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Vascularized composite allotransplanta-
tion has developed rapidly during the past 
two decades, and while the main advances 
seen clinically have been in surgical tech-
nique, rehabilitation and patient selection, 
research leading to increased understand-
ing of the immunobiology of vascularized 
composite allografts (VCAs) and develop-
ment of novel protocols to control rejection 
is proceeding apace.

The majority of VCA centers utilize 
conventional immunosuppressive proto-
cols, typically derived from local solid 
organ transplant protocols that include 
antibody-mediated induction therapy 
with anti- thymocyte globulin followed by 
maintenance with calcineurin inhibitors 
(tacrolimus), an antiproliferative agent 
(mycofenolate mofetil), and steroids; the 
latter typically with a rapid wean to either 
low-dose maintenance or withdrawal [1]. 
These protocols have achieved a remark-
able degree of protection against graft loss 
to acute rejection, with 1-year survival 
at 100% [1,2]. This is a feat shared by no 
other branch of transplantation; however, it 
is countered by a high incidence of acute 
rejection episodes, typically targeting skin, 
which is diagnosed in up to 90% of patients 
at least once within the first year [1,2]. It has 
been postulated that this dichotomy is due 
to the superficial location of VCAs, per-
mitting rapid diagnosis and treatment of 
rejection episodes, which would present 
more slowly in solid organ transplantation. 
However, it may also reflect the intrinsic 
antigenicity of skin, which has long been 

recognized to pose a significant barrier to 
transplantation [3].

Recently, some centers have investigated 
modified immunosuppressive protocols for 
VCA with the aim of reducing the overall 
burden of immunosuppression. The infu-
sion of donor bone marrow to modulate the 
recipient immune system has been demon-
strated by the Pittsburgh/Johns Hopkins 
group to allow for transition to maintenance 
immunosuppression using single-agent 
tracrolimus [4]. While it is important to 
note that this is not a tolerance protocol, 
and the mechanisms by which the infu-
sion of donor marrow without condition-
ing and establishment of detectable chime-
rism could act to reduce alloreactivity are 
not fully elucidated, the early results from 
this trial are encouraging. In contrast to 
this approach, where maintenance therapy, 
albeit at a low dose, is required and chronic 
rejection should be considered a possibility, 
the establishment of tolerance resulting in 
specific unresponsiveness to donor anti-
gens, would be expected to fully control 
both acute and chronic rejection.

The induction of tolerance of trans-
planted organs is considered the Holy 
Grail of transplant immunology research, 
the pursuit of which has been supported, 
prior to the advances in renal transplan-
tation over the past decade, by anecdotal 
reports of spontaneous tolerance of liver 
and kidney allografts in patients non-
compliant with immuno suppression [5,6]. 
Unfortunately, there currently does not 
exist a biomarker that reliably allows for 
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predictive assessment of which patients can be safely 
weaned from immuno suppression, so the intentional 
induction of tolerance still remains a primary goal. 
Indeed, kidney transplant tolerance protocols have 
now been successfully trialed at a number of institu-
tions [7–9]. Although these protocols have varied in 
the details of conditioning regimens used, the com-
position of the donor hemato poietic cell graft, and 
the duration and level of hematopoietic chimerism 
achieved, the common thread in all clinical kidney 
tolerance protocols to date has been chimerism; the 
establishment of donor hemato poiesis in the recipi-
ent. It is noteworthy that in the Massachusetts Gen-
eral Hospital (MGH; USA) protocol, transient, not 
stable, chimerism is established, yet seven out of ten 
recipients remain immuno suppression free with nor-
mal kidney function – in some cases, over 10 years 
post-transplant [10].

Taken together with reports of rejection-free sur-
vival of liver allografts in approximately 20% of 
adults [11], and up to 60% of pediatric recipients fol-
lowing immuno suppression withdrawal [12], these 
studies demonstrate that clinical transplant toler-
ance is not necessarily an organ-specific phenome-
non. These findings are also consistent with the well-
accepted concept of a hierarchy of tolerogenicity, or 
conversely, anti genicity, in which both the liver and 
kidney are considered relatively tolerogenic [3,13].

