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Abstract
Background—Allogeneic mesenchymal stem (stromal) cells (MSC) are a promising therapy for
various pathological conditions. Genetically-modified pig MSC have been demonstrated to
downregulate the human T cell response to pig antigens in vitro. Before genetically-modified pig
MSC can be used clinically, however, evidence needs to be provided to indicate whether they will
survive in a human (xenogeneic) host.

Literature Search and Results—A literature search through the end of 2011 identified 94
reports of the in vivo cross-species administration of MSC in a variety of experimental models.
The majority (n=89) involved the use of human MSC in various other species, with an occasional
study using pig, rat, or guinea pig MSC. When human MSC were used, they were largely derived
from the bone marrow, adipose tissue, or umbilical cord blood. The routes of administration were
varied, though almost half of the studies utilized the intravenous route. In 88 experiments (93.6%)
there was evidence that the MSC engrafted and functioned across the species barrier, and in only 6
cases (6.4%) was there evidence of failure to function. Importantly, MSC function was confirmed
in several different cross-species models. For example, human MSC functioned in no fewer than 7
different recipient species.

Conclusions—The data provided by this literature search strengthen the hypothesis that pig
MSC will function satisfactorily in a different species, e.g., humans. The data also suggest that our
own in vitro observations on the efficacy of pig MSC in downregulating the strength of the human
T cell response to pig antigens will likely be reproduced in vivo in preclinical large animal models
and in clinical trials.
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INTRODUCTION
Allogeneic mesenchymal stem (stromal) cells (MSC) may be therapeutic in several
pathologic conditions [1,2], e.g., steroid-refractory acute graft-versus-host disease [3,4],
autoimmune disorders [5], and islet transplantation [6–8]. Encouraging results have been

Address correspondence to: David K.C. Cooper MD, PhD, FRCS, Thomas E. Starzl Transplantation Institute, Biomedical Science
Tower, E1543, University of Pittsburgh Medical Center, 200 Lothrop Street, Pittsburgh, PA 15261, USA, Telephone: 412-383-6961;
Fax: 412-624-1172, cooperdk@upmc.edu.

CONFLICT OF INTEREST
The authors have no financial or other conflict of interest.

NIH Public Access
Author Manuscript
Xenotransplantation. Author manuscript; available in PMC 2013 September 01.

Published in final edited form as:
Xenotransplantation. 2012 September ; 19(5): 273–285. doi:10.1111/xen.12000.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



obtained in animal models of ischemic myocardial injury [9], pulmonary hypertension [10],
sepsis [11], renal ischemia-reperfusion [12], spinal injury [13], and diabetes [14]. MSC have
anti-inflammatory, anti-proliferative, angiogenic, and immunomodulatory functions, and
may also be a vehicle for gene therapy and drug delivery [15]. Their therapeutic potential in
inhibiting the immune response following organ transplantation is being studied [16–18].

Their immunomodulatory effects have been studied in vivo in various preclinical [19] and
clinical models [3, 4]. MSC suppress the proliferation of CD4+T cells [19], prevent
maturation of dendritic cells [20], induce T regulatory cells [19], and produce soluble
factors, such as prostaglandin E2 (PGE2), transforming growth factor-1 (TGF-1),
interleukin-10 (IL-10), hepatocyte growth factor (HGF), and indoleamine 2,3-dioxygenase
(IDO), all of which have immunomodulatory effects. MSC may therefore prove of value as
cytotherapeutic agents. Increasing data suggest that both cell-cell contact and secretion of
soluble cytokines play roles, with cell contact perhaps being more important [21,22].

Currently, MSC from humans are defined based upon 3 minimal criteria - (i) plastic
adherence, (ii) trilineage differentiation, (iii) surface expression of CD73, CD90, CD105 and
absence of expression of CD45, CD34, CD14 or CD11b, CD79α or CD19, and human
leukocyte antigen (HLA)-DR. MSC from animal origin have been defined as cells that fulfill
the first two criteria [23].

