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Abstract

The use of stem cell-based protocols in transplantation has rapidly achieved many long-sought goals, including
the induction of donor-specific tolerance and as an effective immunomodulatory therapy against acute cellular
rejection and graft-versus-host disease. Recent advances in the fields of transplant immunology and regenerative
medicine have significantly improved outcomes after solid organ and vascularized composite allotransplantation, as
evidenced by data from preclinical, translational, and clinical trials. Specifically, stem cell therapies have been shown
to diminish effector T cell responses, expand regulatory T cell populations, decrease the incidence and severity of
rejection, improve nerve regeneration, and facilitate the induction of mixed hematopoietic chimerism. This review
summarizes the latest developments in the use of mesenchymal and hematopoietic stem cell-based therapies in
advancing the field of transplantation by eliminating the need for systemic life-long immunosuppression.
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Introduction

Solid organ transplantation (SOT) is one of the most remarkable
therapeutic advances in medicine of the last century. Although surgical
techniques that made SOT feasible were in place by the turn of the 20*
century, early outcomes after organ transplantation were poor until the
first successful living-related kidney transplantation performed in 1954
by Dr. Joseph E Murray [1]. Nearly 60 years later, this procedure has
become the standard of care for the treatment of patients with end-
stage renal disease, and has proven to be life-saving and cost-effective.

The wealth of knowledge gained from the field of SOT, as well as
the development of powerful immunosuppressive drugs in the 1980’s,
not only led to continuously increased success rates for kidney, liver,
pancreas, heart, lung, intestinal, or even multivisceral transplants, but
also paved the way for vascularized composite allotransplantation
(VCA) to become a clinical reality [2,3]. Since the first successful hand
transplantation in 1998, [4] a variety of other tissues and body parts
have been transplanted including face, larynx, trachea, abdominal
wall, knee, and femur, with highly encouraging immunological and
functional outcomes [5].

However, the potent immunosuppressive drugs that make SOT
and VCA possible by preventing acute cellular rejection also expose
transplant recipients to considerable unwanted side effects including
opportunistic infections, metabolic disturbances, or even malignancy
[6]. Indeed, the risk of these complications precludes the widespread
application of VCA in becoming the standard of care for patients with
complex, disfiguring, and disabling injuries that are not amenable to
conventional reconstruction. This is because unlike SOT, which is a life-
saving procedure, VCA is a life-changing procedure typically performed
in young and otherwise healthy patients; thus, the acceptable risk-to-

benefit profile is divergent between these two fields of transplantation.

Recent progress in cell and stem cell biology has shown significant
potential for filling the critically unmet need of immunosuppression
minimization and/or withdrawal after transplantation, which would
improve long-term outcomes after SOT and widen the indications
for VCA. Various stem cell-based approaches have been utilized in
an attempt to achieve donor-specific tolerance—a goal that would
overcome the shortcomings of systemic, life-long, high-dose, multi-
drug immunosuppression and could possibly allow for indefinite
graft survival [7,8]. Herein we will review the recent progress in the
use of stem cell-based therapies in promoting transplant tolerance and
immunosuppression minimization in SOT and VCA. We will discuss
the critical balance of effector and regulatory cells that modulate
tolerance induction, review the role of mesenchymal stem cells (MSCs)
in combating acute cellular rejection and GVHD, and highlight the use
of hematopoietic stem cells (HSCs) in achieving tolerance to allografts
via induction of mixed hematopoietic chimerism.

Tolerance Induction: A Balancing Act

Transplantation of foreign tissues, particularly when it involves a
major histocompatibility complex (MHC)-incompatible graft, triggers
the activation of effector T cells that contribute to allograft destruction
and dysfunction, as well as the proliferation of regulatory T cells (Tregs)
that aid in graft protection and survival. Indeed, it is the delicate balance
between these two T cell subsets that determines the allograft’s fate, and
the relative proportion of these T cell subsets is modulated in part by the
degree of MHC-mismatch [7]. Whereas there are established allocation
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criteria such as blood group and MHC-matching for SOT, the retrieval
of VCA has historically not been matched for MHC as the availability
of donors with appropriate skin color, size, sex, and age match has been
far more limiting for the transplantation of visible grafts such as hand
or face [9]. Therefore, solid organ transplant recipients, and particularly
VCA recipients, are at risk for activation of effector adaptive immune
responses that puts their allograft in jeopardy from the moment the
graft is transplanted.

