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Abstract
Purpose of Review Skin provides a window into the health of an individual. Using transplanted skin as a monitor can provide a
powerful tool for surveillance of rejection in a transplant. The purpose of this review is to provide relevant background to the role
of skin in vascularized transplantation medicine.
Recent Findings Discrete populations of T memory cells provide distributed immune protection in skin, and cycle between skin,
lymph nodes, and blood. Skin-resident TREG cells proliferate in response to inflammation and contribute to long-term VCA
survival in small animal models. Early clinical studies show sentinel flap rejection to correlate well with facial VCA skin
rejection, and abdominal wall rejection demonstrates concordance with visceral rejection, but further studies are required.
Summary This review focuses on the immunology of skin, skin rejection in vascularized composite allografts, and the recent
advances in monitoring the health of transplanted tissues using distant “sentinel” flaps.
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Introduction

Vascularized composite allotransplantation (VCA) has be-
come an established option for the restoration of form and
function following complex injury or when specialized func-
tional tissues are devitalized. This applies for highly selected
cases where conventional, autologous techniques are insuffi-
cient to meet such reconstructive requirements. When

compared to solid organ transplantation (SOT), VCA recipi-
ents can expect to experience a higher incidence of acute re-
jection, with approximately 85% experiencing one or more
episodes during their first post-transplant year [1]. The prima-
ry site of VCA acute rejection is most often the skin [2], which
is highly immunogenic and susceptible to recipient immune
responses, compared to other VCA tissues (historically skin
transplantation has been used as a rigorous challenge for im-
munosuppressive or transplant tolerance protocols [3]). The
aggressive immune responses against skin have variously
been attributed to the mode of transplantation (typically as
skin grafts, which undergo secondary revascularization fol-
lowing a period of ischemia), the presence of putative skin-
specific antigens, and the role of skin as a barrier organ, con-
taining numerous immunologically active cells and extracel-
lular components [4–6]. However, none of these hypotheses
has uniform support in the literature, and in recent years, there
has been increasing appreciation of the skin as an immune
organ in its own right, housing a complex network of immune
cells and processes [7].

While the potential for false negatives (where the skin
appears rejection-free, but another tissue is affected) is recog-
nized (albeit poorly defined), clinical observation of skin is
utilized as a core component of monitoring in all VCAs with
an exposed skin component. Indeed, there is increasing inter-
est in exploring the use of sentinel flaps to provide an
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immunological window for monitoring of solid organ trans-
plants [8]. The aim of this review is to provide an update on
skin immunology in the context of VCA rejection, monitoring
of transplant health and to identify outstanding questions per-
tinent to an improved understanding of this unique and visible
transplant component.

Skin Immunology

The skin has historically been recognized as highly immuno-
genic [9]. Indeed, Murray’s early work at the interface of
transplantation and reconstructive surgery solidified the im-
munological preeminence of skin in the hierarchy of tissues
[3]. However, other studies have challenged this position and
explored various hypotheses for the differential rejection of
tissues, including differences in the mode of immune presen-
tation between primarily vascularized transplants and conven-
tional skin grafts, which experience a prolonged period of
ischemia and a non-specific inflammatory response that pro-
vides a hostile milieu for presentation of alloantigen.

Despite some findings to the contrary in animal models
[10, 11], and reports of acute rejection targeted to other tissues
including mucosa [12] and muscle (unpublished data) in the
absence of clinically detectable skin rejection, the literature is
broadly supportive of skin as a common target of acute rejec-
tion in both experimental and clinical settings. Focusing our
discussion on the primarily vascularized skin component of
VCAs (in contrast to the experimental transplantation of con-
ventional skin grafts), we should then consider which factors
intrinsic to skin might contribute to its immunogenicity.
Historically, much discussion has focused on skin-specific
antigens as potentially responsible for the susceptibility of
the skin to rejection, but the evidence for this has been mixed.
Indeed, the true tissue specificity of many of the candidate
antigens has frequently been challenged [6].

