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Vascularized composite allotransplantation has become established as a clinical specialty since the first successful
hand transplant was performed in 1998. Data now available indicate that hand and face transplants offer patients
good functional outcomes and significant improvements in quality of life. Despite the debilitating nature of the injuries
treated by such transplants, the defects are generally not life threatening, making it difficult for physicians to recommend
life-long immunosuppression that can itself have grave consequences. One potential solution to this dilemma is the
induction of immunologic tolerance of the tissue transplants because tolerance would eliminate the need for such
immunosuppression. Transplant tolerance may also prevent chronic rejection, a significant source of late graft loss after
organ transplantation.

Induction of mixed hematopoietic chimerism is a robust approach to establishing such transplant tolerance, which
recently led to the first clinical application of a tolerance induction protocol for kidney transplantation. In this manu-
script, we review the current status of VCA and of research directed toward bringing a tolerance approach to the VCA
field. We also discuss the potential clinical significance of these studies and outline the remaining obstacles to intro-
duction of a tolerance induction protocol to clinical practice in hand or face transplantation.
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The modern era of composite tissue allotransplantation
began in 1998 with the first successful hand transplant,

in Lyon, France (1). Since then, over 60 upper extremities,
20 faces, and a variety of other somatic parts, including
abdominal wall and larynx, have been transplanted (2).
Clinical results now becoming available indicate that both
upper extremity and face transplantation achieve satisfactory
functional results and significant improvements in patient
satisfaction and quality of life (2). However, although vascu-
larized composite allotransplantation (VCA) may be greatly
life enhancing, it is not, in contrast to solid organ transplan-
tation, a life-saving procedure, and as such, the risk-to-benefit
ratio of both surgery and life-long immunosuppression
must be considered carefully. Indeed the ethics of VCA,
with particular reference to face transplantation, have
been the source of considerable discussion (3). The

induction of transplant tolerance, defined as long-term,
immunosuppression-free graft acceptance free from clinical
or histologic evidence of rejection, would greatly reduce the
risk associated with these procedures, as identified by
Morris et al. (4), who stated that ‘‘clearly, if it did prove
feasible to induce transplant tolerance clinically, this would
overcome all the immunological disadvantages of facial
transplantation. Indeed, many of the ethical objections to
proceeding with clinical evaluation of the procedure would
be eliminated.’’ The induction of tolerance also has the
potential to prevent chronic rejection, which remains a sig-
nificant cause of graft loss after solid organ transplant, despite
levels of immunosuppression adequate to control acute
rejection (5, 6).

Transplantation tolerance has been the ultimate goal of
transplant immunology since the early days of the field, and it
has long been held that skin and composite tissue grafts
containing skin represent a particularly difficult challenge (7).
In terms of relative tissue and organ antigenicity, skin grafts
continue to present the most stringent test of tolerance (8).
Furthermore, although tolerance has been induced in small
animal models by a variety of protocols, most of these
protocols have failed in large animal trials, which remain a
necessary step in the translation of new protocols from
bench to bedside (9).

Mixed hematopoietic chimerism, a state in which host
and donor-derived hematopoietic cells coexist within an
individual, has been demonstrated to achieve robust toler-
ance of solid organs in both small and large animal models,
while maintaining normal immunocompetence (10). This
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approach has been studied extensively in our laboratory (11)
and by others (12) and has recently reached clinical applica-
tion in kidney transplantation (13Y15).

In the present article, we review the development of
large animal models of VCA and progress in the translation of
the mixed chimerism approach from organ to VCA transplant
tolerance. We also discuss the potential clinical significance
of these studies and outline the remaining obstacles to intro-
duction of a tolerance induction protocol to clinical practice
in this field.