To date, other organs have not yet been the sub-
ject of clinical trials of tolerance protocols, although 
considerable progress has been made in nonhuman 
primate models [Madsen JC, Pers. Comm.]. This points 
to a pattern consistent with Murray’s observations 
of a hierarchy of tolerogenecity, based upon which 
one would not expect skin-bearing transplants to 
behave in a tolerogenic manner comparable to a liver, 
or indeed, a kidney. Some of the classical antigenic-
ity of skin probably reflects the use of split thickness 
skin grafts, which must endure a significant period of 
relative ischemia prior to secondary establishment of 
blood flow. This may be offset in the context of VCA 

by the inclusion of skin within primarily vascular-
ized composites; however, skin remains the primary 
target of rejection in clinical VCA [2].

Looking ahead, it seems clear that for tolerance to 
be more widely applied to clinical transplantation of 
both solid organs and VCAs, the intrinsic properties 
of the transplant organ must be carefully considered. 
While a considerable percentage of liver transplant 
recipients spontaneously develop operational toler-
ance, and transient mixed chimerism is sufficient 
for renal allograft tolerance in the MGH protocol, 
data from large animal VCA studies to date suggest 
that the most realistic prospect for VCA tolerance, 
at least in the near term, appears to be establishment 
of stable mixed chimerism. To date, this is the only 
approach by which reliable induction of skin toler-
ance across MHC barriers has been demonstrated 
[14]. In this study, which established durable mixed 
chimerism and rejection-free survival of skin bearing 
VCAs, the conditioning and transplant protocol used 
is not directly applicable to the clinical scenario, but 
nonetheless, this result provides encouragement for 
the development of clinically applicable protocols for 
hand and face transplant tolerance.

The mechanisms by which mixed chimerism 
establishes and maintains donor-specific tolerance 
have been studied extensively in murine models, 
and are reviewed in depth elsewhere [15], but the 
central dogma of mixed chimerism is that engraft-
ment of donor hemato poietic stem cells in recipient 
bone marrow provides a persisting source of donor-
derived leukocytes, including thymocytes and den-
dritic cells, which facilitate clonal deletion and/or 
diversion of both donor- and recipient- reactive T-cell 
precursors, thereby ensuring long-term tolerance of 
the transplanted donor organ and avoidance of graft 
versus host disease [16].

Importantly, for development of clinical tolerance 
protocols for hand and face transplantation, mixed 
chimerism is thus far the only approach to have suc-
cessfully made the transition from murine models, 
where tolerance is readily induced by a wide vari-
ety of protocols to large animal models, and to the 
clinic [17]. This stark differential between small ani-
mal studies and clinical efficacy highlights the need 
for caution in progressing to clinical trial without 
supporting data from studies in robust, large animal 
models, particularly in a field such as VCA in which 
long-term patient survival would be expected without 
treatment, and therefore the ethical standard must be 
strictly beneficence rather than nonmaleficence.

Clearly then, the development of a clinical toler-
ance protocol for hand and face transplantation will 
be closely tied to progress in bone and hematopoietic 

“The central dogma of mixed chimerism 
is that engraftment of donor hemato

poietic stem cells in recipient bone marrow 
provides a persisting source of donor

derived leukocytes, including thymocytes 
and dendritic cells, which facilitate clonal 
deletion and/or diversion of both donor 
and recipient reactive Tcell precursors, 

thereby ensuring longterm tolerance of the 
transplanted donor organ and avoidance of 

graft versus host disease.”
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cell transplantation, as a reliable, low-morbidity pro-
tocol will be required. Fortunately, progress in this 
regard has been impressive, with recent development 
of a method to selectively deplete alloreactive cells 
in vivo using post-transplant cyclophosphamide, 
achieving significant reductions in graft versus host 
disease and permitting transplantation across the 
HLA barrier [18]. A similar protocol, achieving chi-
merism induction with very low morbidity has been 
demonstrated to induce kidney tolerance [8], dem-
onstrating the potential application of stable chime-
rism induction as part of a broader VCA tolerance 
protocol.