The concept of skin hosting a specific immune system, as
opposed to purely serving as a site of effector function for the
central immune system, was popularized as early as the 1980s
[13] but gained momentum with Clark’s enumeration of the T
cell population found within normal human skin (demonstrat-
ing the presence of some 1 × 106 T cells/cm2, equivalent to
twice the circulating blood-borne population) [14, 15]. T cells
isolated from skin were found to express the skin-homing
addressins CCR4 and CLA, and the majority lacked expres-
sion of CD62L and CCR7, identifying them as T-effector
memory (TEM) cells, capable of recirculation between skin
and blood, but not equipped to enter lymph nodes.
Interestingly, this study also identified a population of CLA+

T cells which did express CD62L and CCR7 (aminority of the
CLA+ population in the skin, but 80% of those found in the
blood). These cells share phenotypic markers of both central
memory (TCM) and skin homing, suggesting the ability to

cycle between the skin and draining lymph nodes.
Subsequent studies have further defined skin T cell subtypes,
elucidating the presence of four phenotypically and function-
ally discrete populations of memory T cells in human skin.
Two subtypes remain resident, and two recirculate between
skin and circulation. Furthermore, the persistence and distri-
bution of the TEM population increase in response to repeated
infections to provide an accumulation of regionally distinct
immune defense [16, 17•, 18] (Fig. 1a). The presence of a
persistent, skin-resident population of TEM cells challenges
the conventional model of recruitment of TEM cells from the
circulation into tissues only in response to an inflammatory
stimulus. In the context of VCA, taking these findings togeth-
er with the presence of professional antigen-presenting cells in
the epidermis, the potential for a potent response following
presentation of alloantigen to resident TEM cells is clear [19].

The skin-resident T cell compartment has also been found
to include a 5–10% population of cells with a TREG pheno-
type, expressing high levels of CD25, CD62L, GITR, and
FOXP3, in addition to the skin-homing addressins CLA,
CCR4, and CCR6 [20, 21]. These cells have demonstrated
suppressive function in vitro, both in the context of activation
by CD3 and CD28 antibodies and in the presence of IL-15 and
dermal fibroblasts, to model chronic skin inflammation.
Furthermore, these cells have been found to proliferate
in vivo in response to inflammation, downregulating the in-
flammatory response both locally, and on migration to
dermatotrophic lymph nodes [20–24] (Fig. 1b). In the context
of transplantation, significantly enhanced TREG populations
have been found in lymph nodes draining rat hind limb allo-
grafts in animals demonstrating long-term allograft survival
induced by treatment with an IL-2 fusion protein, anti-
lymphocyte serum, and a 21-day course of cyclosporine A
[25]. Skin homing of human TREG cells, and the role of these
cells in preventing skin allograft rejection, has also been dem-
onstrated in humanized mouse systems [26–28]. However,
fundamental differences in the immunological milieu of skin
grafts in comparison to primarily vascularized skin compo-
nent of a VCA must be considered when extrapolating from
such experiments.

Langerhans cells in the epidermis are well recognized as
efficient antigen-presenting cells, but recent studies have
attempted to dissect their function in greater detail, identifying
potential functional dichotomy, and further highlighting the
complexity of immune interactions within the skin. The clas-
sical view of these cells as potent stimulators of an effector
response is supported by numerous studies, demonstrating a
variety of functions (i.e., induction of naïve CD4+ T cell dif-
ferentiation into Th2, Th17, and Th22 phenotypes [29–31],
and priming/cross priming of naïve CD8+ T cells [32]) (Fig.
1c). In apparent contrast to this, however, corticosteroid expo-
sure has been demonstrated to induce expansion of regulatory
T cells (TREG) via upregulation of TGF-β by Langerhans cells
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[33]. A potential regulatory role for Langerhans cells is further
supported by studies in both murine and human model sys-
tems [34, 35]. While this dichotomy may seem counterintui-
tive, it suggests that Langerhans cells may play a more nu-
anced role as regulators of immune homeostasis in the skin, a
hypothesis supported by the demonstration that these cells
selectively induce activation and proliferation of skin-
resident TREG cells at a steady state but, following exposure
to pathogen, induce TEM proliferation [36].