Mixed Chimerism and Transplant Tolerance
The potential for induction of tolerance of transplanted

organs in humans by hematopoietic chimerism was demon-
strated almost 2 decades ago, when it was reported that patients
rendered chimeric by myeloablative therapy of hematologic
malignancy and bone marrow transplantation developed tol-
erance of renal allografts from the same donors without addi-
tional immunosuppression (16). Myeloablative conditioning
and reconstitution with donor bone marrow results in total
replacement of the host hematopoietic system with donor
elements, a state known as full chimerism. The myeloablative
conditioning required to produce full chimerism carries sig-
nificant morbidity however, with reduced immunocom-
petence against infective agents, and such a significant risk
of graft versus host disease (GvHD) that until recently, such
procedures were only carried out between HLA-identical
siblings (17, 18).

Mixed chimerism, a condition in which host and
donor-derived cells coexist within the hematopoietic system,
may be achieved with significantly less-toxic conditioning
regimens and induces transplant tolerance while maintaining
immunocompetence. Ildstad and Sachs (19) provided proof
of concept for tolerance induction by mixed chimerism in
1984, reporting that lethally irradiated mice reconstituted
with a mixture of bone marrow from both donor and reci-
pient strains developed donor-specific tolerance of skin grafts.
Subsequent studies used progressively less toxic, nonmye-
loablative conditioning regimens, based on T cell depleting
antibodies, and low-dose total body or targeted thymic irra-
diation. These regimens permitted engraftment of donor bone
marrow cells with greatly reduced toxicity (20) and with suf-
ficiently decreased risk of GvHD that bone marrow trans-
plants can be carried out across HLA barriers (21).

This approach was extended to induction of tolerance
of renal allografts in the MGH miniature swine model.
These animals, developed as a large animal model for trans-
lational research in transplantation, were specifically bred to
fix the major histocompatibility complex (MHC) while
maintaining minor antigen diversity (22). Combinations of
animals homozygous or heterozygous for class 1 and class
2 MHC (or Swine Leukocyte Antigen [SLA]) loci may be
selected, reproducibly modeling the full spectrum of barriers
to transplantation, which may be encountered in the clinic
(Table 1).

A series of studies in this model led to the development
of reliable, nonmyeloablative conditioning regimens capable
of inducing mixed chimerism and organ transplant tolerance
across MHC barriers with potential for translation to clinical
practice (23Y25). The development of the CD3 immunotoxin,

a toxin-conjugated anti-CD3 antibody, which achieves effi-
cient yet transient T cell depletion in vivo, was a significant
advance in the development of these minimally toxic con-
ditioning regimens (26).

Although other strategies have induced transplant tol-
erance in small animal models (9), and also in large animal
models, including swine (27, 28), mixed chimerism has been
the only approach to successfully achieve tolerance of trans-
planted organs in fully MHC mismatched nonhuman pri-
mates (11). In cynomolgus monkeys, a protocol of total
body irradiation, targeted thymic irradiation, antithymocyte
gamma-globulin, splenectomy, and donor bone marrow
infusion under cover of a 1-month course of cyclosporine
monotherapy resulted in multilineage chimerism detectable
by flow cytometry, donor-specific hyporesponsiveness in
vitro, and acceptance of a simultaneous donor kidney allo-
graft. Skin grafts from the original kidney and bone marrow
donor were subsequently accepted, whereas third party skin
grafts were rapidly rejected (5). Further development of this
model led to clinical trials of HLA-matched bone marrow and
kidney transplantation for patients with renal failure second-
ary to multiple myeloma and subsequently to induction of
tolerance of HLA-mismatched renal allografts in patients with
no malignancy and no HLA-matched donor (13, 29). More
recently, clinical trials at other centers have also achieved
tolerance or prolonged immunosuppression-free graft sur-
vival using mixed chimerism-based protocols (14, 15).

Importantly, recipients on these large animal protocols
have maintained their allografts long term (longest survival
in excess of 10 years from withdrawal of immunosuppres-
sion), usually with no evidence of chronic rejection. Further-
more, the incidence of GvHD has been much lower than
would be expected for bone marrow transplantation across
MHC barriers, supporting the hypothesis that mixed chi-
merism leads to reduced susceptibility to GvHD (19, 30, 31).

