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ABSTRACT

Stem cell transplantation is a promising approach for improving cardiac function after severe myo-
cardial damage, for which the use of autologous donor cells has been preferred to avoid immune
rejection. Recently, however, rodent as well as human mesenchymal stem cells have been reported
to be uniquely immune-tolerant, in both in vitro and in vivo transplant models. In this review, we
explore in detail the current understanding of the underlying immunologic mechanisms, which can

facilitate the use of such cells as “universal donor cells” with fascinating clinical implications.
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INTRODUCTION

Myocardial infarction remains a widespread and
important cause of morbidity and mortality
among adults, accounting for >15 million new
cases worldwide every year [1]. The loss of cardi-
omyocytes that results, combined with the lim-
ited endogenous repair mechanism, sets into
play the remodeling process that ultimately
leads to progressive heart failure. End-stage
heart failure still has a grave prognosis, with an
estimated 5-year mortality of 70%.

Although current medical and surgical treat-
ments have significantly altered the survival of
these patients, none of these modalities contrib-
utes new contractile tissue to replace the myo-
cardial scar. A promising approach is cellular
transplantation, which is directly aimed at over-
coming the problem of myocardial cell loss and
improving the function of the injured myocar-
dium through several mechanisms, including
myogenesis [2], angiogenesis, and paracrine ef-
fects [3, 4], which may attenuate left ventricular
function. The observed beneficial effects of cell
transplantation have led to numerous human
clinical trials in the past several years [5].

The current preferred approach of using au-
tologous stem cells aims to avoid immune rejec-
tion of donor cells, which can be expected after
allogeneic or xenogeneic transplantation. De-
spite the promising early results, harvesting au-
tologous cells from individual patients still poses
significant logistic, economic, and timing con-

straints. Furthermore, most of the patients who
could benefit from such therapy are elderly pa-
tients with multiple medical comorbidities. Un-
fortunately a number of recent studies have doc-
umented that mesenchymal stem cells (MSCs)
obtained from elderly donors, and those with di-
abetes, renal failure, or severe ischemic heart
disease, demonstrate significantly reduced ca-
pacity for proliferation, differentiation, and neo-
vascularization, with increased levels of apopto-
sis in vitro and in vivo [6, 7]. Such impaired
autologous donor cells from sick elderly patients
could therefore limit their therapeutic potential.
Thus there would be obvious clinical advantages
if “universal donor cells” from healthy young do-
nors could be used for stem cell allotransplanta-
tion without the need for immunosuppressive
therapies.

In the last several years, increasing experi-
mental findings have pointed toward a unique
immunomodulatory property of the MSCs in
both the in vitro and in vivo settings [8]. One in-
triguing property of MSCs is their ability to es-
cape immune recognition and even actively in-
hibit immune responses. In this chapter, we will
briefly review the general properties of MSCs.
We will then discuss in depth the evidence be-
hind the role of MSCs in immunomodulation,
both in vivo and in vitro, and describe our current
understanding of the possible underlying mech-
anisms by which it occurs and by which MSCs
could be viewed as universal donor cells.
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Table 1. Phenotype characterization of human MSCs

Antigens Expression

Adhesion molecules
ICAM-1, -2, -3
VCAM
L-selectin
P-selectin
Growth factors and cytokine receptors
IL-1, -3, -4, -6, -7R
INF-y
TNF-a
FGFR, PDGFR
Integrins
VLA-a
B4-integrins
Additional markers
B2 microglobulin
Nestin
HLA-ABC
HLA-DR
B7
Transferrin receptor +

L e i

I+ + +

Abbreviations: FGFR, fibroblast growth factor receptor; HLA, human
leukocyte antigen; ICAM, intercellular adhesion molecule; IL,
interleukin; INF, interferon; PDGFR, platelet-derived growth factor
receptor; TNF, tumor necrosis factor; VCAM, vascular cell adhesion
molecule; VLA, very late activation antigen.

MSCs As ADULT STEM CELLS

Mesenchymal stem cells, also known as bone marrow stem cells,
stromal stem cells, marrow progenitor cells, and marrow-de-
rived adult stem cells, essentially represent a heterogeneous
population of fibroblast-like cells, which can be found in the bone
marrow stroma. Unlike hematopoietic cells, MSCs are CD34—
and CD45—. Although still not fully identified, some other typical
MSCs markers include CD29, CD44, CD71, CD90, CD106, CD124,
SH2, and SH3. A full description of their properties was previ-
ously published in great detail by Pittenger et al. [9] and is sum-
marized in Table 1.

