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Abstract Vascularized composite allotransplantation (VCA)
is an evolving area of transplantation. Postoperative monitor-
ing and immunosuppression strategies draw experience from
solid organ transplantation, but VCA provides unique chal-
lenges as grafts incorporate histologically heterogenous tis-
sues with differing degrees of antigenicity. In addition, such
procedures are often life-improving rather than life-saving;
therefore, minimizing the risks of immunosuppression is an
important clinical priority. To this end, the identification of
biomarkers to monitor the health of the transplanted tissues,
assess alloimmune responses under the effects of immunosup-
pression, and identify episodes of rejection remain key goals.
In this review we look at the general considerations of
alloimmune monitoring, promising biomarkers in transplanta-
tion research, and their potential application to VCA.

Keywords Vascularized composite allotransplantation -
Biomarkers - Rejection - Postoperative monitoring -
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Introduction

Vascularized composite allotransplantation (VCA) is an
evolving field of transplantation medicine, which can improve
the lives of patients with composite tissue defects including
facial injuries and limb amputations. VCA involves the trans-
plantation of a functional unit incorporating histologically
heterogenous tissues with differing degrees of antigenicity,
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providing unique challenges to effective postoperative immu-
nosuppression management. In addition, the procedures are
often life-improving rather than life-saving and so minimizing
the wide-ranging deleterious effects of immunosuppressive
medication, including the increased risk of opportunistic in-
fections, malignancies, metabolic derangement, and cardio-
vascular disease, is a key clinical goal in this setting.
Approximately 150 different VCA operations have been com-
pleted to date including more than 85 hand and upper extrem-
ity transplants and 24 face transplant procedures. This rela-
tively new field of transplantation has, therefore, drawn on
experience of monitoring strategies from other transplant set-
tings, particularly solid organ transplantation.

Pharmacokinetic markers remain the only routinely avail-
able tool for clinicians to monitor and adjust immunosuppres-
sive medications within the clinic. This is despite the levels of
immunosuppression not reflecting their biological effect and
the absence of data from long-term clinical trials proving their
validity. Over recent years, technological improvements in
cellular and molecular biology have provided the techniques
to identify biomarkers relevant to transplantation immunolo-
gy. However, despite the potential benefits to patient care and
the multiplicity of proposed candidate biomarkers, their trans-
lation into clinical practice has been very limited, and their
promise still remains to be demonstrated.

The most widely used biomarker of immunological risk
used to stratify patients in solid organ transplantation remains
anti-HLA antibodies. This, however, requires a review paper
of'its own and will not be dealt with here. In this article we will
first review general aspects of biomarker development and
alloimmune monitoring. We will next describe a number of
potential biomarkers that may aid in assessing immunological
risk pre-transplantation, provide early diagnosis of rejection,
and help in the identification of allograft tolerance. Finally, we
will consider how these biomarkers could be relevant to the
specific immunological aspects of VCA.
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Biomarker Development

A biomarker is defined by the Biomarkers Definitions
Working Group as “a characteristic that is objectively mea-
sured and evaluated as an indicator of normal biological
processes, pathogenic processes, or pharmacological re-
sponses to a therapeutic intervention” [1]. To be effective as
a clinical tool, a biomarker should ideally be capable of
substituting for a clinical endpoint, i.e. to become a surrogate
endpoint. This is not an easy task, as good short-term out-
comes in solid organ transplantation make use of hard end-
points such as graft loss or patient survival highly impractical,
due to the very large cohorts of patients that would be required
to provide statistical significance. Currently, serum markers
(liver function tests or serum creatinine) or pathological
changes in tissue biopsy specimens are used as surrogate
endpoints, but have the obvious disadvantage of identifying
graft damage once it has already occurred rather than
predicting potential damage [2]. In addition, they do not
provide an overall indication of the individual patients’ im-
mune response and do not always predict long-term outcomes.

In order to maximize the probability of identifying suitable
biomarkers, high-throughput technologies are often used with
a specific sample type such as blood, urine, or allograft tissue
to test a number of contenders against a predefined gold
standard. Once a biomarker has been identified, its accuracy
and reproducibility in predicting a clinical outcome needs to
be tested within clinical trials. Prospective studies should then
be employed to show that the biomarker enables intervention
to improve the clinical outcome in a real-life population of
patients in which it will be used.

Employing Biomarkers to Assess Alloimmune Responses

The central role of T cells in transplant rejection has been well
established. T cells recognize donor antigens by either the
direct or indirect pathway. In the direct pathway, donor pep-
tides bound to donor major histocompatibility complexes
(MHCs) on the surface of donor antigen-presenting cells
(APCs) are recognized by recipient T cells. In the indirect
pathway recipient T cells recognize donor peptides bound to
recipient APCs. In addition, a semi-direct pathway has been
identified in animal models in which recipient APCs acquire
donor MHC-peptide complexes and are, therefore, capable of
simultaneously priming recipient T cells via both direct and
indirect allorecognition pathways [3]. The direct pathway has
been shown to predominate in the first few months after
transplantation [4—7] in contrast to chronic immune-
mediated injury in which the indirect pathway prevails [8—10].

