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KEY POINTS

Modern microsurgical techniques have made
possible a broad spectrum of novel means for the
reconstruction of complex bone and soft tissue defects. These techniques, in combination with developments in transplant immunology, have led to
successful hand and facial allotransplantation and
achievement of the highest rung in the reconstructive ladder – truly replacing like with like.
The utilization of contemporary microsurgical
technique in the context of vascularized composite allotransplantation (VCA) (1) permits successful
technical execution and feasibility of VCA, (2) facilitates the study of immunologic tolerance in VCA
preclinical models, and (3) optimizes functional
VCA outcomes.

TECHNICAL FEASIBILITY
To date, the world experience in VCA includes
more than 100 upper extremity, 30 craniofacial,

and various other types of composite soft tissue
transplants, including the abdominal wall, lower
extremity, and genitourinary region across
different patient age groups. At the Massachusetts
General Hospital (MGH), the authors have performed a left upper extremity VCA in a left-hand
dominant patient who was 9 years’ status–post
50% burns of his total body surface area with prior
extensive débridement and skin grafting and a
metacarpal amputation of his left hand without
excellent function. His burns resulted in the
absence of cutaneous veins in the forearm, which
presented a challenge for venous outflow of the
allograft. This technical challenge was successfully overcome with a volar forearm fasciocutaneous extension technique (Fig. 1) incorporating
proximal vascular anastomoses and distal neurorrhaphies for the synergistic effect of improved
perfusion and minimizing the length of neural
regeneration to expedite functional recovery.1 At
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 The ultimate utility of VCA is the provision of functional restoration and improvement in quality of life.
 To this end, developments in peripheral nerve regeneration may allow for greater functional return
after upper extremity loss at more proximal levels (ie, upper arm, above elbow).
 Additional advances in the treatment of autoimmune dermatologic disease may provide new insights into mechanisms to achieve tolerance of skin in VCA.
 The future of VCA is bright and most likely involves advances in basic science and clinical protocols
to achieve the ultimate goal of immunologic tolerance.

426

Cetrulo Jr et al

Fig. 1. Operative plan: (1) osteosynthesis at 3 cm proximal to radiocarpal joint; (2) ulnar artery and vena comitans
anastomoses in distal forearm proximal to wrist crease; radial artery, vena comitans, and basilic vein anastomoses
in proximal forearm immediately distal to antecubital fossa; (3) digital flexors adjusted to achieve natural cascade
and single-weave, Brown side-to-side tenorrhaphy for all tendons; and (4) median and ulnar neurorrhaphies at
wrist flexion crease. (Reproduced from Eberlin KR, Leonard DA, Austen WG Jr, et al. The volar forearm fasciocutaneous extension: a strategy to maximize vascular outflow in post-burn injury hand transplantation. Plast Reconstr Surg 2014;134:733; with permission.)

3 years’ post-VCA, the patient has regained good
strength and sensibility in the left hand, with an
intrinsic power of 4/5 and a Disabilities of Arm,
Shoulder and Hand score of 27.
Despite the ever-increasing numbers and types
of VCAs, patients who have received such allografts
are necessarily maintained on various combinations of lifelong immunosuppressive regimens that
are modeled after those used in solid organ transplantation. The potential sequelae of such chronic
immunosuppression are well known, and patients
who are recipients of VCA have developed myriad
complications, including chronic allograft loss,
metabolic disorders, renovascular dysfunction,
opportunistic infections, and neoplasms.2

IMMUNOLOGIC TOLERANCE APPROACHES
Mixed Chimerism
Building on the clinical success of the authors’
transplant center colleagues in achieving

immunosuppression-free renal transplantation
based on the establishment of mixed chimerism,3
the authors’ current laboratory efforts in VCA are
directed at the adoption of this approach for the induction of immunologic tolerance. This protocol
involves nonmyeloablative conditioning and hematopoietic stem cell transplantation (HSCT) of
the VCA recipient so that coexistence of the immune cells of both donor and recipient can be
achieved in the absence of destructive immunologic responses (Fig. 2).

Importance of Stable Mixed Chimerism
The authors have recently demonstrated, for the
first time, that all components of a fasciocutaneous VCA, including the epidermis, can be
accepted indefinitely in a unique MGH miniature
swine model. Using the authors’ previously
described protocol, haplomatched animals
(SLAAC donors and SLAAD recipients) are
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Fig. 2. Mixed chimerism: donor hematopoietic stem cells (blue) are transplanted into the VCA recipient (pink)
and migrate to the thymus where both donor and recipient alloreactive cells undergo deletion, thereby permitting organ or VCA allograft acceptance.

conditioned with 100 cGy of total body irradiation
and CD3 immunotoxin for T cell depletion followed
by HSCT with cytokine-mobilized peripheral blood
mononuclear cells to establish stable mixed
chimerism. VCA performed 100 days later led to
indefinite survival, which provides proof of
concept of the importance of stable mixed chimerism in VCA; when VCA was performed concomitant to HSCT, indefinite survival was again
achieved, which laid the grounds for the development of a clinically relevant protocol.4
Harvesting bone marrow (BM) from the donor in
a day 0 combined HSCT and VCA approach
would, therefore, represent the most clinically
viable approach to achieve mixed chimerism.
Furthermore, the extent of HLA matching of donors and recipients in clinical VCA is unpredictable; hence, it is imperative that any protocol for
tolerance induction is robust enough to overcome
full HLA mismatches. The authors’ studies have
shown, however, that when donor BM was used
as the cell source for HSCT, using the same protocol described previously, in fully mismatched
swine, only transient mixed chimerism was generated and neither VCA tolerance nor improved survival was attained once immunosuppression was
withdrawn.5 Overall, these findings suggest that

stable mixed chimerism and, in turn, increased
conditioning and resulting toxicity would be
required in clinical VCA.