Although the extent of the plasticity of MSCs is still under
investigation, studies within the last few years have demon-
strated the capacity of these MSCs to differentiate into cells of
different lineages [8, 9]. Because these cells do not have the
ethical or tumorigenicity problems of embryonic stem cells, their
plasticity has generated much excitement, giving hope for their
therapeutic use in a wide range of diseases.

MSCs As UNIVERSAL DONOR CELLS

Recently there has been an explosive advance in our knowledge
of adult stem cells for their use as donor cells for regenerative
therapies. Associated with such advances are some unexpected
and controversial findings that defy current scientific dogmas.
One such dilemma is a series of observations indicating that
MSCs are immune-privileged, able to survive and differentiate in
immunocompatibility-mismatched allogeneic or even xenoge-
neic transplant recipients [8]. In fact, a number of laboratories
have recently reported that MSCs may have a unique immuno-
logical property capable of inducing tolerance inimmunocompe-
tent allotransplants or even xenotransplant recipients [10, 11].
The mechanisms of such immunotolerance have been the sub-
ject of intense study, and three interrelated candidate mecha-
nisms are emerging [12, 13]. MSCs appear to evade rejection by
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(a) being hypoimmunogenic, (b) modulating T-cell phenotype,
and (c) immunosuppressing the local environment.

EVIDENCE FROM IN VITRO STUDIES

A large body of in vitro experiments involving coculture mixed
lymphocyte reactions supports the view that MSCs avoid alloge-
neic response [8, 11, 13, 14] and that the use of mismatched
MSCs does not induce a proliferative T-cell response in alloge-
neic and xenogeneic coculture studies [10, 12, 15, 16]. Largely
responsible for being hypoimmunogenic is a unique expression
pattern of cell-surface antigens on the MSCs. Although there is a
continuous controversy surrounding the exact composition of
these cell-surface markers, most studies describe MSCs as major
histocompatibility complex (MHC) class | positive and MHC class
Il negative [9]. The expression of class | MHC is important be-
cause it protects these cells from certain natural killer (NK)-cell-
mediated deletion. As MHC class Il proteins are potent alloanti-
gens, their lack of expression on MSCs allows them to escape
recognition by effector CD4+ T cells. In addition to this, MSCs do
not appear to express Fas-ligand or costimulatory molecules
such as B7-1 (CD80), B7-2 (CD86), or CD40 for effector T-cell
induction [9]. The presence of these cell-surface markers, along
with the finding that MSCs are customary residents of the bone
marrow stroma, suggests that MSCs are hypoimmunogenic cells
that play an important role in the immunoregulation provided by
the bone marrow microenvironment by evading the recognition
of alloreactive cells [13].

There is also good in vitro evidence that MSCs can directly
modulate the function of T cells. Pittenger and Aggarwal re-
ported that human MSCs constitutively secrete PGE2, hence al-
tering the cytokine secretion profile of dendritic cells, naive and
cytotoxic T lymphocytes, and NK cells, namely, by inhibiting tu-
mor necrosis factor-a and interferon-vy (INF-y) and by stimulat-
ing interleukin 10 (IL-10) secretion to modulate the immune cell
response [17]. By doing so, they inhibit the maturation and mi-
gration of various antigen-presenting cells, suppress B-cell acti-
vation, induce suppressor T-cell formation, and alter the expres-
sion of several receptors necessary for antigen capture and
processing [13, 17]. Furthermore, through the release of IL-4,
they accelerate a shift from a majority of proinflammatory Thl
cells toward an increase in the anti-inflammatory Th2 cells [17].
We suspect that this anti-inflammatory property of MSCs may
play an important role in the so-called paracrine effects associ-
ated with MSCs, as postulated by several investigators [3, 4].

Although still controversial, there is some evidence that
MSCs do also exhibit immunosuppressive properties. Some re-
ports show that MSCs do express mRNA for cytokines such as
IL-1, -6, -7, -8, -11, -12, -14, -15, -27, leukemia inhibitory factor,
macrophage colony stimulating factor, and stem cell factor [14,
17]. Although their role is still not fully understood, some of
these cytokines provide critical cell-cell interactions and pro-
mote hemopoietic stem cell differentiation. Furthermore, IL-10
seems to be constitutively expressed by MSCs. This interleukin
has a well-documented role in T-cell regulation and in the pro-
motion of the suppressor phenotype and can also antagonize the
action of IL-12 during induction of the inflammatory immune
responses [17].

