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Abstract
Vascularized composite tissue allotransplantation is a viable treatment option for injuries and
defects that involve multiple layers of functional tissue. In the past 15 years, over 150 VCA
surgeries have been reported for various anatomic locations including – but not limited to –
trachea, larynx, abdominal wall, face, and upper and lower extremities. VCA can achieve a level
of aesthetic and functional restoration that is currently unattainable using conventional
reconstructive techniques.

Although the risks of lifelong immunosuppression continue to be an important factor when
evaluating the benefits of VCA, reported short- and long-term outcomes have been excellent, thus
far. Acute rejections are common in the early postoperative period, and immunosuppression-
related side-effects have been manageable. A multidisciplinary approach to the management of
VCA has proven successful. Reports of long-term graft losses have been rare, while several
factors may play a role in the pathophysiology of chronic graft deterioration in VCA.

Alternative approaches to immunosuppression such as cellular therapies and immunomodulation
hold promise, although their role is so far not defined.

Experimental protocols for VCA are currently being explored. Moving forward, it will be exciting
to see if VCA specific aspects of allorecognition and immune responses will be able to help
facilitate tolerance induction.
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Introduction
The treatment of injuries that destroy multiple functional layers of vascularized tissue
including but not limited to skin, muscle, bone or nerves has a long tradition. During World
War II, severe burns were treated using skin allografts for wound coverage.[1, 2] Rejection
of skin allografts was inevitable and prompted early studies on transplant immunology.[3, 4]
Inspired by some of the early attempts of skin transplants, Joseph Murray demonstrated for
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the first time that clinical organ transplants could be successfully performed in identical
twins in 1954.[5, 6] Applying total body irradiation, Murray and co-workers went on to
achieve successful kidney transplantation between dizygotic twins in 1959.[7] The
emergence of chemical immunosuppression utilization of Azathioprine and Steroids in the
early 1960s made the success of renal transplants from deceased donors possible.[8]

Only a few years later, in 1964, the first documented attempt of a vascularized composite
allotransplant had been made by an Ecuadorian team, transplanting an upper extremity
applying chemical immunosuppression with azathioprine and prednisone.[9] Unfortunately,
the forearm had to be removed early after transplantation subsequent to an irreversible acute
rejection.[10]

Since the 1960s, advances in immunosuppressive medications have been critical for the
progress in solid organ transplantation. In spite of advancements in solid organ
transplantation, comparable progress has not been observed in VCA, at least in part related
to the assumption that the skin represented the most immunogenic tissue. The emergence of
more potent immunosuppressants, including calcineurin inhibitors and anti-proliferative
agents such as mycophenolate mofetil (MMF), led to success in animal models of
vascularized composite allotransplantation (VCA),[11] allowing subsequent clinical
attempts.

The first successful hand transplants were performed 1998 in France and 1999 in North
America.[12, 13] The world’s first bilateral upper extremity transplant was performed in
2000.[14] To date, over 50 hands have been transplanted around the world, and patients
have experienced substantial improvements in quality of life. The International Registry on
Hand and Composite Tissue Transplantation periodically summarizes worldwide outcomes
in a thorough and inclusive report generated with data provided by VCA centers across the
globe.[15] Considerable improvement in upper extremity sensory and motor function, as
determined by the “Disabilities of the Arm, Shoulder, and Hand” outcome measure, has
been reported.[16] The accumulating experience in hand transplantation has provided
benchmarks for numerous teams and centers that have subsequently pursued VCA.

Clearly, the need for VCA has increased globally. In 1988, the first successful laryngeo-
tracheal transplant was performed and numerous centers have since accumulated experience
for this procedure.[17–19] A series of knee and femur transplantations were performed in
Germany in the 1990s, but despite initial successes, long-term survival was elusive.[20]
Centers in Miami, Florida, and Bologna, Italy have reported excellent outcomes for
abdominal wall transplants.[21, 22]

Following extensive ethical debates, a French team performed the world’s first face
transplant in 2005.[23] Transplants in China and Paris quickly followed, and the first two
face transplants in the US were performed in Cleveland in 2008 and Boston in 2009.[24–27]
First full face transplants were performed in Spain and Boston in 2010 and 2011,
respectively, and the Boston team reported on early outcomes of a three-patient series of
full-face transplant recipients in late 2011.[28, 29] Outcomes of face transplantation have so
far been excellent, with minimal adverse effects and manageable complications. Centers
have reported a consistent return of sensation to the facial allografts along with significant
return of motor function to near-normal levels, as patients present improved oral
competence, speech, facial expression and social reintegration. Supported by these
outcomes, teams around the world are currently working on institutional approval to perform
facial VCA.

