the highest frequency of CFU-F (12). The CFU-F frequency from BM has been found to be
approximately 0.01% (13), suggesting that approximately 2 × 108 BM cells are equivalent to
10 g of pig fat tissue.

Successful induction of trilineage differentiation of pAdMSC from genetically engineered
pigs

On exposure to the respective differentiation media, as a proof of confirmation, these cells
differentiated into adipocytes, osteoblasts and chondroblasts (Figure 2B–D).
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pAdMSC expressed surface stem cell markers and human CD46
Upon surface phenotypic characterization, GTKO/ hCD46 pAdMSC showed expression of
the stem cell markers CD29, CD44, CD90 and CD105, and SLAI, were minimally positive
for SLAIIDR, and were negative for CD31 and CD45 (Figure 3A). The expression of CD73
could not be ascertained (Figure 3A), possibly because of the non-cross-reactive nature of
anti-human antibody (14). The genetic modifications were expressed effectively on the cell
surface of GTKO/hCD46 pAdMSC, with the absence of expression of Gal and the presence
of human CD46 (Figure 3B,C).

Relative paucity of expression of SLA and co-stimulatory molecules on GTKO/hCD46
pAdMSC

The immunologic characterization of GTKO/hCD46 pAdMSC was carried out by
determining the expression of SLAI, SLAIIDR and the co-stimulatory molecule CD80,
before and after pIFN-γ stimulation (maximal stimulation achieved with 40 ng/mL pIFN-γ).
SLAI was present on GTKO/hCD46 pAdMSC, but not as strongly expressed as on GTKO
pAEC (34% versus 100%) (Figure 4A). Although expression of SLAI could be up-regulated
by pIFN-γ stimulation (34–43%), it still remained less than with GTKO pAEC (100%).
Expression of SLAIIDR was minimal (0–5%) on the surface of GTKO/hCD46 pAdMSC
and was less up-regulated by pIFN-γ activation (to 11–70%) than on GTKO pAEC (to 59–
100%) (Figure 4B). The expression of SLAIIDR on GTKO/hCD46 pAdMSC was similar to
that on GTKO pBMMSC (11). There was no difference in expression of CD80, before and
after pIFN-γ stimulation (40 ng/mL for 48 h; 14% both before and after stimulation),
compared with GTKO pAEC (17% before and 34% after stimulation; Figure 4C).

Binding of anti-non-Gal antibodies to pAEC and pAdMSC
The total IgM and IgG binding to GTKO pAEC and GTKO/hCD46 pAdMSC, when
exposed to human (preformed anti-non-Gal antibodies) and sensitized baboon sera (induced
anti-non-Gal antibodies), was measured using flow cytometry. Both IgM and IgG antibody
binding were lower with GTKO/ hCD46 pAdMSC than with GTKO pAEC (P < 0.01;
Figure 5). [We have previously demonstrated that binding to pig cells equates with the
cytotoxicity of the cells (15).]

Human lymphocyte proliferation against GTKO/ hCD46 pAdMSC was weak and
comparable with that against hAdMSC

The proliferation of hPBMC against GTKO/hCD46 pAdMSC was not significantly different
from that against allogeneic hAdMSC (P = 0.43) (Figure 6A). There was significantly less
proliferation of hPBMC cells against GTKO/hCD46 pAdMSC than against GTKO pAEC
(positive control) (P < 0.05; Figure 6A). There was significantly less proliferation of
hPBMC against GTKO/hCD46 pAdMSC compared with WT pAdMSC (P < 0.05; Figure
6B), indicating a role of the genetic modification in reducing the immunogenicity of these
cells. The kinetics of proliferation of hCD4 + T cells when co-cultured with GTKO/hCD46
pAdMSC or hAdMSC showed no significant differences (P = 0.58); maximum proliferation
was at 7 days in both cases (Figure 6C).