Kolf et al provide a useful comparison of human and mouse MSC phenotype. The
phenotype of mouse MSC includes positivity for CD29, CD44, CD105, CD106, and
negativity for CD11b, CD31, CD34, CD45, and CD117. Determining the phenotype of MSC
from large animal species is limited by a lack of species-specific antibodies, and so anti-
human antibodies have been used for common MSC-selective markers [24]. Boxall and
Jones provide a valuable comparison of MSC phenotype between several species, including
the human, mouse, and pig. Rho et al also reported on the phenotype of pig MSC [25]. To
date, the accepted phenotype of pig MSC includes positivity for CD29, CD44, CD49, CD90,
CD105, and SLA-I, and negativity for CD11b, CD14, CD31, CD34, CD45, CD73, CD117,
CD133, and SLA-II [26].

Clinical allogeneic MSC therapy depends on effective ex vivo expansion of the cells, and is
therefore dependent on the availability of relatively large volumes of bone marrow or
adipose tissue and/or extended culture time. However, ex vivo expansion of MSC can be
associated with a risk of chromosomal instability [27,28], reduction in cytokine production,
and loss of multipotentiality [29] with each passage, and with risks of senescence [30,31]
and malignant change [28,32,33]. Furthermore, during expansion, pro-inflammatory (instead
of anti-inflammatory) forms of MSC can develop [34], and might account for some of the
conflicting observations in MSC immunobiology that have been reported. A logical option
that might avoid untoward complications of this nature would be to use low-passage MSC.
Human MSC usually reach replicative senescence following 25 cell divisions [31],
potentially limiting their expansion for therapeutic purposes.

There may be considerable potential in obtaining the MSC from animal tissues. MSC can be
obtained from genetically-modified pigs, e.g., α1,3-galactosyltransferase gene-knockout
(GTKO) pigs that additionally express a human complement-regulatory gene and/or an
immunosuppressive gene, which would protect the MSC against the human humoral and
cellular immune responses. The frequency of MSC is low in adult bone marrow aspirates;
the fibroblastoid colony-forming unit frequency from bone marrow has been found to be
approximately 0.01% of nucleated cells. Adipose tissue has the highest frequency of MSC,
approximately 2×104 fibroblastoid colony-forming units can be obtained initially from 10g
of fat tissue, suggesting that approximately 2×108 bone marrow cells are equivalent to 10g
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of fat tissue [22]. We have previously reported that the human T cell response to GTKO pig
MSC is comparable to human MSC [35,36].

Before genetically-modified pig MSC can be used clinically, evidence needs to be provided
to indicate whether pig MSC will survive in a human (xenogeneic) host, how efficiently they
will suppress the human (xenogeneic) immune response, and whether any adverse effects
can be anticipated. To gain some insight into the fate and effect of MSC that are
administered across species barriers, we have reviewed the available literature. We have
focused our attention on the efficacy of MSC to function across species barriers. We have
not considered other aspects of the clinical use of MSC, such as their safety and the selection
of suitable candidates for this form of therapy in relation to xenotransplantation.

LITERATURE SEARCH
We have searched the literature to determine what experience exists in the use of MSC
derived from a different species from the recipient species into which the MSC are
administered. We did not include studies that were solely in vitro. As of the end of 2011, we
found a total of 94 reports of the in vivo cross-species administration of MSC (Table 1). The
majority (n=89) involved the use of human MSC in various other species, with an occasional
study using pig (n=3), rat (n=1) or guinea pig (n=1) MSC. When mice were the recipients of
MSC, these included NOD/SCID (n=24), SCID (n=7), nude (n=13), autoimmune pathogenic
(n=6), and unmodified (n=13) mice (Table 1).

Cross-species MSC were used in a variety of in vivo experimental models (Table 2). The
routes of administration were varied (Table 3), though almost half of the studies utilized the
intravenous route.

Details of all 94 experimental studies are provided in Tables 4–8. No studies included a
strict comparison between the results of the administration of allogeneic and xenogeneic
MSC, and therefore it has not been possible to make this comparison.