Applying these insights into the populations of cells and
interactions that constitute the immune system of the skin to
reconstructive transplantation, the immigration of recipient
cells into the transplanted skin, and the emigration of donor
cells into the recipient circulation and lymphatic system
should be considered. In porcine experimental work, the
VCA releases billions of donor leukocytes into the recipient
circulation within minutes of reperfusion, which inevitably
will contribute to direct presentation of alloantigens [37•].
Recipient dendritic cells have been identified in VCAs in the
early stages of acute rejection, a finding which is in marked
contrast to the rejection of conventional skin grafts, presum-
ably reflecting the potential for rapid homing of recipient im-
mune cells by translocation from intact vascular channels [38].

Indeed, this is supported by the characteristic initial appear-
ance of infiltrates around the vascular bed in the earliest stages
of VCA rejection (Fig. 1d) [39].

Current studies using flow cytometric analysis of cells iso-
lated from VCA skin biopsies have identified the co-existence
of donor and recipient T cells within VCA dermis up to 1 year
post-transplant. Intriguingly, this includes a well-defined pop-
ulation of recipient T cells in the absence of any clinical or
histological evidence of rejection [40]. These findings are
consistent with the well-appreciated risk of aggressive acute
rejection stimulated by direct presentation in the early post-
transplant phase, diminishing over time with progressive loss
of donor APCs, but challenge the conventional expectation
that the simple presence of recipient T cells within a
transplanted tissue equates with rejection.

Acute Rejection in Vascularized Composite
Allografts

Acute rejection is the most common complication encoun-
tered in VCA, with an incidence which continues to remains
in the region of 85% [41]. This substantially exceeds the

Fig. 1 Immunological role of skin in VCA. a Within the epidermis,
below the stratum corneum, Langerhans’ cells, Gamma Delta T cells
(Tγδ), and resident effector memory T cells (TRM) reside between the
keratinocytes. b Antigen-presenting cells (APC), e.g., Langerhans’ cells
(LC) and dermal dendritic cells (DC), present donor antigen to naive T
cells and induce the differentiation of CD4+ and CD8+ T cells, including
regulatory (TREG) and central memory (TCM) lineages. T cell populations
bearing both skin (CLA, CCR4) and lymph node (CD62L, CCR7)
addressin cycle between the skin and dermatotrophic nodes. c Pathways
of allorecognition: direct pathway—donor APC presenting antigen in the

context of donor MHC interacts with a recipient T cell. Indirect
pathway—recipient APC presenting donor antigen in the context of
recipient MHC to the recipient T cell. Semidirect pathway—recipient
APC cross-dressed with donor MHC presenting donor antigen to the
recipient T cell. d Post capillary venules are the site of inducible skin-
associated lymphoid tissue (iSALT) where perivascular macrophages and
T cells interact to increase hyperpermeability in the skin, allowing for
extravasation and migration of other inflammatory cells such as
neutrophils
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incidence reported for solid organ transplants, but considering
the low rate of VCA loss to acute rejection in compliant pa-
tients, it is hypothesized that this is, at least in part, due to the
ready visibility of skin for clinical monitoring. The appearance
of visible changes consistent with rejection triggers an early
biopsy and prompt therapy, typically with a steroid bolus and
optimization of maintenance therapy. Outside of VCA, this
also highlights the potential use of synchronously transplanted
donor skin as a sentinel tool to rapidly diagnose rejection of a
solid organ transplant.

The chief clinical manifestations of acute rejection are typ-
ically a maculopapular erythematous rash, which may be ac-
companied by edema and induration. In upper limb trans-
plants, typical and atypical patterns have been described, with
the former comprising a variable rash mainly distributed over
the dorsum of the hand and forearm. The atypical pattern,
which has been associated with repetitive microtrauma in pa-
tients who resume manual work or are dependent on their
hands for mobility, presents with palmar papules, scaling,
and lichenification, in combination with dystrophic changes
to the nail complexes [41–43].

The histological appearances of acute skin rejection are
somewhat lacking in specificity, particularly in the early
stages, when the predominant feature is often a sparse
perivascular lymphocytic infiltrate. With increasing severity,
these infiltrates become more dense, and expand to involve
the adnexae, particularly hair follicles and the epidermis.
Epidermal apoptosis is pathognomic for Banff grade 3 rejec-
tion, with grade 4 characterized by frank necrosis [2] (Fig. 2).