With over 150 VCAs performed across the globe thus far, the transplantation of vascularized
composite tissues has proven to be technically feasible. Aesthetic results after VCA
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supersede what can be achieved employing staged, conventional reconstructive techniques
by far. Most importantly, functional outcomes have been very encouraging.

Induction Immunosupression in VCA
Polyclonal anti-thymocyte globulins (ATG, thymoglobulin), anti-interleukin-2 (IL-2)
receptor monoclonal antibodies such as Daclizumab and Basiliximab, anti-CD52
monoclonal antibodies (Alemtuzumab) and anti-CD3 monoclonal antibodies have all been
used as immunosuppressive agents during the induction phase. The majority of groups
performing clinical VCAs have been using Thymoglobulin at differing doses (1.25–3.0 mg/
kg/day over 3–10 days).[14, 23, 25–29]. At our institution, we administer thymoglobulin
peri-operatively with a dosage of 1.5 mg/kg × 4 days. Others have used anti-IL-2 receptor
monoclonal antibodies peri-operatively with one or two additional boluses in the days/weeks
after surgery.[13, 24, 30, 31] Alemtuzumab (humanized anti-CD52 monoclonal antibody)
has been used in a cohort of abdominal wall recipients (0.3 mg/kg initiated peri-operatively
and re-dosed once to twice during the 1st week).[22] The anti-CD3 monoclonal antibody
Muromonab was used in larynx transplants (5mg/day for the first post-operative week).[17]
Of note, tracheal transplants have also been performed without antibody induction
treatment; however, the trachea may differ from other VCAs as it lacks immunogenic
components such as the skin.[19] Experience with induction, maintenance, and rescue
immunosuppression in VCA is summarized in Table 1.

Maintenance Immunosuppression
Animal studies of VCA immunosuppression have been published since the 1980s, when the
first successful limb transplants were performed in rats and later in rabbits using
monotherapy with cyclosporine.[32, 33] Of note, rat models showed that acute rejection
episodes appeared later in the post-transplant period when administering a dual therapy with
cyclosporine and MMF in comparison to cyclosporine alone.[34] Success in a porcine model
applying cyclosporine and MMF was the catalyst for the first human hand transplant in
1998.[11, 35] In recent years, primate models have successfully explored VCA transplants
with tacrolimus monotherapy[36] while others have applied an induction treatment with
thymoglobulin followed by a maintenance immunosuppression with tacrolimus and
rapamycin.[37]

A triple therapy approach consisting of tacrolimus, an anti-proliferative agent and
corticosteroids has been used clinically most frequently as maintenance immunosuppression.
[38] At our institution, we administer 1 g of MMF pre-operatively followed by 2 g/d. Peri-
operatively, we administer methyl-prednisolone 500 mg IV. Methyl-prednisolone is
subsequently tapered and withdrawn in our protocol. On post-operative day 4, we switch
from methyl-prednisolone to prednisone, administered as 40 mg PO twice a day and 20 mg
PO once a day from post-operative day 5 onwards. Tacrolimus is administered post-
operatively with the goal for a trough level of 10–15 ng/ml until month 3. Others have
reported on comparable maintenance immunosuppression in VCA [13, 14, 23–26, 28, 30].

Other centers have explored hematopoietic stem-cell transplantation in the early
postoperative period, followed by serial extracorporeal photochemotherapy in addition to
triple immunosuppression.[23, 39, 40] Microchimerism was detected 2 months after
transplantation in few (0.1%) donor cells among the recipient bone marrow cell population.
Despite early encouraging result, subsequent analyses failed to show chimerism in the
peripheral blood.[41]

Abdominal wall transplants have been performed successfully with an induction
immunosuppression of alemtuzumab and maintenance immunosuppression with tacrolimus
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monotherapy.[21, 22] Cyclosporine monotherapy has been used for maintenance
immunosuppression in penile and knee-joint VCAs [20, 31]

Maintenance immunosuppression is tapered at our center with tacrolimus trough levels of 6–
8 ng/ml by month 6 and 4–6 ng/ml by month 12. MMF is initially dosed at 2 g per day and
subsequently tapered. Gastrointestinal side effects linked to MMF can in some cases be
prevented through the substitution with enteric-coated mycophenolate sodium. We were able
to withdraw steroids in all our face and hand transplant recipients between months 1–12.