Considerable research has been invested in skewing the balance
towards Tregs with a concomitant decrease in T effectors, either by
anergy induction or depletion of alloreactive T effector cells. Tregs are
amongst the most prominent class of immunomodulatory cells and
can develop naturally in the thymus or can be induced in response
to antigen-stimulation under tolerogenic conditions in the periphery
[10,11]. Regardless of the source, Tregs have been shown to control
immune responses to foreign antigens and likely contribute to tolerance
induction and maintenance in transplanted tissues, as evidenced by
a multitude of animal studies and supporting findings from tolerant
organ recipients [12-14]. Tregs also effectively control GVHD as
demonstrated by a study of haploidentical HSC transplantation
in subjects that received initial pretreatment without any other
conventional immunosuppression, followed by an infusion of Tregs and
a subsequent infusion of effector T cells at a later time—a scenario that
would make GVHD very likely [15]. These subjects did surprisingly
well with satisfactory immune reconstitution, rare occurrences of acute
GVHD, and no signs of chronic GVHD at one-year follow up. However,
the translation of Treg protocols from preventive GVHD studies to SOT
and VCA is expected to require significantly higher numbers of Tregs in
order to be effective [16].

Attempts to culture Tregs to expand and favorably skew the T
effector:Treg balance have not been overwhelmingly successful, as
Tregs are sparse in the peripheral circulation, which makes isolation
of sufficient numbers difficult. Notably, contamination during isolation
and plasticity of Tregs in culture further impedes their widespread
clinical applicability. Thus, alternative strategies have been sought
to realize the potential for Tregs with definitive antigen-specificity to
suppress anti-donor reactivity while sparing other immune responses.

One promising strategy to achieve this goal is the use of
MSCs, a potent immunomodulatory cell population that exerts its
immunoregulatory effects on both the innate and adaptive immune
system [17,18]. Studies have demonstrated that MSCs selectively induce
the proliferation of Tregs with strong suppressive capacity, favorably
skewing the proportion of Tregs and T effectors towards a regulatory
phenotype [19,20]. There is also evidence that MSCs participate in
the suppression of Th1, Th2, and Th17 responses, with a concomitant
suppression of T effector and T memory cells [21,22]. Furthermore,
studies have shown that MSCs inhibit hematopoietic cells after in vivo
administration, constitutively secrete anti-inflammatory factors, and
inhibit the proliferation of PBMC and their production of inflammatory
cytokines [19,23,24]. Thus, the potent immunosuppressive capacity of
MSCs underlines their importance as cellular immune therapy in SOT
and VCA.

The Role of MSCs in the Generation of Regulatory Cell
Types

MSCs possess unique immunomodulatory characteristics and are
present in most tissues including adipose tissue, bone marrow, heart,
Wharton’s jelly, umbilical cord, and peripheral blood [25]. They are
characterized by their immunophenotype, fibroblast-like morphology,

and multilineage differentiation capacity, which include adipocytes,
chondrocytes, myocytes, neuronal precursor cells, Schwann cells, and
osteoblasts. Characteristics of MSCs have been described in detail
elsewhere [26-28].