Vascular injury is not included within the current Banff sys-
tem but has been recognized in both experimental and clinical
specimens at the higher rejection grades [44–46]. Similarly,
the current grading system and the majority of the literature
focus on features of acute cellular rejection, and relatively,
little work has focused on antibody-mediated rejection
(AMR), not least due to the scarcity with which it has been
diagnosed and the absence of a clear correlation between C4d
deposition and donor-specific antibody (DSA) formation in
VCA [12, 47, 48].

While skin is typically considered the primary site of acute
rejection in VCA, there have been notable reports to the con-
trary. Rejection of the mucosal component of facial allografts
has been found to both precede and exceed cutaneous involve-
ment in severity [12, 39, 47, 49]. Furthermore, histological
signs of rejection have been observed in deep tissue biopsies
in the context of clinically normal skin appearances, with
grade 0 or 1 rejection on skin biopsy [50]. Taken together,
these reports highlight the importance of a high index of sus-
picion and a low threshold for biopsy in the management of
suspected acute rejection post-VCA.

Chronic Rejection in Vascularized Composite
Allografts

Chronic rejection describes a process of progressive function-
al deterioration, mediated by immune and potentially non-
immune mechanisms, and is the predominant cause of late

Fig. 2 Illustration of Banff
classification of VCA skin
rejection. a Grade 1: Mild
perivascular/dermal infiltration
(arrow). No involvement of the
overlying epidermis. b Grade 2:
Moderatetosevere perivascular
inflammation (arrow) with or
without mild epidermal and/ or
adnexal involvement (limited to
spongiosis and exocytosis). No
epidermal dyskeratosis or
apoptosis. c Grade 3: Dense
inflammation and epidermal
involvement with epithelial
apoptosis, dyskeratosis, and/or
keratinolysis (arrows). d Grade 4:
Necrotizing acute rejection. Frank
necrosis of epidermis or other
skin structures (arrow)
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graft loss in SOT [51, 52]. In renal and cardiac transplants,
AMR is implicated as a key mechanism, with damage to
transplant vascular endothelium mediated by DSA. This oc-
curs classically, albeit not solely, via complement-dependent
pathways as evidenced by endothelial deposition of C4d [53,
54]. Downstream pathways result in arteriopathy, character-
ized by intimal hyperplasia, fibrosis, and ultimately ischemic
necrosis [55].

As yet, a consensus definition of chronic rejection has not
been established for VCA, though clinical and pathological
features have been observed in an increasing number of cases
as we enter the third decade of clinical experience in this field.
VCA chronic rejection appears to primarily target the skin and
vasculature. Cutaneous features include psoriasiform plaques,
purpuric rashes, sclerosis, dyschromia, and necrotic ulcers
[39, 56, 57] (Fig. 3).

Pathologically, the most marked feature has been vasculop-
athy, with prominent myointimal proliferation and luminal
narrowing. This has been observed in both moderate cutane-
ous and deep vessels and is associated with progressive ische-
mic degradation of the transplant [50, 58]. Additional micro-
scopic features have included adnexal atrophy, basal cell vac-
uolation, and melanin incontinence, while cellular infiltration
(including both CD4+ T cells, and CD20+ B cells) and C4d
deposition have been reported in some cases, but not uniform-
ly [59]. Additional features potentially correlating with chron-
ic rejection include the formation of tertiary lymphoid organs
(TLO) composed of dermal lymphoid aggregates in associa-
tion with C4d-positive high endothelial venule–like vessels,
the appearances of which are reminiscent of lymphoid folli-
cles occurring during chronic rejection of SOTs [60, 61].
Interestingly, dermal capillary thrombosis has been identified
as a feature of severe acute VCA rejection, which may predict
the development of features of chronic rejection [58].