When human MSC were used (n=89), they were generally derived from the bone marrow
(n=54) (Table 4), adipose tissue (n=7) (Table 5), or umbilical cord blood (n=20) (Table 6),
with occasional use of MSC from embryonic stem cells (n=4), placenta, liver, and pancreas.
Whenever pig, rat, or guinea pig MSC were used (n=5), they were usually bone marrow-
derived (Table 7)

A small number of studies (n=9; included in Tables 4–7) involved the administration of
MSCs together with some form of organ or cell transplantation (Table 8). The majority of
these studies involved cotransplantation of MSC with hematopoietic stem cells (HSC).

RESULTS AND DISCUSSION
In 88 of the 94 reports (93.6%) there was evidence that the MSC engrafted and/or
functioned across the species barrier. In only 6 reports (6.4%) was there evidence of failure
to function or of a detrimental effect of MSC.

Niemeyer et al found that, on the basis of histological, radiological and biomechanical
studies, xenogeneic MSC seemed to be associated with inferior results when compared with
autogenous MSC. After application of xenogeneic MSC to a critical-size bone defect model,
significantly less bone formation was observed histologically when compared with
autogenous MSC [37].
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Li et al reported that pre-injected MSC reduced the anti-tumor activities of CIK/NK cells in
vivo. The probable mechanism is that MSC and CIK/NK cells have a greater opportunity to
interact if they are injected simultaneously [38].

Baertschiger et al found that when human bone marrow-derived MSC were transplanted into
an injured or regenerating liver, they differentiated into myofibroblasts with development of
fibrous tissue. These results indicated that MSC in certain circumstances might be harmful
due to their fibrogenic potential, and that this possibility should be considered before
administering MSC as cell therapy [39].

Liu et al demonstrated that human bone marrow-derived MSC may accelerate human breast
tumor growth in NOD/SCID mice by generating cytokines that affect the cancer stem cell
population [40].

Pereira et al reported that co-transplantation of human umbilical cord-derived MSC with
fibroblasts exacerbated neurodegeneration in a rat model of Parkinson’s disease [41].

Lyngbaek et al found that transplantation of human bone marrow-derived MSC into a pig
heart resulted in a rapid inflammatory response and cell degradation, which conflicted with
previous studies that indicated a special immunoprivileged status for MSC [42].

When cotransplantation with donor-specific HSC was carried out, or MSC administration
was combined with a skin or liver graft, there was almost uniform evidence of MSC
function improving the outcome, e.g., improved engraftment of the HSC. There is, therefore,
overwhelming evidence from in vivo studies in several different experimental models
involving MSC from several species indicating that MSC function across species barriers.

Importantly, MSC function was confirmed in several different cross-species models (Figure
1). For example, human MSC functioned in no fewer than 7 different recipient species and
MSC from 4 different species(human, pig, rat, guinea pig) were demonstrated to function
across species barriers (Table 1).

The number of MSC administered in these various experimental models varied considerably
(from 1x105 to 16x106 or 2x108/kg) (Tables 4–6), and it would be unwise to attempt to
determine from these data the optimum number of MSC that should be administered to
ensure efficacy. The number of MSC administered (the dose) varied depending on the nature
of the experiment and the condition for which the MSC were being administered, i.e., the
disease model. Doses are unlikely to be the same in one model, e.g., spinal injury, as in
another, e.g., diabetes or suppression of rejection of an allograft. In some conditions, MSC
are administered locally at the site of a lesion, whereas in other conditions systemic
administration is necessary. Dosing may therefore need to vary widely. In view of the great
variety of models and species, current data do not allow an accurate conclusion to be drawn
as to the ‘optimal’ number of MSC that should be administered.

Bone marrow was the original source of MSC, but there is increasing evidence that MSC
can be harvested from a variety of sources, e.g., fat, umbilical cord blood, placenta. Adipose
tissue probably has greater promise because the MSC can be harvested in very large
numbers from this source, thus reducing the need for long-term culture in vitro. All the
evidence is that adipose-derived MSC have similar characteristics (e.g., differentiation
ability, phenotype, and immunomodulatory capacity) to bone marrow-derived MSC.

According to the literature, nearly half of all studies have selected the intravenous route, but
this depends on the aim of the study. For example, for spinal cord and lumbar disc injury
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models, local injection has been preferred. In contrast, as would be expected, for models of
malignancy, systemic administration has been selected.