The arrival of VCA in the clinical arena opened a new
phase of research in transplantation immunology, taking skin
tolerance from its status as the most stringent test of new
tolerance protocols, to an important clinical goal. Building on
knowledge gained from studies of renal allograft tolerance,
the MGH swine model has been used to investigate strate-
gies for induction of tolerance of skin and limb transplants
(Fig. 1). Swine (32, 33), canine (34), and recently, nonhu-
man primate (35, 36) models have also been used in a
number of other centers to study both tolerance induction,
and immunomodulatory strategies aimed at reducing the
immunosuppressive burden of VCA (Fig. 2).

TABLE 1. MHC mismatches in MGH miniature swine
and corresponding clinical scenarios

Minature swine model Clinical scenario

SLA matched haplotypes
(e.g., SLAdd Y SLAdd)

HLA identical sibling transplants

Single-haplotype
mismatched heterozygotes
(e.g., SLAac Y SLAad)

Parent to offspring, or single
haplotype mismatched
sibling transplants

SLA-disparate haplotypes
(e.g., SLAcc Y SLAdd)

Nonmatched living related
or cadaveric donor
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Approaches to VCA Tolerance
Initial studies sought to establish the feasibility of in-

ducing tolerance of heterotopic limb allografts by matching of
donor and recipient MHC antigens. Limb allografts com-
prising distal femur, knee joint, tibia, fibula, and attached
skeletal muscle, transplanted heterotopically to a subcutaneous
abdominal wall pocket and treated with a 12-day course of
cyclosporine A survived, without histologic evidence of rejec-
tion, to the terminal biopsy between 25 and 47 weeks post-
transplant. In contrast, MHC matched animals not treated with
cyclosporine rejected their transplants within 12 weeks (37).

Donor bone marrow infusion was not used in this
model, rather the transplanted limb included a vascularized
bone marrow compartment, containing donor hematopoietic

cells in their natural microenvironment. After transplant,
donor chimerism was followed using the non-MHC-linked
marker pig allelic antigen (PAA). Transient mixed chimerism
was identified, with donor (PAA+) cells present in the per-
ipheral blood up to day 16 in control animals and to day 56
in the treatment group. Despite the loss of chimerism, animals
remained tolerant of the transplanted limbs (38). Interest-
ingly, PAA+ cells could no longer be detected in the donor
marrow compartment after 56 days, and in an extension of
this study, Mathes and colleagues (39) found that the donor
marrow space was gradually repopulated with recipient bone
marrow cells. This study also found no evidence for engraft-
ment of donor cells in recipient lymphohematopoietic tissues,
highlighting the importance of recipient conditioning if
engraftment is to be achieved.

In these early studies, the limb model did not include
skin, and although cryopreserved donor skin grafts placed
100 days after limb transplant in tolerant animals enjoyed
prolonged survival, permanent skin tolerance could not be
reliably achieved. Skin is an essential component of both
upper extremity and face transplants, and subsequent devel-
opment of the model added a 100 cm2 skin paddle. In this
study, again using MHC-matched, minor antigen-mismatched
pairs, tolerance of the musculoskeletal components of the limb
was once again achieved in all cases. Skin survival was pro-
longed to between 30 and 65 days in five animals. The sixth
animal in the series accepted the transplanted limb en bloc to
day 180, at which point, 60 days after application of a donor
skin graft, the epidermis of the limb and the donor skin graft,
rejected simultaneously. This finding illustrates the difficulty
of achieving skin tolerance and is a demonstration of ‘‘split
tolerance,’’ the simultaneous rejection of one tissue, while
another tissue from the same donor is accepted (40).