Consistent with the currently incomplete clinical picture
and absence of a concise clinicopathological definition for
chronic rejection in VCA, the pathological mechanisms are
incompletely understood. Certainly, cases have been associat-
ed with inadequate immunosuppression (either as a result of
non-compliance, or necessitated by management of infectious
or neoplastic complications), but this is not universally the
case. In keeping with SOT, an immunologically quiescent
early post-transplant course does not preclude development
of chronic rejection [50, 56, 58]. Extrapolating from SOT, it
would be expected that a combination of immune (chiefly
AMR), and non-immune mechanisms including ischemia-
reperfusion injury, drug toxicity, and transplant vascular resis-
tance may be implicated. Unfortunately, as experience in this
field extends, increasing numbers of patients are presenting
with features of chronic rejection, for which current therapeu-
tic options are extremely limited. Detailed reporting and col-
laborative investigation of the mechanisms underlying these
changes will be invaluable.

Clinical Grading of VCA Rejection

Routine assessment of skin containing VCAs chiefly com-
prises of visual inspection and histologic inspection of skin
biopsies. The salient clinical and histopathological features of
acute rejection have been described and correlated with com-
parable findings in experimental models [39, 62, 63]. These
observations formed the basis of the Banff Working
Classification for VCA rejection, which provided an overall
grading system, and which has facilitated reporting and inter-
institutional collaboration [44, 64].

The four Banff grades, which are based on combinations of
perivascular and epidermal infiltration, and evidence of epi-
dermal injury, are summarized in Fig. 2. While the current
Banff classification does provide a standardized system for
grading of VCA rejection, and a valuable framework for data
reporting by VCA centers, the variables are not independently
scored. There is no assessment of vascular inflammation, or
features of chronic allograft vasculopathy, both of which
could yield insights into variations in the pattern and patho-
genesis of rejection. Indeed, the benefits of a systematic ap-
proach to the assessment of VCA histopathology have been
acknowledged at recent international workshops, and collab-
orative efforts to develop systematic scoring systems, akin to
those in routine use for assessment of renal transplant biop-
sies, for instance, are ongoing [45, 65].

Conventional histological grading is frequently augmented
by immunohistochemical techniques in the VCA literature,
and while such methods are not currently included in the
grading system, they can offer additional insights into mech-
anism and pathogenesis. To this end, other groups have intro-
duced techniques for cellular and molecular level analysis of

Fig. 3 Features of chronic rejection in a hand transplant. Sclerosis,
dyschromia/ purpuric rash, and lichenification on the fingertips of a
hand transplant. These features, suggestive of chronic rejection,
appeared 10 years post-transplant
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skin rejection, but these are yet to achieve widespread appli-
cation or independent validation [66].

Sentinel Skin Flaps in VCA

The early identification and treatment of graft rejection may
be important for long-term structural and functional outcomes
following VCA [67]. This concern, paired with a desire to
avoid any additional burden of scarring to the visible compo-
nents of reconstructive transplants, such as the face or hands,
prompted application of additional distant transplants of donor
skin for monitoring and biopsy purposes. While conventional
skin grafts were utilized for monitoring rejection in some early
hand transplants, this practice was abandoned when it was
observed that such grafts lost their monitoring potential over
time, with fundamental differences in cell trafficking and im-
mune response with the mode of vascularization [68, 69].

Vascularized sentinel flaps have been utilized for some
face transplants. These have typically been transplanted to a
discrete anatomical location, such as the inframammary fold,
or in some cases, provided additional utility in the release of
limb contractures [62, 70]. In the small number of cases re-
ported, concordance between the sentinel flap and index trans-
plant skin has been generally good, with an analysis of paired
biopsies demonstrating an overall correlation coefficient of
0.88, with a trend towards greater concordance at the higher
grades of rejection (100% for Banff grade III) [70]. However,
there may be discordance between rejection of skin and other
tissues, such as mucosa [62], and further clarification of the
clinical value of this approach is required.

Sentinel Skin Flaps in Solid Organ
Transplantation

Recognition of the susceptibility of the skin to acute rejection,
and its accessibility for clinical monitoring, has prompted con-
sideration of the broader utilization of transplanted skin for
“sentinel” monitoring of the health of solid organ transplants.
This is of potential benefit when reliable and timely diagnosis
of rejection is challenging, and the process of obtaining diag-
nostic biopsies is not without risk to both the transplant and
patient [71–74]. Perhaps the most obvious question, given the
absence of a skin component within solid organs, is to what
extent rejection of sentinel skin will be concordant with rejec-
tion of the transplanted organ?