In addition to the proposed role of indoleamine 2,3-dioxyge-
nase-mediated tryptophan degradation [14], MSCs can also se-
crete other peptides, such as hepatocyte growth factor (HGF),
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Figure 1. Proposed mechanisms of the immunomodulatory effects of MSCs. Abbreviations: DC, dendritic cell; IDO, indoleamine 2,3-dioxy-
genase; IL, interleukin; MSC, mesenchymal stem cell; NK, natural killer; PGE2, prostaglandin E2; TGF-f, transforming growth factor 3; TNF-«,
tumor necrosis factor-«; Tregs, regulatory T cells. Adapted from [8] with permission from Blood.

which may contribute to the creation of a local immunosuppres-
sive environment [12]. Similarly, transforming growth factor 1
(TGF-B1) also seems involved in T-cell suppression by working
with HGF in promoting the allo-escaping phenotype. In fact, Di
Nicola et al. showed that neutralizing antibodies to HGF and
TGF-B1restored the proliferative response in mixed lymphocyte
reactions [12].

Zhang et al. provided further evidence that MSCs interfere
with dendritic cell (DC) maturation, differentiation, and function
by downregulating the expression of CD1a, CD40, CD80, CD86,
and human leukocyte antigen-DR [18]. These findings were con-
firmed by Beyth et al. who suggested that human MSCs convert
the DC into a suppressor cell, thus locking it into an immature
state and thereby inducing peripheral tolerance [19]. All these
results suggest that MSCs may be mediating allogeneic tolerance
by directing antigen-presenting cells toward a suppressor phe-
notype that ultimately results in an attenuated T-cell response
[13, 14].

Most studies have also shown that these immunosuppres-
sive properties are broad, increase with increased concentration
of MSCs [14], and are effective whether the stimulation is spe-
cific or nonspecific [12, 15, 16, 20], across species [20, 21], and
across different populations of lymphocytes [18, 19, 21]. To-
gether, these results suggest that these immunosuppressive
mechanisms may even cross species barriers.

In addition, increasing evidence has emerged that MSCs can
also interact directly with T cells to suppress alloreactivity and
direct CD4+ T cells to a suppressive phenotype. Di Nicola et al.
[12] and Tse et al. [16] showed that MSCs strongly suppressed
CD4+ T cells in mixed lymphocyte reactions and attenuated the
proliferation of T-cell subsets.

Some studies have also shown that MSCs can influence con-
trol over cell division cycle pathways in cells of immunological
relevance. Glennie et al. have shown that T cells stimulated in
cocultures with MSCs exhibited an extensive inhibition of cy-
clin-D2 and an upregulation of the cyclin-dependent kinase in-
hibitor p27kip1 [23].

Furthermore, the role of MSCs on CD8+ T cells and NK cells
has also been addressed. There is evidence that MSCs inhibit the

formation of CD8+ T cells and appear to evade NK-cell targeting
mechanisms [23]. Rasmusson et al. showed that NK cells in co-
cultures did not recognize MSCs although their lytic properties
were still present [22]. Moreover, it has been suggested that
MSCs reduce IL-2-induced NK-cell proliferation, and INF-y pro-
duction [17, 22, 24, 25].

Finally, another level at which MSCs may modulate immune
responses is through the inhibition of B-cell proliferation, as well
as their chemotactic behavior and antibody production [8, 23].
Taken together, numerous studies provide strong evidence that
MSCs are able to modulate the function of different immune
cells in vitro through several interrelated mechanisms, as sum-
marized in Figure 1.

EVIDENCE FROM IN VIVO STUDIES

Although considerable data of in vitro findings support the im-
munomodulatory properties of MSCs, relatively little evidence is
available on the immunogenicity of MSCs in vivo. Despite this,
there is growing evidence that the in vitro observations may
translate to the in vivo setting. Bartholomew et al. [15] first dem-
onstrated that the in vivo administration of allogeneic MSCs pro-
longed third-party skin graft survival in immunocompetent ba-
boons. This study, as well as many others, paved the way for the
use of these cells in immune-mediated disorders [8, 11]. For ex-
ample, Kog et al. showed no evidence of alloreactive T cells and
no incidence of graft versus host disease (GVHD) when alloge-
neic MSCs were infused into patients with Hurler’s syndrome or
metachromatic leukodystrophy [26]. Horwitz et al. reported that
donor MSCs contributed to bone remodeling after allogeneic
stem cell transplantation in three children with osteogenesis im-
perfecta [27]. Other groups have reported that MSC transplan-
tation can also prevent the rejection of allogeneic B16 mouse
melanoma cells in immunocompetent mice [21], successfully
engraft in brains of albino rats, lead to significant improvement
in symptoms in mice with autoimmune encephalomyelitis
through the induction of peripheral tolerance [28], and attenu-
ate GVHD in humans with grade IV acute GVHD [29]. It is impor-
tant to note that several mechanisms involving specific factors
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have been proposed, mostly based on in vitro findings, but a
clear consensus, based on in vivo experiments specifically target-
ing these particles, is still lacking [13].