Delaying Mixed Chimerism
Preliminary studies of a day 0 donor BM transplantation (DBMT) and VCA protocol with additional
recipient conditioning in the form of thymic irradiation have resulted in various complications,
including neck abscesses, embolic phenomena,
and, most importantly, failure of BM engraftment
in haplomatched swine. The challenges of a day
0 concurrent DBMT and VCA approach have led
to the adoption of delaying tolerance induction,
whereby the allograft is transplanted under the
cover of standard immunosuppression and donor
BM stored at the time of transplant.
Nonhuman primate (NHP) studies by the authors’ solid organ transplantation colleagues in
kidney and lung transplantation have shown that
a delay period of 4 months allowed for resolution
of the perioperative inflammatory milieu and
enabled engraftment for stable mixed chimerism
after DBMT in haplomatched animals. The authors
have adopted this delayed tolerance induction
protocol (Fig. 3) in NHP studies of VCA.

427

428

Cetrulo Jr et al

Fig. 3. Delayed tolerance induction protocol: VCA is performed on day 0 after induction therapy with antithymocyte globulin (ATGAM) and maintained thereafter on standard triple immunosuppression for 4 months. Prior to BM
transplantation (BMT), the recipient is initiated on conditioning with total body and thymic irradiation, ATGAM;
post-BMT, anti-CD40L and anti–IL-6 are infused for costimulatory blockade and to up-regulate regulatory T cells
(Tregs) to promote tolerance. The recipient is then maintained on calcineurin inhibitor monotherapy for another
30 days before tapering to complete withdrawal over the next 30 days. CyA, cyclosporine-A; FK506, tacrolimus;
MMF, mycophenolate mofetil; TBI, total body irradiation.

Immunogenetics and Skin Immunobiology
In addition to developing tolerance protocols, the
MGH miniature swine model used in the authors’
VCA studies allows investigating the role of major
histocompatibility complex (MHC) matching. As
described previously, after the establishment of
mixed chimerism with the authors’ protocol,4
haplomatched animals accepted VCA indefinitely
and a similar result has been observed in MHC
class II–mismatched animals. In MHC class I–mismatched animals, however, the epidermis of the
VCA is rejected after cessation of immunosuppression despite persisting mixed chimerism
and donor-specific unresponsiveness based on
in vitro immunologic assays.6 This led to the
hypothesis that there was a local mechanism
operational at the level of the skin behind complete VCA acceptance.
Flow cytometric analysis of serial VCA and host
skin biopsies from the authors’ swine studies have
provided further insight for these observations.
In haplomatched and MHC class II–mismatched
chimeras, donor and host contributions to the
cutaneous immune cell populations (including
Foxp31 regulatory T cells and Langerhans cells)
equilibrate and result in VCA acceptance; in
MHC class I–mismatched chimeras, progressive
infiltration of recipient-type CD81 T cells with
loss of donor-derived T cells and Langerhans cells
is observed in VCA skin on withdrawal of immunosuppression, consistent with acute rejection both
clinically and on histology. Similarly, the authors
have observed an almost complete turnover of

skin-resident immune cells to recipient-type in
NHP VCA studies during the delay period when
on standard immunosuppression prior to DBMT.
Remarkably, protocol biopsies of the authors’ clinical hand transplant patient have also detected
recipient-type T cells despite the absence of acute
rejection episodes to date.
Overall, further investigation into the skin immune system is required for both understanding
of rejection or acceptance of VCA and protective
immunity in immunologically active tissues posttransplant. In turn, immunomodulatory targets
directed at specific components of the skin may
lead to further novel therapeutic options.

FUTURE OF VASCULARIZED COMPOSITE
ALLOTRANSPLANTATION
Much of the current literature on VCA pertains to
skin-bearing composite allografts, such as that of
the upper extremities, face, and abdominal wall.
Recent extension of VCA to non–skin-bearing entities, such as the uterus and larynx, may represent
a new domain of VCA in the form of muscular and
cartilaginous allotransplantation. Although uterine
transplantation has demonstrated its efficacy in
allowing women to become pregnant and carry
to term, removal of the transplanted womb after
it has served its purpose (ie, delivery of a child)
represents a totally different paradigm to current
VCA because immunosuppression would only be
required for the duration when the uterine allograft
is in situ. The risk-benefit ratio of such temporary
VCAs may, therefore, be more acceptable to
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both physicians and patients. The incidence and
risks of acute and chronic rejection in such buried,
non–skin-bearing forms of VCA are also poorly understood at present.
The ultimate utility of VCA is the provision of
complete functional restoration. To this end, developments in peripheral nerve regeneration and
the neurotrophic effect of calcineurin inhibitors
may allow for greater functional return even after
more proximal amputation levels, such as the
elbow and upper arm. Additional advances in the
treatment of autoimmune dermatologic disease
may provide new insights into mechanisms of
achieving skin tolerance in VCA. The future of
VCA is bright and will most likely involve advances
in basic science and clinical protocols to achieve
the ultimate goal of immunologic tolerance.
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