Our steroid-free approach differs from the maintenance immunosuppression used in other
centers.[14, 24, 28, 30, 41, 42] One center reports on weaning MMF while continuing with a
tacrolimus and prednisone maintenance treatment[43] while others have switched MMF or
tacrolimus to mTOR inhibitors. Of interest is the serial extracorporeal chemotherapy in
parallel to maintenance immunosuppression up to 18 months post-transplantation in the first
French face transplant recipient.[23]

Alternative approaches to VCA immunosuppression, albeit experimental at this stage, have
consisted of cellular therapies and immunomodulation in order to induce transplant
tolerance.[44, 45] Stable microchimerism was achieved using an immunomodulatory
protocol in a swine VCA model.[46] The protocol includes total body and thymic
irradiation, bone marrow cell infusion, and co-stimulatory blockade with CTLA4Ig. Stable
mixed chimerism has also been achieved in a canine model [47] while sporadic
macrochimerism has been reported in non-human primate models.[48]

In solid organ transplantation, tolerance induction has been achieved for a few patients who
had received simultaneous renal and bone marrow following a conditioning regimen
including immunosuppression and irradiation.[49, 50] Noteworthy is a continuous and
detectable humoral response with signs of chronic graft deterioration in some patients
treated with this regimen. Most recently, a successful clinical tolerance protocol with the
additional use of so called ‘tolerance facilitating cells’ has been presented.[51] If and how
those protocols apply to VCA transplants remains unclear at this time.

Of note, minimal immunosuppression has been achieved in some VCA recipients and a
better understanding of the biology of VCA in parallel to a thorough immune monitoring
may allow achieving safe and low long-term immunosuppression with minimal side-effects
in the future. Gene profiles may also help to guide treatment in VCA to achieve a safe
reduction and minimization of immunosuppression. Moreover, a better understanding of
VCA-specific immune responses may allow for an improved future immunosuppressive
treatment.

Scoring Systems for Rejection in VCA
By 2007, 41 VCA procedures had been performed. Meanwhile, four different classification
systems detailing pathological changes of rejections in VCA had been published.[52–55] In
2007, VCA pathologists, surgeons, and basic investigators met during the Ninth Banff
Conference on Allograft Pathology to evaluate and discuss the need for a universally
accepted grading scale for VCA.[56] The main areas discussed were: specimen preparation;
scope of acute, chronic, and humoral disease and scoring of acute lesions. These discussions
resulted in the Banff 2007 Classification for Acute Rejections in VCAs, which is based on
the location and intensity of inflammatory infiltrates (Table 2).[56] A detailed description of
Grade I rejection of an upper extremity allograft has been recently published.[57]
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Acute Rejections
Indication for treatment

Some centers transplant a sentinel, vascularized and skin-containing composite allograft
when performing VCAs while other teams’ protocols do not include a sentinel allograft. At
present, the VCA literature is not specific regarding indications for the treatment of acute
rejection. At our institution, we treat rejections based on clinical and histopathological
evidence of acute rejections ≥ Grade II obtained in both VCA allograft and sentinel graft. As
experience grows, evidence on the safety and effectiveness of reported protocols will be
examined to determine best possible approaches in treating acute rejections in VCA. The
role and significance of sentinel composite allografts in this context will warrant further
studies.

Rescue Immunosuppression
Acute rejection episodes are common in the first months following VCA [13, 15, 19, 21, 23–
30] and are typically treated with a steroid bolus treatment (Figures 1 & 2). Some acute
rejection episodes have also been treated with a temporary increase of maintenance
immunosuppression.[20, 21, 25, 26, 28, 58] Topical applications of tacrolimus and
clobetasol are of interest to VCA teams, as local immunosuppression with minimal systemic
toxicity has yielded encouraging results in the setting of inflammatory dermatoses.[59]
Based on effective prevention of rejection in animal models,[60] VCA teams have clinically
administered topical tacrolimus and/or clobetasol[27, 30] in combination with a steroid
bolus or an increase in steroid maintenance.[24, 30, 58]

Late acute rejections have also been observed. At our institution, one patient presented with
an acute rejection almost 3 years after transplantation – 2 years after total steroid
withdrawal. This acute rejection episode was effectively controlled with a slight increase of
the patient’s maintenance tacrolimus. Other agents used to treat acute rejection are rabbit
anti-thymocyte globulin [30, 58] and antilymphocyte serum.[25]