MSCs have a wide range of immunological functions including
tissue regeneration and protection from ischemia-related damage,
and exert their immunoregulatory effects on a variety of cell types
through the release of soluble factors and cell-cell contact [29,30].
The optimal source of MSCs used for tissue engineering and cell
therapy has been a matter of debate. Various groups have pointed
out key differences between two primary subtypes of MSCs: adipose-
derived stromal cells (ASCs) and bone marrow-derived stromal cells
(BMSCs) [25]. In summary, ASCs appear to have superior proliferative
capacity, increased genetic stability, more potent immunosuppressive
and immunomodulatory capabilities in vitro and in vivo, and adipose
tissue provides a richer source of stem cells with higher yield and easier
procurement than bone marrow, which translates to a significantly
shortened time from cell harvest to infusion when compared with
BMSCs.

There is growing in vitro and in vivo evidence demonstrating the
ability of MSC-based therapies to induce the generation of regulatory
cell types, which highlights their potential for tolerance induction.
MSCs have been shown to directly induce differentiation of CD4+
T cells to Tregs, induce a Treg phenotype in naive and memory T
cells, and expanded Tregs are capable of suppressing antigen-specific
proliferative responses in vitro and ex vivo [20,31,32]. Various
mediators have been implicated in the generation of Treg by MSCs,
including IFN-y, prostaglandin E2, and indoleamine 2,3-dioxygenase
(IDO), amongst others [33]. Furthermore, MSCs have been shown to
reprogram Th17 cells into Tregs and inhibit the activation of cytotoxic
lymphocytes [34]. Multiple experimental models of inflammatory
and autoimmune diseases have corroborated these in vitro findings.
For example, in animal models of colitis, diabetes, myasthenia gravis,
and systemic lupus erythematous, groups have consistently reported
that MSC infusion was associated with an increased proportion of
Tregs and diminished Th1 and Th17 development [35-38]. Clearly, the
generation of Tregs, modulation of immune responses, and inhibition
of inflammatory states by MSCs would be of benefit to transplantation,
which has led to an intense investigation of their effects in SOT and
VCA as will be described later.

MSCs have also been shown to promote the generation of
tolerogenic dendritic cells (tolDCs), a unique regulatory cell subtype
that contributes to the production of Tregs with a diminished capacity
to stimulate T cell proliferation [39-41]. The mechanism of action of
tolDCs is still unclear. The commonly accepted explanation contends
that a direct interaction of ex vivo generated tolDCs renders T effector
cells anergic and apoptotic; however, recent evidence suggests that
infused tolDCs have a short half-life after infusion and are taken up
by recipient antigen presenting cells (APCs). These experiments
suggest that the mechanism of action of tolDC is actually mediated
by recipient APCs and not directly by the tolDCs [42,43]. Multiple
clinical trials investigating the use of tolDC therapy in rheumatoid
arthritis patients are currently underway, as well as ongoing trials
investigating the outcomes of tolDCs applied in combination with
various immunosuppressive drugs (Tacrolimus, MME, etc.), which has
significant implications for the field of transplantation [41,44]. Data
regarding the use of tolDC has been positive overall and forthcoming
studies on the application of this regulatory cell type in SOT and VCA
are eagerly anticipated.
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The modulation of immune cells by MSCs extends to macrophages
as well, which can be polarized by MSCs toward an anti-inflammatory
phenotype with capacity to expand Treg populations [45]. This
increasingly recognized cell population is sometimes referred to as
regulatory macrophages (Mregs). Mregs are fully matured macrophages
with a distinct phenotype and well-characterized expression of
surface markers [46]. Specifically, MSCs promoted the generation
of IL-10 secreting Mregs from the monocyte fraction of PBMCs in
vitro by upregulating the expression of IDO [47]. Francois et al. [46]
demonstrated that Mregs are able to suppress T cell proliferation in vitro,
induce the expansion of Tregs, and amplified the immunosuppressive
effect generated by MSCs. Similar results have been generated in pilot
studies of kidney transplantation, where the perioperative infusion of
donor-derived Mregs into two kidney transplant recipients facilitated
the weaning of conventional immunosuppression to low-dose
tacrolimus monotherapy after several weeks with no episodes of acute
rejection reported thus far. Imaging studies in these patients revealed
that the infused Mregs migrated to the bone marrow, liver, and spleen
and were detectable in these sites at least 30 hours after infusion. These
studies confirm that MSCs likely play a role in inducing regulatory
macrophages in humans with capacity to improve transplantation
outcomes.