The presence of GTKO/hCD46 pAdMSC in co-culture inhibited the proliferation of hPBMC
against GTKO pAEC

When co-cultured with GTKO pAEC and hPBMC, both GTKO/hCD46 pAdMSC and
hAdMSC suppressed the xenogeneic response of hPBMC to GTKO pAEC. As the
concentration of MSC with respect to GTKO pAEC/hPBMC increased, the extent of
suppression increased linearly (Figure 7A). At a high concentration (stimulator:responder
ratios of 1:1 or 1:2), GTKO/hCD46 pAdMSC could almost completely suppress the
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response of hPBMC to GTKO pAEC. There was no significant difference between the
suppressive actions of GTKO/hCD46 pAdMSC and hAdMSC at different concentrations
[stimulator:responder ratios of 2:1 (P = 0.49), 1:1 (P = 0.42) and 1:2 (P = 0.39)]. The
variability of suppressive function at low concentrations may possibly have been because of
interspecies differences in the functional molecules, which could be surmounted by
increasing the numbers of GTKO/ hCD46 pAdMSC.

Supernatant from GTKO/hCD46 pAdMSC cultures could not suppress hPBMC proliferation
against GTKO pAEC

The presence of conditioned medium obtained following stimulation with pIFN-γ (10 ng/
mL) from GTKO/hCD46 pAdMSC cultures did not decrease the proliferation of hPBMC
against GTKO pAEC. Furthermore, the presence of irradiated pAdMSC in similar settings
suppressed the proliferation of lymphocytes (Figure 7B), suggesting cell–cell contact is an
important mode of action. The mechanisms involved require further elucidation.

Comparison of pMSC from adipose tissue and BM showed a similar phenotype and
immunomodulatory function

GTKO/hCD46 pAdMSC and pBMMSC were compared with respect to phenotypic
characteristics, immunogenicity and immunomodulatory function in vitro. The relative MFI
for the surface expression of transgenic hCD46 was comparable between these cells.
Although surface expression of CD29, CD44, CD90 and CD105 was seen on both pAdMSC
and pBMMSC, the relative MFI was slightly higher in pAdMSC than pBMMSC (data not
shown). The suppression of the proliferative response of hPBMC against GTKO pAEC in
vitro was comparable between pAdMSC and pBMMSC (Figure 7C; P = 0.13, 0.21 and 0.28
at different ratios).

Discussion
In this study, we found that GTKO/hCD46 pAdMSC can be obtained in large numbers.
Genetically modified pAdMSC are no more immunogenic than hAdMSC, and the
immunomodulatory function of pAdMSC is comparable with that of hAdMSC and
pBMMSC and is contact-dependent; they inhibited the human-to-pig xenoresponses in a
dose-dependent manner in vitro. Genetically modified pAdMSC may provide a potential
therapy in cell xenotransplantation because they are equally effective as hAdMSC with
respect to immune modulation of human xenoresponses. They may have an important role in
islet xenotransplantation, as they can be obtained from the same donor pig.

MSC have been studied extensively, largely because of their potential in cytotherapy,
evidence for which is gradually accumulating. If successful, there would be numerous
potential indications for MSC therapy. Encouraging results have been obtained in animal
models of ischemic cardiac injury (16), pulmonary hypertension (17), sepsis (18), renal
ischemia-reperfusion (19), spinal injury (20) and diabetes (21). Their role in the treatment of
autoimmune disorders (22) and GvHD (2) is under investigation. Most of the beneficial
effects of MSC have been ascribed to their anti-inflammatory, anti-proliferative, angiogenic
and immunomodulatory functions. Additionally, MSC may have a role as vehicles for gene
therapy and drug delivery (23).

Effective cytotherapy, however, may require multiple administrations of MSC. Large
numbers of MSC can be obtained by multiple serial passages in vitro, but there is a risk of
chromosomal instability (8,9), reduction in cytokine production and loss of multipotentiality
(24) with each passage. Until reliable data regarding the absence or otherwise of malignant
transformation of cultured MSC are available, a logical option would be to use low-passage
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MSC for cytotherapy. Human MSC usually reach replicative senescence following 25 cell
divisions, potentially limiting their expansion for therapeutic purposes. There is considerable
potential in obtaining the MSC from animal tissues. MSC from pig adipose tissue are an
attractive option as (i) pigs provide an ample source of adipose tissue, (ii) MSC are obtained
from them in large numbers because of a high frequency of CFU-F (12), and (iii) AdMSC
have similar immunomodulatory functions as BMMSC (25).