Extracorporeal photopheresis (ECP) has been used to treat T-cell lymphoma, Crohn’s
disease and steroid-refractory graft-versus-host disease.[61, 62] Recent applications of ECP
include the prevention of rejection in cardiac transplantation and the treatment of
bronchiolitis obliterans after lung transplantation.[63, 64] Citing its immunomodulatory
effects, a VCA team reported using ECP to treat acute rejection in the setting of concomitant
ganciclovir-resistant cytomegalovirus viraemia. ECP was continued for 95 days due to
persistent grade 1 rejection observed in biopsies of the oral mucosa.[25]

One team reported on a patient who experienced 6 episodes of acute rejections in the first 6
postoperative months. The team used many of the above-mentioned strategies to treat the
first few episodes; on day 77 the patient developed a Grade II acute rejection, which
responded to topical tacrolimus and clobetasol alone.[30] On day 90, rejection was observed
once again, and treated with methylprednisolone.

Chronic graft deterioration
Although the Banff 2007 classification does not specifically describe changes associated
with chronic allograft deterioration in VCA,[56] the process is in general defined by the
presence of vasculopathy in addition to atrophy and fibrosis of muscles, skin and adnexal
structures [65]. Chronic vasculopathy after multiple episodes of acute rejection have been
reported in a rat hind-limb allotransplantation model.[66] The first hand transplant recipient
in France in 1998 had been assumed to suffer from sequelae of chronic vasculopathy.
Following further work-up it seems more likely, however, that the observed graft changes
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were secondary to repeated and prolonged episodes of acute rejections in the presence of
non-adherence to immunosuppressive treatment.[58]

By conventional monitoring and surveillance techniques, there has been one recently
confirmed case of chronic allograft deterioration in a compliant patient on a less potent
maintenance immunosuppression. This patient presented during routine follow-up for his
unilateral hand transplant by month 7 and was found to have a 50–60% stenosis in the area
of the brachial artery anastomosis; during attempted surgical repair, severe thickening of all
graft arteries was noted and the graft was amputated subsequent to worsening ischemia.

Advanced imaging techniques, including ultrasound biomicroscopy (UBM), allowing a
more sensitive identification of intimal thickening may enable earlier detection of chronic
changes in the future.[67] An advanced intimal hyperplasia has been identified in another
hand transplant recipient 6 months after transplantation by UBM. Subsequent modifications
of the immunosuppression in this patient seemed to have prevented a further progress of the
observed chronic changes.[67]

Reasons for the infrequent overall occurrence of chronic allograft deterioration in VCA
compared to solid organ transplants have been debated. The early diagnosis of acute
rejections due to the inclusion of skin in the allograft, the histological confirmation in
vascularized sentinel patches, the presence of vascularized bone marrow and potentially
VCA specific patterns of allorecognition and neovascularization may all play a role.

Side Effects of Immunosuppression in VCA
Non-compliance to immunosuppressive therapy has resulted in inevitable rejection,
followed by allograft loss and even death in some patients.[68, 69] An emphasis on
compliance has thus become a continuous priority for the success of VCAs.

VCA recipients have presented with a wide variety of complications associated with
immunosuppressive therapy.[15] Opportunistic infections are the most common reported
adverse effect, especially cytomegalovirus,[20, 25, 70, 71] herpes simplex[41, 70] and
cutaneous mycoses.[30, 70] Some VCA recipients have developed pneumonias. Among the
metabolic complications of immunosuppression, post-transplant hyperglycemia has been
commonly encountered. Although often reversible, particularly following the
discontinuation of steroids, [15] some VCA recipients have developed diabetes mellitus
long-term.[24, 27, 30]. VCA recipients have also presented with hypercholesterolemia[30]
and hypertriglyceridemia.[41] Complications mostly linked to long-term glucocorticoid
treatment have included Cushing syndrome [70], delirium, and bilateral aseptic, avascular
necrosis, in one case ultimately requiring bilateral hip replacement surgery.[30]

The first face transplant recipient had developed renal failure 1 year after transplantation,
[41] which prompted the gradual withdrawal of tacrolimus and the introduction of an mTOR
inhibitor. A temporary and mild thrombotic microangiopathy resolved following the
discontinuation of tacrolimus.[23] The same patient also developed a cervical carcinoma in-
situ, 4 years after transplantation that was treated by local excision. [41] A laryngotracheal
transplant recipient presented with hypertension and elevated serum creatinine on
postoperative month 6 which prompted the addition of another hypertensive medication and
a reduction in cyclosporine dose.[17] Cyclosporine was replaced with tacrolimus in this
patient 9 months later.