MSC from pigs are an attractive option as pig MSC may have advantages over human MSC.
(i) It is easier to obtain very large volumes of bone marrow or, particularly, adipose tissue
from pigs than humans, and unlimited numbers of source pigs can be made available for this
purpose. Pig adipose-derived MSC also have the advantage over bone marrow-derived MSC
in having a high frequency of fibroblastoid colony-forming units [43], and thus are a richer
source of MSC (with less need for proliferation). (ii) As pig MSC would be plentiful, there
would be no need for extensive ex vivo expansion, thus lowering the risks of replicative
senescence or malignant change. (iii) Bone marrow- and adipose-derived pig MSC have
been demonstrated to have similar immunomodulatory functions [34–36]. (iv) In association
with xenografts, e.g., pig islets, pig MSC can be obtained from the same pig source and/or
from identical cloned pigs, thus negating exposure to third-party, i.e., allogeneic, MSC. (v)
Allogeneic human MSC are known to be hypo-immunogenic, but are usually eliminated by
NK cells in a Major Histocompatibility Complex (MHC)-unrestricted manner [44]; NK
cytotoxicity is also likely to play a role in the destruction of pig MSC. However, further
genetic modifications in pigs, e.g., expression of HLA-E/β2 microglobulin and/or of HLA-G
molecules, may decrease the cytotoxicity of human NK cells [45], and may therefore protect
the MSC from NK cytotoxicity.

The data provided by this literature search strengthen the hypothesis that pig MSC will
function effectively in a different species, e.g., humans. The data suggest that our own in
vitro observations on the efficacy of pig MSC in downregulating the strength of the human
T cell response to pig antigens will be reproduced in in vivo preclinical large animal models
and in clinical trials. MSC from genetically-engineered pigs may therefore provide an
alternative to human MSC, at least in the context of xenotransplantation [46].

There are a relatively large number of clinical trials continuing at the present time, but to our
knowledge these all involve autologous or allogeneic MSC. They relate to the treatment of
various pathological conditions, such as graft-versus-host disease (GVHD) and autoimmune
disorders [1–4], but also include their application in organ transplantation. However, to our
knowledge, none of the clinical trials has involved cross-species MSC. To our knowledge,
clinical trials of autologous or allogeneic MSC have not been associated with major
complications, but a discussion of the safety aspects of pig MSC is beyond the confines of
this review.

In conclusion, MSC from one species can clearly differentiate and promote tissue recovery
when transplanted into another species, resulting in improved function. In the unmodified
host, MSC migrate and engraft in multiple tissues (bone marrow, spleen, liver, muscle),
maintain multi-potential capacity, and have unique immunologic characteristics that allow
persistence in a xenogeneic environment. Importantly, xenogeneic MSC would, of course,
need to be fully protected themselves from the human immune response, and this could be
achieved by genetic engineering of pigs [22,35,36]. The data we have reviewed suggest that
cross-species MSC might prove valuable in numerous different disease states, e.g., GVHD,
diabetes, myocardial infarction, organ transplantation, etc.

To summarize, in various experimental models the following effects have been documented
across a species barrier:

Neurological – support axonal growth, induce functional improvement, reduce brain
infarct size, and reduce pain-like behavior [47–50].
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Musculoskeletal - MSC survive in the intervertebral discs and differentiate toward disc-
like cells [51].

Cardiovascular – reduce myocardial infarct size and improve ventricular function, as
well as improve acute myocarditis [52–54].

Diabetes mellitus - enhance insulin secretion, islet graft survival, and wound healing
[55–57].

Tissue injury - (i) repair radiation damage, e.g., to liver and intestine [58,59], (ii) engraft
in the host liver parenchyma, differentiate into hepatocyte-like cells, and enhance
hepatic recovery [60,61], (iii) differentiate into renal tubular epithelial-like cells, and
improve renal function [62], (iv) ossifiy calvarial defects [63], (v) accelerate healing of
retinal defects [64], and (vi) have a beneficial effect on ischemic limb disease [65].

Malignancy - MSC possess intrinsic anti-neoplastic properties, inhibiting tumor growth
and metastasis [66–68].