With the advent of somatic cell transfer technology, genetically modified pigs that can be
considered for the aforementioned purposes are increasingly becoming available. These
genetically modified pigs are being investigated extensively as a source of islets,
hepatocytes and, eventually, solid vascularized organs. In addition, they could provide an
abundant supply of donor-specific MSC (both AdMSC and BMMSC) for therapeutic
purposes in xenotransplantation.

Before genetically modified pMSC can be used clinically, some fundamental questions need
to be investigated. (i) Will pMSC survive in a human host? (ii) How efficiently will pMSC
suppress the human immune response? (iii) What adverse effects of pMSC can be
anticipated?

Survival of xenogeneic MSC is contingent upon overcoming the xenogeneic barrier. The
human innate immune system launches an attack with preformed antibodies and
complement activation against pig surface Gal and other ‘non-Gal’ antigens. This
overwhelming attack has been reduced by eliminating the surface expression of Gal on pig
cells by knocking out the α1,3-galactosyltransferase gene (GTKO pigs) (26) and by the
expression of one or more human complement-regulatory proteins, for example CD46, on
the pig cells (27). Furthermore, the absence of Gal expression and the expression of hCD46
have both been documented to reduce the human T-cell response to pig cells (28–30). In the
present study, human cellular immunity against GTKO/hCD46 pAdMSC was not found to
be greater than to allogeneic hAdMSC, possibly because of the relative paucity of some
surface immunologic determinants on MSC in addition to the genetic modifications
mentioned above.

Allogeneic hMSC are known to be hypo-immunogenic, but are usually eliminated by natural
killer (NK) cells in a major histocompatibility complex (MHC)-unrestricted manner (31);
NK cytotoxicity is also likely to play a role in the destruction of pMSC. However, genetic
modifications in pigs, for example expression of HLA-E/β2 microglobulin and/ or of HLA-
G molecules, decrease the cytotoxicity of human NK cells (32,33) and may therefore protect
the MSC from NK cytotoxicity. As progress in the field of xenotransplantation research
continues, long-term survival of pMSC is likely to be possible.

Regarding the functionality of GTKO/hCD46 pMSC, we limited the present study to an
investigation of the immunomodulatory aspects of MSC. GTKO/hCD46 AdMSC were
found to decrease the proliferation of hPBMC in vitro almost as efficiently as hAdMSC,
suggesting that they functioned across the species barrier. Although the mechanisms of
immunomodulation by MSC are yet to be understood completely, a role for soluble factors,
for example PGE2, IL-10, TGF-β1 and IDO (5,6), has been suggested. Contact-dependent
mechanisms, which may have a more important role in MSC-based immunomodulation, are
largely unknown.