The summation of this in vitro and in vivo data together with early
results from clinical trials clearly elucidate the potent capacity of MSCs to
effectively modulate immune responses in inflammatory, autoimmune,
and transplantation settings. The key effect in this immune modulation
by MSCs appears to be the generation of Tregs and other regulatory cell
types, and a concomitant diminution of T effector cells.

The Use of MSCs in Solid Organ and Reconstructive
Transplantation

The wealth of in vitro and in vivo data confirm that MSCs favorably
modulate immune responses that drive the rejection process and
therefore have the potential to positively affect outcomes in both SOT
and VCA. Certainly, the similarities between these sister fields facilitates
rapid translation of immunological findings between them. Elucidation
of the mechanisms and players responsible for acute cellular rejection
is exceedingly similar, and the collection of immunsuppressive drugs
used between these fields is essentially the same. In fact, the amount of
immunosuppression required in VCA is only slightly higher than what
is used in kidney transplantation and comparable to what is given in
pancreas transplantation [48]. In this section, we highlight important
differences between the fields of SOT and VCA, and summarize
pertinent experimental and clinical findings regarding the use of MSCs
in transplantation.

Many of the challenges faced by SOT remain true for VCA, such as
the risk of graft-versus-host disease (GVHD) or the consequences of
life-long, systemic immunosuppression. One unique difference in VCA
is the requirement for nerve regeneration over long distances to regain
full motor and sensory function. In addition to immunological and
aesthetic outcomes, functional recovery is a key determinant of overall
success in VCA and this critically depends on the quality and pace
of nerve regeneration. In this regard, MSCs have shown considerable
promise in animal models of peripheral nerve and spinal cord injury,
where the use of MSCs improved electrophysiological outcomes after
peripheral nerve injury, accelerated spinal fusion in a rat model of
lumbar compression fracture, and significantly improved hind limb
function and nerve conduction in a canine model of spinal cord injury
[49-51]. Furthermore, MSCs seeded into a fibrin conduit in a rat sciatic

nerve transection model were shown to significantly increase the
distance of axonal regeneration [52]. Thus, the enhancement of nerve
regeneration across long distances by MSCs may overcome some of the
challenges faced by VCA that currently limit its expansion to arm and
lower extremity transplantation.

Yet, rejection remains the most important hurdle impeding
the success and widespread clinical application of all types of
transplantation. Although the mechanisms of rejection are likely the
same between SOT and VCA, the diversity of tissues contained in a
vascularized composite allograft inherently trigger different rates and
intensities of rejection that target different tissues [53]. While the skin
is the most immunogenic portion of a VCA allograft, and therefore the
principal target of rejection, it also provides a unique opportunity for
the monitoring, early diagnosis, prevention, and treatment of rejection.
This opportunity for early intervention and treatment of acute skin
rejection may explain the lack of chronic rejection episodes in VCA
thus far [5]. Furthermore, due to its external location, there is the
distinct possibility of therapies that could be applied directly to the
skin. Currently, topical immunosuppressive agents have had limited
success in the clinical arena for VCA, but the novel immunomodulatory
properties of MSCs may be capable of quelling the rejection response
in the skin either via topical or local application. Nevertheless, current
data on the use of MSCs in large animal models of VCA is limited to
systemic infusions, albeit with highly encouraging results. In a swine
hind limb and hemi-facial model of VCA, multiple infusions of
allogeneic MSCs with short-term conventional immunosuppression led
to indefinite graft survival with increased levels of Tregs in the allograft
and the periphery [54,55]. Indeed, if the rejection response to the skin
could be adequately controlled, the withdrawal of immunosuppression
in VCA recipients would be much more likely and this could potentially
broaden indications for reconstructive transplantation to include tumor
resection and congenital malformations.