Autoimmune/inflammatory disease - inhibit progression of autoimmune disease and
restore immune homeostasis [69] in myasthenia gravis [70], systemic lupus
erythematosus [71], GVHD, and colitis [72].

Co-transplantation - enhance engraftment of HSC, and prolong skin graft Survival
[73,74].
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ABBREVIATIONS

GTKO α1,3-galactosyltransferase gene-knockout

GVHD graft-versus-host disease

HLA human leukocyte antigen

HSC hematopoietic stem cells

MSC mesenchymal stem (stromal) cells

NK natural killer

NOD/SCID nonobese diabetic/severe combined immunodeficient
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Figure 1.
Recipient species in which cross-species MSC have been reported to engraft and/or function
(total reports = 88). For example, human MSC functioned in no fewer than 7 different
recipient species (see Table 1). Furthermore, MSC from 4 different donor species
(human, pig, rat, guinea pig) were demonstrated to function across species barriers,
i.e., in recipients of different species (see Table 1)
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TABLE 1

REPORTS IN THE LITERATURE OF CROSS-SPECIES ADMINISTRATION OF MESENCHYMAL
STEM CELLS

Donor Species Recipient Species Studies (n) Reference #

human NOD/SCID mouse 24 38–40,55,56,58,59,73,79,82,84,88,92–94,98–100,104,112,123,131–133

nude mouse 13 61,63,66–68,80,86,105,111,120,121,124,127

wild-type mouse 12 48,52,57,101,102,106,108–110,113,125,134

autoimmune mouse 6 69,70,72,103,108,122

SCID mouse 5 60,76,78,101,126

rat 18 41,47,49,50,52,54,62,65,75,77,85,89,114–119

hamster 2 87,90

sheep 3 81,83,129

dog 2 91,128

pig 2 42,51

rabbit 2 37,64

pig SCID mouse 2 95,96

rat 1 97

rat wild type mouse 1 74

guinea pig rat 1 130

TOTAL 94
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TABLE 2

EXPERIMENTAL MODELS IN WHICH THE EFFECTS OF CROSS-SPECIES MESENCHYMAL STEM
CELLS HAVE BEEN STUDIED

Model Studies (n) Reference #

1) Unmodified (healthy) 18 42,80,81,83,91,94,97,104,107,108,114,119,120,124,125,129,133,134

2) Irradiation injury 7 58,59,82,84,88,99,131

3) Malignance model 11 38,40,66–68,76,105,109,111,113,123

4) Acute myocardial infarction 6 52,54,85,90,95,100

5) Acute liver dysfunction 5 39,60,61,86,126

6) Autoimmune disease 6 69–72,103,122

7) Acute cerebral infarction 5 49,50,75,89,115

8) Transplantation 9 73,74,92,93,96,98,112,130,132

9) Diabetes 4 55–57,78

10) Inflammatory 4 53,106,110,121

11) Spinal cord injury 3 47,77,128

12) Acute kidney injury 3 62,79,127

13) Muscle injury 3 65,87,118

14) Neuropathic 3 41,48,102

15) Lumbar disc injury 2 51,117

16) Bone defect 2 37,63

17) Acute lung injury 1 101

18) Retinal injury 1 64

19) Intracerebral hemorrhage 1 116

TOTAL 94
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TABLE 3

ROUTES OF ADMINISTRATION OF MESENCHYMAL STEM CELLS

Route (Site of
injection)

Studies (n) Reference #

1) Intravenous 47 38,48–50,53,57–59,62,66,68,70,72–74,76,77,79,80,82,84,89,92–94,96–98,100,103,106–108,111–113,115,120,123–125,127,130–134

2) Organ/Tissue 36

 heart 7 42,52,54,55,85,91,95

 brain 7 41,75,102,105,109,114,122

 liver 3 86,104,119

 spinal cord 4 47,51,117,128

 muscle 4 65,87,90,121

 spleen 3 39,60,126

 tissue defect area 3 37,63,118

 bone marrow 2 40,88

 eye 1 64

 kidney 1 78

3) Intraperitoneal 9 61,69,71,81,83,94,110,116,129

4) Subcutaneous 2 67,94

5) Intratracheal 1 101

TOTAL 94
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