A major consideration in development of clinical 
tolerance protocols is the time required for condi-
tioning prior to bone marrow transplantation, and 
by extension, the risk of increased morbidity when 
the conditioning necessary for establishment of chi-
merism and tolerance is performed simultaneously to 
the surgical insult of hand, face or organ transplant. 
Indeed, the use of day-zero protocols in large animal 
models has frequently been associated with increased 
morbidity and poor outcomes [Leonard DA, Unpublished 

Data]. It should be noted that all clinical kidney tol-
erance protocols to date have relied on living donors, 
which permits separating of bone marrow and surgi-
cal transplants by a period of several days to mini-
mize recipient comorbidity and maximize condi-
tioning efficiency. Clearly, this is not applicable for 
transplants from deceased donors and a different 
paradigm is required.

Seeking to extend availability of the MGH mixed 
chimerism-based tolerance protocol, Cosimi and 
colleagues have recently described the delayed tol-
erance induction protocol in which the recipient 
undergoes organ transplantation under conventional 
immunosuppression, followed by conditioning and 
transplantation of cryopreserved donor bone mar-
row at a later date. The authors themselves liken 
this approach to ‘planting flowers in a battle field’, 
recognizing the hostile immunologic mileu post-
transplant and the risk of memory cell development 
during the delay phase [19]. Nonetheless, with the 
addition of anti-CD8 memory T-cell agents and tim-
ing of bone marrow transplantation to coincide with 
diminished levels of proinflammatory cytokines, this 
approach has successfully achieved tolerance of pre-
viously transplanted renal allografts in cynomolgus 
monkeys [20]. More recently, it has also been used to 
achieve tolerance of heart, combined heart–kidney 
and lung allografts [Madsen JC, Allan J, Pers. Comm.]. This 
approach successfully addresses many of the practical 
obstacles to clinical tolerance protocols for hand or 
face transplantation, and studies currently underway 

will evaluate the efficacy of this protocol for upper 
extremity transplantation in nonhuman primates.

Conclusion
Development in the surgical aspects of vascular-
ized composite allotransplantation has been rapid, 
with these procedures being performed by an ever- 
increasing number of centers, and with greater and 
greater complexity. However, with a few exceptions, 
the majority of centers still rely on conventional immu-
nosuppressive regimens with the potential for consid-
erable long-term toxicity, and which although effective 
in preventing graft loss, still permit a high incidence of 
skin-targeted acute rejection episodes. Advances in our 
understanding of immune tolerance, and the organ-
specific nature of the immune response following 
transplantation, both generally and in VCA-specific 
studies, offer encouragement for development of novel 
protocols and important lessons can be learned from 
the introduction of clinical protocols for kidney trans-
plant tolerance. Importantly, it should be noted that 
none of these protocols have been effective in all cases, 
and given the complexity of the adult immune system 
and the potential for crossreactivity and heterologous 
immunity, this should be expected to remain the case 
for solid organ transplantation and applied to VCA 
tolerance protocols in due course. Recent progress in 
large animal models provides proof-of-principal for 
VCA tolerance across MHC barriers, and has demon-
strated the feasibility of the delayed induction of toler-
ance. These two key advances, taken alongside rapid 
clinical progress in the field of bone marrow and hema-
topoietic stem cell transplantation have addressed the 
key practical obstructions of development of a clini-
cally applicable tolerance protocol for hand and face 
transplantation. Undoubtedly, the development of a 
safe and effective protocol remains a challenge, and 
will require close collaboration between reconstructive 
transplant surgeons, immunologists and hematologists 
to bring the necessary elements together, but we find 
progress to date highly encouraging and it is our belief 
that tolerance for hand and face transplantation is a 
realistic proposition.
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