The successful application of MSCs in transplantation extends
beyond modulation of acute rejection, as these cells have also effectively
prevented acute GVHD in both preclinical and clinical trials [56-
61]. Transplantation of allogeneic ASCs efficiently treated GVHD in
seven out of nine recipients, including in severe steroid-refractory
cases, after major ABO-incompatible HSC transplantation, as salvage
therapy for severe hepatic GVHD, and rescue treatment for repetitive
rejection of bone marrow transplants [59-62]. In fact, in the case of
major ABO-incompatible HSC transplantation, the infusion of MSCs
led to resolution of refractory pure red cell aplasia. The mechanism
responsible for these improved outcomes remains to be fully elucidated;
however, it is likely due in part to a shift away from a pro-inflammatory
cytokine milieu towards an anti-inflammatory micro-environment
[56]. Furthermore, due to the low immunogenicity of MSCs (they lack
expression of HLA-DR) and their capacity to suppress alloreactive T cell
proliferation, these stem cells can be transplanted across MHC barriers
without inciting an immune response. This has significant implications
for transplantation, as infusion of allogeneic MSCs together with
vascularized composite allografts or donor solid organs may reduce or
eliminate the risk of GVHD, and potentially enhance engraftment [30].
There is already considerable evidence supporting this conclusion. For
example, Fang et al. [59] reported their findings that infusion of ASCs
led to complete resolution of acute GVHD in over 80% of their HSC
transplant recipients with a median follow-up of 40 months. Currently,
there is a paucity of results from clinical trials investigating the use
of MSCs in preventing GVHD in reconstructive transplantation;
however, swine models of VCA have shown that the use of MSCs with
conventional immunosuppression prolonged allograft survival to more
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than 200 days without signs of GVHD or rejection in donor skin/muscle
biopsies [63]. This recent evidence highlights the immunomodulatory
potential of MSCs in the treatment and prophylaxis of GVHD.

Human studies of MSC-based therapy for facilitation of
hematopoietic stem cell (HSC) engraftment in SOT and bone marrow
(BM) transplantation have also been relatively successful [17,33,64].
Clinical trials have shown rapid hematopoietic recovery with minimal
side effects from allogeneic MSC infusion [24,65]. Notably, while MSCs
may promote engraftment of transplanted HSCs, the donor MSCs
themselves undergo negligible engraftment into host BM [66]. MSCs
likely facilitate such engraftment by supporting the cells within the
HSC niche and by decreasing the allostimulatory capacity of peripheral
blood stem cells [67,68].

The sum of these findings indicate that MSCs are a promising
immunomodulatory strategy to prevent rejection, adequately treat and
inhibit GVHD, facilitate BM and HSC engraftment, and may potentially
augment tolerance induction in both SOT and VCA. Further studies
will be required to more clearly define the mechanisms through which
MSCs exert their effects, and randomized controlled trials will be
necessary to quantify the benefits of MSC-based therapy and compare
it to both standard therapy as well as other promising strategies, such as
HSC-based protocols.

HSCs Augment Tolerance Induction via Transient or
Permanent Chimerism

Hematopoietic stem cell transplantation (HSCT) has proven to be
a robust approach for the induction of transplant tolerance, with over
two decades of research in humans and multiple SOT recipients weaned
off immunosuppression with no evidence of chronic rejection [69].
Early studies utilizing HSCT combined this approach with recipient
myeloablative treatment (irradiation and/or chemotherapy) followed
by infusion of hematopoietic stem and progenitor cells from BM [70].
Due to the highly immunogenic nature of BM, conditioning regimens
such as total body irradiation were deemed necessary to prevent a
strong alloimmune response and to create “physiological space” to
permit HSC engraftment in the recipient’s BM niche [71,72]. However,
the high doses of irradiation/chemotherapy carried significant toxicity
including a high risk of GVHD, which limited the use of such protocols
primarily to pediatric patients with hematological malignancies.
Thus, considerable efforts were invested into the development of non-
myeloabaltive conditioning regimens, which had reduced intensity and
substantially less systemic toxicity. Over time, myeloablative therapies
such as total body irradiation were replaced by myelosuppressive drugs
(e.g. T-cell depleting antibodies), and shortly thereafter by selective
thymic irradiation to reduce intensity [73,74]. Such protocols are now
well established in preclinical and translational animal models, even
across major MHC barriers.