Some data can be extrapolated from intestinal or multi-
visceral transplantation in combination with abdominal wall
transplantation, for cases with complex abdominal wall de-
fects and loss of abdominal domain (Fig. 4). These cases, of
which over 50 have been reported to date, indicate that ab-
dominal wall skin could be an indicator of visceral rejection,

and that cutaneous rejection may manifest earlier than visceral
rejection, providing a useful therapeutic opportunity [8]. In
addition, intestinal transplant patients presenting with post-
transplant bowel dysfunction, in the absence of abdominal
wall skin rejection for whom the most likely differential diag-
nosis is infective enteritis, have been spared damaging esca-
lation of immunosuppression [75]. Indeed, data from the
Oxford group demonstrate statistically significant advantages
in intestinal transplant survival (79% vs 60%), intestinal rejec-
tion rate (7% vs 27%), and misdiagnosis of infection as rejec-
tion (14% vs 33%) in patients receiving organ transplant plus
abdominal wall (n = 13) in comparison to those receiving or-
gan transplant alone (n = 15) [76•]. On a cautionary note, ep-
isodes of discordant skin and intestinal rejection have been
reported, but in almost all of these cases, metachronous trans-
plantation of abdominal wall and viscera were performed from
separate donors, and in the context of sentinel monitoring, this
practice would not be advised [77].

The encouraging results from patients undergoing com-
bined visceral and abdominal wall transplants, and the high
levels of concordant rejection between sentinel and primary
VCAs, suggest a potential benefit of sentinel monitoring to
patients undergoing solid organ transplantation, where moni-
toring is challenging, and the consequences of missed rejec-
tion episodes or misdiagnosis are high. Procurement of a
fasciocutaneous flap (such as the radial forearm, or posterior
tibial artery flaps) from the organ donor and its transplant to a
suitable location (Fig. 5) are relatively straightforward

Fig. 4 Abdominal wall transplant at 2 years post-transplant. Clinical
photograph of abdominal wall transplant performed in combination
with a modified multi-visceral intestinal transplant, for which it also
serves as a sentinel monitor
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procedures, which can be performed without interference with
the organ transplant teams [78]. Early concerns that transplan-
tation of skin might pose an additional immunological chal-
lenge to the patient and necessitate higher levels of immuno-
suppression have not been borne out, but to date, the experi-
ence in this area is limited to observational studies in relatively
small numbers of patients. The outcome of clinical trials spe-
cifically designed to assess the efficacy and safety of sentinel
skin monitoring of solid organ transplants, such as those un-
derway in Oxford, is keenly awaited.

Conclusions

Uniquely in the field of transplant surgery, VCA includes an
externalized component, the skin, which is readily available
for clinical monitoring (including biopsy), with minimal in-
convenience or morbidity for the patient. This is in marked
contrast to all forms of SOT, where diagnosis of rejection is
frequently delayed, and carries the potential for biopsy in-
duced morbidity. This contrast likely contributes to the unique
combination of a high frequency of acute rejection episodes
but low incidence of graft loss (to acute rejection) that char-
acterizes VCA.

Our understanding of the complex immunobiology of skin
has expanded steadily in recent years, and these insights are
gradually translating into transplantation. Similarly, the poten-
tial that sentinel skin flaps may have utility in the monitoring
of SOTs for rejection is a fascinating corollary to reconstruc-
tive transplantation, which if proven could dramatically alter

the management of SOT recipients. Such a step would in-
crease the number of patients receiving skin bearing VCAs,
substantially increasing the rate at which clinical data is accu-
mulated in this field.

The continued efforts to unravel the pathogenesis of skin
rejection, and in particular chronic rejection, will only be of
increasing significance as the stance of reconstructive trans-
plantation becomes clearer longer term. This will undoubtedly
require continued detailed reporting and ideally, given the
relatively small numbers of patients cared for by any individ-
ual VCA center, open international collaboration to address
these challenging questions.
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