More recently, working with an MHC-matched canine
model of vascularized composite allotransplantation, Mathes
and Storb have used nonmyeloablative conditioning and
donor bone marrow transplantation to achieve stable mixed
chimerism and tolerance of subsequent myocutaneous VCA
transplants (34). All five animals accepted VCA, including
skin, for follow-up periods over 1 year, with no cases of split
tolerance observed. Interestingly, increased levels of FoxP3
expression were detected in both the skin and muscle of
VCA in chimeric animals, and in the regional draining
lymph node, perhaps suggesting a role for T-regulatory cells
in VCA tolerance. The reason for this difference in anti-
genicity of presumably ‘‘skin-specific’’ antigens between
porcine and canine species is unclear and could reflect either
differences in the genetic distribution of genes coding for
the relevant antigens or differences in the kinds of cells
found in the epidermis of different species. In any case, the
results of MHC-matched VCA are of more theoretical than
practical importance because there will be little likelihood
of HLA matching for clinical VCA.

Attempting to achieve VCA tolerance in a model with
higher clinical relevance, Hettiaratchy et al. performed het-
erotopic limb transplantation across both haploidentical and
fully mismatched MHC barriers after a nonmyeolablative,
radiation-free conditioning protocol. Limb transplant and
donor hematopoietic cell infusion with either bone marrow or
cytokine-mobilized peripheral blood mononuclear cells (CM-
PBMC) were performed under cover of 30 days’ cyclosporine

FIGURE 1. Experimental models for vascularized com-
posite allotransplantation research in swine. Several models
have been developed permitting investigation of the
immune responses to different VCA components including
(A) heterotopic hind limb, (B) gracilis myocutaneous flap,
(C) fasciocutaneous flap.
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A. Split tolerance was again observed, with rejection of skin
by day 60. Mixed chimerism was detected in recipients of CM-
PBMC but not in bone marrow recipients; however, animals
from both groups developed tolerance of musculoskeletal
tissues and in vitro evidence of donor specific unresponsive-
ness. Furthermore, all animals with demonstrable chimerism
developed cutaneous graft versus host disease (GvHD) ap-
proximately 70 days posttransplant. All cases resolved with a
short course of cyclosporine or methylprednisolone; however,
this was a significant complication, which would not likely be
considered acceptable in a clinical setting (41).

Skin Tolerance
Hematopoietic stem cell engraftment and stable mixed

chimerism can be achieved in MGH miniature swine con-
ditioned with 100 cGY total body irradiation and CD3-
immunotoxin, before transplant with 15�109 CM-PBMC per
kilogram and 45 days’ treatment with cyclosporine A (42).
These chimeras demonstrated donor-specific nonrespon-
siveness in vitro and accepted solid organ transplants from
the original donor without additional immunosuppression.
Two animals on this protocol received primarily vascular-
ized skin flaps transplanted from the original donor on a
sapheno-femoral vascular pedicle. Unfortunately, one ani-
mal died 46 days posttransplant from unrelated complica-
tions, but another accepted this skin transplant indefinitely
with follow-up of over 1 year and no gross or histologic
evidence of rejection at any time. This animal maintained
stable, multilineage mixed chimerism, detectable in peripheral
blood, thymus, and bone marrow and did not develop GvHD
(43). This was the first reported induction of skin tolerance
in a large animal model across an MHC barrier and pro-
vided proof-of-principle for the induction of tolerance of
skin-bearing VCA using the mixed chimerism approach.

Tolerance of skin remains a significant challenge and
seems to require engraftment of donor hematopoietic stem
cells. These engrafted stem cells are capable of maintaining
stable peripheral blood chimerism long term and are thought

to provide a permanent supply of donor cells to facilitate
negative selection of developing donor-reactive thymocytes
(central tolerance). In the context of these large animal stu-
dies, it seems that for the other components of the VCA, as
for organ allografts, permanent chimerism within the limits of
detection, may not be required. Presumably, for these grafts,
donor-reactive cells escaping deletion may be controlled by
T-regulatory cells, induced either in the thymus or within
the VCA itself, exerting their regulatory action in the per-
iphery (peripheral tolerance) (Fig. 3) (44).