Other adverse effects listed on the International Registry on Hand and Composite Tissue
Transplantation include Clostridium difficile colitis, herpes zoster infection, cutaneous
mycosis, osteitis, arterial hypertension, and basal cell carcinoma.[15]
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Conclusions
The worldwide experience in VCA is only beginning to accumulate. Teams around the
world have reported their experience in all aspects of VCA, from patient selection, to
surgical technique and follow-up care. A sense of collaboration in the VCA community has
allowed teams to learn from the experience of more established centers while adapting to the
evolving needs of patients in this new and truly restorative field.

Early and long-term outcomes in compliant patients are excellent. Patients have adapted
well following VCA with exciting reports of increased functionality and much-improved
quality of life. Side effects of immunosuppression, although common, have in most cases
not been severe, and have proven to be manageable in a multi-team approach. Acute
rejections have been common in the early months post-transplantation and successfully
treated with differing approaches. The incidence and significance of chronic graft changes in
VCA remains unclear. Moreover, the contribution of humoral components to either acute
rejections or chronic changes warrants further explorations.[72]

Most importantly, ongoing and future experimental and clinical investigations into the
biology of VCA hold promise to refine immunosuppressive treatment. Considerable
resources are being allocated to clinical and pre-clinical investigation of immunological
issues related to VCA. Early diagnosis of rejections, close monitoring and VCA specific-
advantages of allorecognition, neovascularization and immune responses may help us in the
future to design strategies aiming to minimize and potentially avoid immunosuppression.
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Figure 1.
A face transplant recipient with clinically evident acute rejection on postoperative day 20.
Generalized erythema is observed on the skin of the facial allograft. (Photograph with
permission of the patient)
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Figure 2.
Histology of skin biopsy of the same face transplant recipient, taken on postoperative day
20, shows Grade II rejection. Moderate perivascular infiltrate with mild adnexal
involvement is observed.
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Table 1

Experience of Clinical Immunosuppression in VCA.

Immunosuppression VCA Center(s) (in alphabetical order)

Induction

   Thymoglobulin Barcelona, Boston, Cleveland, Lyon, Paris

   Anti-IL-2 mAb China, Louisville

   Hematopoietic Stem-cell Transplantation + Serial Extracorporeal
photochemotherapy (18 months)

Lyon

   Alemtuzumab Louisville

Maintenance

   Triple Therapy:
      Tacrolimus + MMF + Prednisone

Barcelona, Boston, China, Cleveland, Louisville,
Lyon, Paris

   Dual Therapy:
     Tacrolimus + MMF (after steroid-withdrawal)

Boston

   Dual Therapy:
     Tacrolimus + Prednisone (after MMF − withdrawal)

Cleveland

Steroid Withdrawal

   Reported Boston

Rescue treatment

   Glucocorticoid bolus Typical regimen; all centers

   Temporary Increase in Maintenance Immunossupression (including steroids) Barcelona, Cleveland, Lyon, Paris

   Tacrolimus increase alone Boston

   Alemtuzumab Innsbruck

   Topical Tacrolimus Louisville

   Topical Tacrolimus + Clobetasol Boston

   Topical Tacrolimus + Clobetasol + Glucocorticoid increase or bolus China, Louisville, Lyon

   Rabbit anti-thymocyte globulin Louisville, Lyon

   Anti-lymphocyte serum Paris
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Table 2

The Banff 2007 working classification of skin-containing composite tissue allograft pathology. (With
permission from the American Journal of Transplantation / Blackwell Munksgaard)

Grade 0 No or rare inflammatory infiltrates.

Grade I Mild Acute Rejection Mild perivascular infiltration. No involvement of the overlying epidermis.

Grade II Moderate Acute Rejection Moderate-to-severe perivascular inflammation with or without mild epidermal and/or adnexal
involvement (limited to spongiosis and exocytosis). No epidermal dyskeratosis or apoptosis.

Grade III Severe Acute Rejection Dense inflammation and epidermal involvement with epithelial apoptosis, dyskeratosis and/or
keratinolysis.

Grade IV Necrotizing Acute Rejection Frank necrosis of epidermis or other skin structures.
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