Allogeneic MSC transplants into the myocardium between
unrelated porcine donors and recipients was reported by Capa-
relli et al. [30] and by Makkar et al. [31]. The recipients under-
went coronary ligation before allogeneic MSC implantation and
received no immunosuppression. The implanted cells remained
viable and differentiated without being rejected. Furthermore,
the cardiac functions of transplanted hearts were significantly
improved. In a swine and a rat model, Amado et al. [32] and Dai
etal. [3], respectively, reported the survival of allogeneic MSCs in
infarcted myocardium without immunosuppression. Moreover,
these cells were shown to differentiate and contribute to the
functional improvement of the host myocardium [33].

In November 2000, a fascinating study by Liechty et al. was
published in Nature Medicine [34]. Well-characterized human
MSCs were implanted into fetal sheep early in gestation. In this
xenogeneic system, the human MSCs engrafted and persisted in
multiple tissues for as long as 13 months after transplantation,
even after maturation of the fetal immune system. Furthermore,
these cells underwent site-specific differentiation into multiple
cell lineages, including cardiomyocytes. Nevertheless, these ex-
periments were carried out in fetal recipients.

In a series of studies at our laboratory, Saito et al. injected
intravenously labeled mouse MSCs into fully immunocompetent
adult rats, successfully producing stable cardiac chimeras for at
least 12 weeks without any immunosuppression and with no
evidence of rejection [35]. It was confirmed that within days
these mouse cells had homed into the bone marrow of the rats
and, upon coronary artery ligation, were recruited to the peri-
infarcted myocardium. In the following 4—6 weeks, the labeled
cells were seen to differentiate into various phenotypes. In sub-
sequent studies, MacDonald et al. showed that not only were
stable chimeras formed but also the overall ventricular function
was significantly improved [36]. These findings were once again
replicated by Luo et al., who confirmed the survival of pig MSCs
implanted into fully immunocompetent rat myocardium for up
to 6 months after xenotransplantation [37]. More recently, Atoui
et al. were able to confirm the engraftment of human MSCs
within the rat myocardium for at least 8 weeks after myocardial
infarction, without the use of any immunosuppression [38]. Such
xenotransplant significantly contributed to the improvement in
the overall cardiac function and in attenuating left ventricular
remodeling.

However, tolerance of MSCs across the MHC barrier might
not be absolute. Grinnemo et al. [39] demonstrated that, al-
though the MSCs successfully engraft across allogeneic barriers,
rejection occurs when a xenotransplant model is used. In their
follow-up study, the same group demonstrated that the sur-
vival of human MSCs into ischemic rat myocardium is possible
only when immunosuppression is used [40]. These findings were
in direct contrast to those obtained in our laboratory. Despite
the similarities between our two studies, nonetheless there
seems to be subtle differences in the experimental designs. For
instance, in their study, MSCs were harvested from the sternum
of patients undergoing cardiac surgery. These cells, taken from
elderly donors, were previously shown to have a significantly
lower capacity for differentiation, angiogenesis, survival, and
even proliferation [6, 7, 41]. It is of interest to note that, in the in
vitro studies, human MSCs used were instead harvested from
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young healthy donors. Furthermore, other experimental differ-
ences linked to the amount of fetal calf serum present in the
culture media could also partially explain these differences [42].
Still, further studies are needed to better clarify these contradic-
tory findings.

Other opposing findings were also reported showing that,
despite retaining their immunosuppressive properties in vitro,
allogeneic murine MSCs can be immunogenic in immunocompe-
tent animals [43, 44]. The discrepancy observed could be ob-
served by differences in the experimental conditions such as the
level of INF-vy [45], different stages of differentiation, or species
diversity [13]. Furthermore, itis also important to note that there
is typically a low retention yield when MSCs are directly injected
within the myocardium. This is mostly attributed to mechanical
loss secondary to leakage and washout [46]. This could also par-
tially explain the different results sometimes observed among
different studies. Finally, it should also be mentioned that mu-
rine and human MSCs differ in their immunosuppressive prop-
erty. In fact, it was shown that the immunosuppressive effect of
human MSCs, at least in vitro, is much stronger than that of
murine MSCs [12].