Immunomodulatory Strategies
To date, the majority of centers performing upper

extremity or face transplantation continue to use conventio-
nal immunosuppression regimens extrapolated from solid
organ transplantation. Typical protocols include antithy-
mocyte globulin as an induction agent, followed by triple
agent maintenance therapy with tacrolimus, mycopheno-
late mofetil, and corticosteroids at doses comparable, or
slightly higher, than those used in renal transplantation (45).

A recently published review of rejection and immuno-
suppression management in clinical VCA reports that these
standard protocols have well-demonstrated efficacy in pre-
venting graft loss because of acute rejection (46). Furthermore,
data so far available suggest that, in comparison to solid
organ transplants, VCAs are relatively resistant to chronic
rejection. However, current protocols are not without signi-
ficant short comings; episodes of acute rejection remain
common, with 85% of patients experiencing at least 1 episode
requiring treatment with additional immunosuppression
during the first year (2). The now well-defined side effects of
immunosuppressive regimens have also been experienced
by patients after VCA, including opportunistic infection,
new onset hyperglycemia, and renal impairment (2).

In an attempt to reduce the burden of immuno-
suppression related complications, a number of centers
have begun pursuing experimental protocols involving
immunosuppression-minimization (sometimes referred to as

FIGURE 2. Vascularized composite allotransplantation models in nonhuman primates. A, Radial forearm flap (modified
from Cendales et al. (36) with permission from publisher). B, Facial subunit (modified from Barth et al. (35) with permission
from publisher). Both models may be harvested with or without an osseous component.

406 www.transplantjournal.com Transplantation & Volume 95, Number 3, February 15, 2013

 Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



‘‘immunomodulation’’), with interesting results. The Uni-
versity of Pittsburgh hand transplant group has achieved low
morbidity in five patients with a regimen of donor bone mar-
row transplantation 7Y10 days post hand transplant and low-
dose tacrolimus monotherapy. At 2 years of follow-up, there
have been no signs of chronic rejection, infrequent episodes of
acute rejection, and an acceptable side-effect profile. Neither
macrochimerism nor microchimerism was detectable, and
there was no control group not receiving bone marrow.
However, the patients were reported to require relatively low
doses of tacrolimus (e.g., 2Y4 mg/d) to prevent rejection (47).
Infusion of donor bone marrow was also included in the
protocol for the first transplant; however, the presence of
chimerism was suggested at only one time point, in a
CD34+Yenriched cell population, and there was no evidence
for reduction in immunosuppressive requirements nor in
the incidence of rejection episodes (48).

The lack of significant differences between these cases
and other VCA recipients who did not receive donor bone
marrow is in marked contrast to experimental studies in
which donor bone marrow transplantation after nonmye-
loablative conditioning is capable of achieving persisting
macrochimerism and immunosuppression-free survival of
vascularized composite allografts. The effects of donor bone
marrow on VCA survival in the absence of persisting mac-
rochimerism have also been investigated in swine models,
with prolonged survival (49), and reduced frequency and
severity of rejection episodes early posttransplant (unpub-
lished data) both observed. However, the relevance of
these findings to the clinical scenario is not clear, as
the experimental protocols used conditioning regimens

including either irradiation or costimulatory blockade,
which have not been applied clinically.

The potential for VCAs to include a vascularized bone
segment has raised interest in the immunologic role of vas-
cularized bone marrow transplantation. This concept has
been reported to be successful for face and limb transplanta-
tion in rats (50, 51). Having developed a model of hetero-
topic partial face transplantation in cynomolgus macaques,
containing approximately 2 � 108 bone marrow cells per
kilogram within a vascularized segment of mandible, Barth
and colleagues (35) reported prolonged survival of more than
200 days on tacrolimus monotherapy. Long-term survival on
this protocol was, however, associated in all cases with
development of posttransplant lymphoproliferative disorder
(PTLD) (35, 52). Subsequent studies in this model avoided
PTLD after addition of mycophenolate mofetil to the regimen
and specifically addressed the role of the vascularized bone
marrow segment. Facial segments containing bone enjoyed
prolonged survival to between 205 and 430 days, at which
point immunosuppression was withdrawn, and all grafts were
rejected within 62 days. In contrast, facial transplants devoid
of the mandibular component were all lost to acute rejection
by day 15 (53). These results strongly suggest a salutary effect
of including bone in the graft, presumably because of the
associated bone marrow.