Finally, if pig-derived MSC are to be therapeutically useful, they will need to be
administered safely without significant adverse effects. Following encouraging results seen
in preclinical pig-to-non-human primate studies using WT and genetically modified pigs as
sources of islets (34–36), pig islet xenotransplantation is drawing close to clinical trials.
However, transplanted islets face several insults, for example from the instant blood-
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mediated inflammatory reaction (IBMIR), hypoxia and host immunity. Co-transplantation of
MSC and islets improves islet graft survival in both small animal (37) and Non-human
primate (NHP) (38) models. This beneficial effect has been attributed to the
immunomodulatory, anti-inflammatory, angiogenic and trophic effects of MSC. Allogeneic
donor MSC are considered to be better in inducing T-cell anergy when compared with
autologous MSC (39,40). Whether pig MSC will induce anergy in a xenotransplantation
model is currently being investigated in our laboratory. Genetically modified pigs could
serve as sources of both islets and MSC, and could provide a logistical and logical solution
to the inadequate supply of human islets. In conclusion, GTKO/hCD46 pAdMSC have the
potential to become a new therapeutic option, and need to be explored further.
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Figure 1.
Stepwise-isolation of MSC from the pig abdominal wall adipose tissue.
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Figure 2.
(A) Fibroblast-like morphology of GTKO/hCD46 pAdMSC (light microscopy 10 ×). (B)
Adipogenic differentiation of GTKO/ hCD46 pAdMSC: Oil Red staining (20 ×). (Insert: fat
droplets stained with Oil Red, 40 ×). (C) Osteogenic differentiation of GTKO/ hCD46
pAdMSC: Von Kossa staining (20 ×), showing morphologic changes in pAdMSC and linear
calcium deposition. (D) Chondrogenic differentiation of GTKO/hCD46 pAdMSC: Alcian
Blue staining (10 ×), showing strongly acidic mucosubstance (blue) and goblet cells (red
nuclei).
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Figure 3.
(A) Flow cytometry characterization of GTKO/hCD46 pAdMSC, showing positive
expression of CD29, CD44, CD90 and CD105, with negative expression of CD31, CD45,
CD73 and SLAIIDR, and weakly positive expression of SLAI. (B) No surface expression of
Gal was detected on GTKO/hCD46 pAdMSC compared with WT pAdMSC. (C) Expression
of hCD46 on GTKO/hCD46 pAdMSC compared with expression on WT pAdMSC and on
GTKO/hCD46 pBMMSC.
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Figure 4.
Flow cytometry comparing expression of SLAI, SLAIIDR and CD80 between GTKO pAEC
and GTKO/hCD46 pAdMSC following pIFN-γ stimulation. (A) Both cells show a slight
increase in SLA class I expression. (B) There is greater expression of SLA class IIDR on
GTKO pAEC than on GTKO/hCD45 pAdMSC. (C) There was no change in expression of
CD80 on GTKO/hCD46 pAdMSC. MFI values are indicated.
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Figure 5.
Binding of IgM and IgG antibodies from naive human serum and sensitized baboon serum
(following exposure to GTKO pig antigens) to GTKO pAEC and GTKO/hCD46 pAdMSC
measured by flow cytometry. The relative MFI was calculated using the MFI of the sample
divided by the MFI of the negative control. IgM and IgG binding to GTKO pAEC was
significantly greater than to GTKO/ hCD46 pAdMSC. [Baboon antibody binding,
particularly of IgG, to pig cells is significantly greater after sensitization (10).]
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Figure 6.
Proliferation of hPBMC measured by 3H-thymidine uptake against GTKO/hCD46 pAdMSC
in comparison with (A) hAdMSC and GTKO pAEC (n = 5), and (B) WT pAdMSC and
GTKO pAEC (n = 3). The stimulation index (SI) was calculated by dividing sample counts
per minute (c.p.m.) with autologous c.p.m. (C) Kinetics of proliferation of hCD4 + T cells
(measured by 3H-thymidine uptake) against GTKO/hCD46 pAdMSC and hAdMSC.
Although the difference in maximum proliferation between the two was not significant, the
proliferation of CD4 + T to hAdMSC was much more rapid than to GTKO/hCD46
pAdMSC.
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Figure 7.
(A) Mean percentage suppression of proliferation of hPBMC (responders) against GTKO
pAEC (stimulators) (with a fixed responder:stimulator ratio of 10:1) when co-cultured with
increasing concentrations of GTKO/hCD46 pAdMSC (n = 9) or hAdMSC (n = 4) (effectors)
at ratios of 2:1, 1:1 and 1:2 with respect to GTKO pAEC. The mean percentage suppression
was calculated by dividing the differences between mean c.p.m. against GTKO pAEC alone
and mean c.p.m. against MSC + GTKO pAEC co-culture by the mean c.p.m. against GTKO
pAEC. Mean percentage suppression by GTKO/hCD46 pAdMSC was comparable with
hAdMSC and increased in a linear fashion as the concentration of MSC increased. (B)
Comparison of the proliferation of hPBMC (responders) against GTKO pAEC (stimulators)
(with a fixed responder:stimulator ratio of 10:1) in the presence of either conditioned
medium (in different volumes, 25, 50, 100 and 150 μL) from GTKO/hCD46 pAdMSC
culture (i.e. supernatant) or irradiated GTKO/hCD46 pAdMSC (in different ratios) (i.e. cell
contact) using a 3H-thymidine uptake assay. The presence of conditioned medium did not
suppress the proliferation of hPBMC, compared with the addition of GTKO/hCD46
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pAdMSC in different concentrations. (C) Comparison between pAdMSC and pBMMSC
with respect to suppression of hPBMC proliferation against GTKO pAEC using a 3H-
thymidine uptake assay. There was no significant difference in suppression of mean c.p.m.
by pAdMSC and pBMMSC (S:E, stimulator:effector ratio).
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