Such contradictory findings are perplexing but not unique in
this rapidly developing field of stem cell biology and regenerative
medicine. Despite the substantive body of evidence from the in
vitro literature confirming the immunomodulatory properties of
MSCs, their importance in the in vivo setting remains controver-
sial. Nevertheless, MSCs have already been introduced to clinical
practice, especially in the autoimmune and hematological fields
[47].

Furthermore, although the immunomodulatory effects of
MSCs are now well-documented, they provide no explanation as
to why such tolerance persists even after the implanted stem
cells differentiate into their targeted tissue phenotypes. In an
attempt to explain this phenomenon, Chiu proposed the “stealth
immune tolerance” hypothesis [33], which is in fact an applica-
tion of the “danger model” theory described earlier by Matzinger
[48], who suggested that the immune rejection of a transplanted
organ is not due to the mismatch of MHC antigens alone but due
to the presence of a “danger signal” serving as a costimulant
factor. Thus, although it is still hypothetical, the stealth immune
tolerance hypothesis is based on the fact that the expression of
new foreign recognition antigens (that is, MHC antigens) on
the gradually differentiating cells is dissociated in timing from
the danger signals derived from the injury inflicted by the inva-
sive implantation procedure. In other words, it takes weeks for
the implanted cells to mature and fully express their MHC anti-
gens. Thus, by the time these implanted cells differentiate, the
effects on tissue injury would have subsided, so that the immune
synapsis receives only the first “recognition” signal without the
second “activation” signal [48]. According to the two-signal the-
ory for immune synapsis, recognition without activation could
then lead to T-cell anergy, such that the implanted cells, now
fully differentiated, are tolerated and allowed to survive. It is
important to note that presently this view remains hypothetical
and needs to be further confirmed.

CLINICAL TRIALS INVOLVING THE ALLOGENEIC USE OF MSCs

Interestingly, and based on the clinical and experimental data
discussed previously, there have been two clinical trials so far
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that looked at the allogeneic use of MSCs in patients post myo-
cardial infarction. The FDA recently approved an Osiris Inc. spon-
sored phase | multicenter clinical trial in which allogeneic human
MSCs were given intravenously, without immunosuppression, to
patients following an acute myocardial infarction. The prelimi-
nary results after 6 months were presented and are highly en-
couraging [49], with evidence of significant improvement in
the ventricular function. Similarly, the Revascor trial is an-
other randomized, placebo-controlled multicenter trial that
assesses the safety and feasibility of three different doses of
allogeneic MSCs delivered into the myocardium of patients
with chronic heart failure. After 3 months, their preliminary
results were also reported online (http://www.angioblast.
com) and described a significant improvement in the overall
ventricular function [50]. More importantly, promising results of
the phase Il trial were recently reported at the 2011 meeting of
the American Heart Association (held in Orlando, FL). On the
basis of this, phase Ill trials are expected to start within the up-
coming 6 months.

CONCLUSION

The potential importance of these findings for the treatment of
ischemic heart disease is apparent. In addition to their powerful
replicative capacity, MSCs can easily be harvested from bone
marrows, expanded ex vivo, and differentiated into many cell
type lineages, if desired. Because of their immunotolerance
property, the establishment of MSCs as effective universal donor
cells [13] could then dramatically expand the therapeutic poten-
tial for cellular cardiomyoplasty. From a clinical perspective,
these cells could be isolated and expanded from donors irrespec-

tive of their MHC haplotype, tested for their functional capabili-
ties well in advance, and stored as an “off-the-shelf” cell popula-
tion for immediate use when needed on any patient after an
acute myocardial infarction. Such logistical advantages are not
available with the use of autologous MSCs, which is currently the
cell source of choice. Perhaps more importantly, since such allo-
geneic MSCs can be obtained from young healthy donors, they
could have great value in patients with genetic cardiomyopathies
and in elderly patients with multiple medical comorbidities
whose own MSCs could be dysfunctional.

Despite the exciting preliminary results, further investiga-
tions are required to address many of the remaining controver-
sial findings, as well as the important question of chronic rejec-
tion after cell transplantation. Although the preliminary results
of allogeneic MSC transplantation described seem quite promis-
ing, the trials enrolled only a limited number of patients who
were evaluated relatively shortly after the treatment. Further-
more, further mechanistic studies and more quantitative assess-
ment of MSCs engraftment are still needed before the therapeu-
tic promise of these cells can be fully achieved.
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