Clinical Implications
Vascularized composite allotransplantation has evolved

rapidly from a laboratory research model to become estab-
lished as a valid option in the treatment of patients with se-
verely disabling and disfiguring injuries. Much has been

FIGURE 3. Mechanisms of tolerance in mixed chimerism. Following conditioning to suppress alloreactivity and facilitate
engraftment, donor hematopoietic stem cell transplantation is performed. Engraftment of donor HSCs in recipient bone
marrow results in persisting mixed chimerism and a self-renewing source of progeny for education in the thymus.
Coexistence of donor and recipient antigen presenting cells in the thymus results in clonal deletion of donor and recipient
reactive thymocytes, resulting in tolerance of transplanted organs or tissues and reduced risk of GvHD. Presumably
alloreactive thymocytes escaping deletion are controlled by T regulatory cells, educated either in the thymus or within
transplanted tissues.
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learned regarding patient selection, indications and contra-
indications, surgical technique, and rehabilitation and is
reflected in encouraging initial results. However, the immu-
nobiology of these procedures remains challenging, and
patients stand to benefit from the translation of experimental
protocols to the clinic.

Minimal-immunosuppression protocols, such as that
instituted by the University of Pittsburgh, offer a potentially
significant reduction in the burden of immunosuppression-
related side effects experienced by patients. This protocol
has, thus far, prevented graft loss to acute rejection, and those
rejection crises experienced have responded well to topical
immunosuppression (47). However, immunosuppression
minimization protocols are not without risk, as illustrated in
Louisville, where a hand transplant recipient on a minimal
immunosuppression protocol developed intimal hyperplasia
and ischemia necessitating reamputation 275 days after trans-
plant (54). Although it must be noted that an immunologic
etiology for his event has not been clearly demonstrated, and
surgical factors may have played a role, it serves as a reminder
that the efficacy and safety of such protocols is not yet clear
and will only be determined by long-term follow-up.

The induction of tolerance holds the potential to avoid
long-term immunosuppression altogether. Avoiding the side
effects associated with current immunosuppression regimens
would offer a clear benefit to patients in need of upper ex-
tremity or face transplantation. Furthermore, a reliable tol-
erance induction protocol could potentially broaden the
indications for VCA to include, for example, reconstruction
after resection of malignant disease or the treatment of con-
genital anomalies.

CONCLUSION
Vascularized composite allotransplantation provides

surgeons with a new and highly effective rung on the recon-
structive ladder with which to treat patients with the most
disabling and disfiguring injuries. The impressive results of
upper extremity and face transplantation to date are encoura-
ging; however, the impact of immunosuppression-related side
effects is significant. Furthermore, the impact of chronic
rejection in VCA has not yet been determined. The induction
of donor-specific tolerance may effectively address both of
these issues, improving the risk-benefit ratio for patients
and potentially widening the indications for VCA. Reliably
achieving tolerance of all components of a VCA, across a full
MHC mismatch is a formidable challenge, to which mixed
chimerism remains the most promising approach to date.
In this report, we have summarized experience with the
development of preclinical tolerance protocols for VCA. It
can be hoped that further development, after the transla-
tional approaches, which have resulted in clinical tolerance
protocols for kidney transplantation, will clarify the mecha-
nisms determining rejection or tolerance of skin and lead
to clinical trials of tolerance induction for face and upper
extremity transplantation.
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