Notably, the mechanism of HSC-mediated tolerance to allografts
likely occurs through induction of mixed hematopoietic chimerism.
Mixed chimerism is unlike full chimerism, which is achieved
after myeloablative conditioning regimens cause failure of host
hematopoiesis with subsequent total reconstitution by donor HSCs (a
state associated with reduced immunocompetence against infection
and significantly increased risk of GVHD) [69]. Rather, mixed
chimerism is a state where hematopoietic cells of donor and host origin
coexist while maintaining normal immunocompetence, typically
achieved through non-myeloablative regimens and mechanisms of
central and peripheral deletion of alloreactive T cells [75,76]. Recent
evidence suggests that central chimerism requires donor dendritic cells

in the thymus to continuously display donor antigens as “self” to naive
thymocytes facilitating negative selection of alloreactive T cells [77,78].
Many preclinical, translational, and clinical trials have shown a clear
correlation between macrochimerism and stable allograft acceptance
[79,80]. Here we will review the progress of HSCT in the induction of
tolerance to solid organ and vascularized composite allografts.

There is a plethora of research suggesting that mixed chimerism
can effectively induce tolerance to transplanted organs. Murine studies
in the 1980’s demonstrated that preconditioning of mice with lethal
irradiation followed by reconstitution with a BM mixture from both
recipient and donor strains successfully induced mixed chimerism
and achieved long-term tolerance to allogeneic donor tissues [81].
However, such an approach carried significant toxicity, as described
earlier, and therefore this approach was not suitable for clinical SOT
or VCA. Therefore, ensuing studies began to utilize the novel non-
myeloablative conditioning regimens of the time, which facilitated
donor BM engraftment with reduced toxicity and the capacity to carry
out BM transplantation across MHC barriers [75,82].

It soon became clear that the use of HSCT could also be used to
induce long-term tolerance to renal allografts from the same donor
in large animal models, even across MHC barriers [83-85]. There
are conflicting reports regarding the stability of mixed chimerism in
these studies; nevertheless, long-term tolerance to renal allografts was
achieved, even when mixed chimerism was only transient. Notably,
mixed chimerism is the only approach to have successfully induced
tolerance to solid organ transplants in fully MHC-mismatched non-
human primates [86]. In this study, HSCT facilitated kidney allograft
acceptance, and subsequently skin grafts were accepted from the same
donor, while third-party skin grafts were rejected [87].

These large animal protocols were subsequently adapted and
successfully applied to clinical trials with highly encouraging results.
The first studies entailed the use of combined HLA-matched BM and
renal transplantation in patients with renal failure due to multiple
myeloma [73]. This was followed by clinical trials using HLA-matched
renal allografts and HSCT in patients without malignancy, and finally
renal transplantation with concurrent HSCT in HLA-mismatched
recipients [74,88-90]. Remarkably, tolerance induction was successfully
achieved in nearly all of these patients, with ongoing reports of
prolonged immunosuppression-free survival, ranging between 2-13
years, without evidence of rejection and infrequent occurrences of
GVHD.

Again, the mechanism responsible for tolerance induction to these
renal allografts remains unclear. Some studies have suggested that
host Tregs that survive the conditioning regimen may contribute to
suppressing allograft rejection; others contend that the kidney allograft
itself may possess some tolerogenic property effectively inducing or
maintaining tolerance [14,91]. Although the mechanism responsible
for allograft tolerance induction via mixed chimerism remains to be
fully elucidated, it appears that this approach can successfully induce
long-term, immunosuppression-free survival to solid organ allografts
across MHC-barriers—a long sought goal for the field of transplant
immunology.

The success of HSCT in inducing tolerance to renal allografts led
to its application in the field of VCA. Although long-term outcomes
investigating the use of HSCT and mixed chimerism in translational
animal models of VCA is limited, the results are certainly encouraging.
One of the earliest chimerism-based protocols in VCA, found that
tolerance could be induced in a rat model with sufficient pretreatment,
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and that chimerism levels above 20% led to indefinite graft survival
[92]. In another study, donor HSC infusion with a short course of
conventional immunosuppression, also successfully induced tolerance
in a rat hind limb model without any pretreatment, which was a major
advancement since cadaveric allograft donation typically precludes
pretreatment of the recipient [93].

Translational studies in swine also investigated the role of donor
bone marrow in inducing tolerance via chimerism. However, early
studies using the heterotopic hind limb model in swine did not use
donor BM infusion, since the allograft already contained a vascularized
bone marrow component that was rich in donor HSCs [94]. Although
transient mixed chimerism was identified early on, chimerism was lost
after two months [95]. Regardless, these animals remained tolerant to
their graft indefinitely.

Notably, these early studies in swine did not contain a skin paddle,
which limits its translation to human VCA, which typically does
contain the highly immunogenic skin component. Subsequently, a
myocutaneous VCA transplant was performed in an MHC-matched
canine model using nonmyeloablative conditioning and HSCT to
achieve persistent mixed chimerism and tolerance induction [96]. In
this study, all five recipients successfully accepted their allograft for over
one year, with evidence of increased levels of Tregs in skin, muscle, and
graft-draining lymph node. However, the clinical relevance of such a
model in VCA is low, since HLA-matching would be unlikely in the
setting of reconstructive transplantation. Thus, heterotopic hind limb
transplantation was performed in a fully mismatched swine model
after nonmyeloablative preconditioning (without radiation) and HSCT
plus 30 days of cyclosporine A post-transplant [97]. Although these
animals developed tolerance to the musculoskeletal components of the
allograft, the skin rejected by day 60 with some recipients experiencing
cutaneous GVHD.

Recent studies suggest that tolerance to the skin requires donor
HSC engraftment to facilitate negative selection of skin-antigen-
specific alloreactive T cells centrally, whereas T cells specific to
other components of the allograft (e.g. muscle) may be controlled
by Tregs in the periphery even if they escape deletion in the thymus
[69]. Indeed, Horner et al demonstrated that when HSC engraftment
is successful, persistent chimerism is seen in multiple tissues, with
induction of tolerance to vascularized skin (and solid organ transplants
using the same protocol) across major MHC-barriers in swine. These
results suggest that the induction of donor-specific tolerance in VCA
is possible. Further studies are necessary to elucidate the optimal
preconditioning regimen, route, dosage, and composition of HSCT in
translational models, in addition to well-designed, multi-center clinical
trials evaluating the efficacy of such approaches in VCA recipients.

Conclusion

Stem cell-based protocols have helped realize many long-sought
goals in transplantation. Substantial progress has been made over the
years with the use of stem cells, including a significant decrease in the
rate and severity of rejection, modulation of effector and regulatory
cell types, treatment and prophylaxis against GVHD, improved and
accelerated nerve regeneration across long distances, and the facilitation
of immunosuppression withdrawal and tolerance induction. Although
further research is required to fully delineate the mechanisms by which
MSCs and HSCs exert these effects, there is no doubt that the use of
stem cells in the field of transplantation has positively affected outcomes
and helped bring us one step closer to our ultimate goal of long-term
tolerance induction. Indeed, donor-specific tolerance would obviate the

need for systemic, life-long immunosuppression that carries significant
side effects and currently limits the indications for VCA. As the field
of regenerative medicine and transplantation continue to merge their
efforts, the application of stem cell-based protocols will likely continue
to improve outcomes and enable wider clinical application of these life-
saving and life-changing procedures.
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