T cell activation requires T cell receptor complex binding to
MHC-peptide complex along with co-stimulation. Over the
next several days, primed, naive T cells proliferate, synthesize
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cytokines, and differentiate into effector T cells or memory T
cells, which can react within hours on repeat stimulation.
Naive CD4" T Cells can commit to a number of potential
cytopathic or immunoregulatory phenotypes, depending on
the cytokine composition of the microenvironment in which
lymphocyte activation occurs as summarized below [11-14].

— IL-12 rich microenvironment produces Thl IFN +y pro-
ducing T cells leading to tissue destruction

—  IL-4 rich microenvironment produces Th2 IL-4 and IL-5
producing T cells leading to tissue destruction

— In the absence of proinflammatory cytokines, TGF-f3
directs CD4" T cells to commit to Foxp3" regulatory T
cells

— IL-6 and/or IL-21 expression in the presence of TGF-[3
leads CD4" T cells to a highly cytopathic Th-17

phenotype.

Current models suggest that it is the balance between
cytopathic Thl and Th17 CD4" T cells, rather than their
absolute number, that determines the clinical picture of either
rejection or tolerance. Th17 and regulatory T cells have also
been shown to be connected and display plasticity rather than
being terminally differentiated [15]. Assessment of
alloimmune responses rely on the characterization of these
subpopulations of lymphocytes or measurement of the steps
leading to T cell activation such as intracellular production of
ATP, calcium influx, or protein phosphorylation in addition to
proliferation and cytokine production.

Biomarkers of Immunological Risk Pre-transplantation

Access to donor alloantigens in the form of donor cells allows
assessment of alloantigen-specific cellular immune responses.
Several cellular assays have been developed to do so, such as
mixed lymphocyte reaction (MLR), cytotoxic T-lymphocyte
precursor (CTLp), and limiting dilution assays (LDA). In the
setting of bone marrow transplantation, MLR assays have not
been shown to predict graft versus host disease (GVHD) [16],
whereas CTLp determination has been shown to be a good
predictor. CTLp and LDAs provide a consistent measurement
of effector functions such as proliferation, cytokine produc-
tion, and cytotoxicity in GVHD [17, 18], but reliability in
solid organ transplantation is less dependable [19-21].
Furthermore, these techniques are time-consuming, expen-
sive, and difficult to standardize.

The development of enzyme-linked immunosorbent spot
(ELISPOT) assay has allowed the quantification of cytokine
producing T cells in a more reproducible and clinically appli-
cable manner, but it is not possible to analyze simultaneously
different T cell subsets and cytokines [22—24]. This limitation
is overcome using multiparameter flow cytometry which can
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also assess cytokine production using intracellular and extra-
cellular staining, but is not as sensitive as ELISPOT assays
[25-27].

The magnitude of alloimmune responses can also be
assessed employing non-alloantigen specific assays. These
techniques have a number of advantages over alloantigen-
specific assays in that they aim to provide a global assessment
of immune competence, do not require donor tissue, and are
easier to standardize, which improves the potential for trans-
lation into routine clinical care. A commercially available
FDA approved assay (ImmuKnow®) quantifying whole
blood CD4" T cell intracellular adenosine triphosphate
(1ATP) content after phytohemagglutinin (PHA) stimulation,
aims to provide a global assessment of an individual’s im-
mune response, but remains to be validated for routine clinical
use [28].

In renal transplantation, the IFN~y ELISPOT assay has been
correlated with the risk of acute cellular rejection by acting as a
marker of primed donor-specific immunity even in those patients
with low panel-reactive antibody (PRA) scores [24, 29, 30].
Presumed sensitization through long-term dialysis was also cor-
related with IFN-y ELISPOT reactivity and the associated lower
renal graft survival rates seen in these patients [31]. Using this
technology, the panel-reactive T cell assay was developed which
has been shown to be predict post-transplant acute rejection and
6-month renal function better than PRA by measuring responses
against a panel of stimulator cells with the most common HLA
antigens [32, 33].

The potential for soluble CD30 for use as a biomarker was
suggested following the observation that serum sCD30 (pro-
duced following cleavage of the membrane-bound CD30
molecule on activated T cells) levels were higher in inflam-
matory conditions [34, 35]. However, large variations in se-
rum levels were observed in patients awaiting renal transplan-
tation, and further studies showed it did not identify those
patients at high risk of rejection [36, 37].

Biomarkers of Immunological Risk and Graft
Dysfunction

Acute cellular rejection remains a significant clinical problem
in VCA, and skin rejection predominates with 85 % of patients
experiencing at least one episode [38]. Lymphocyte
immunophenotyping by flow cytometry has been an appealing
target for identifying transplant rejection, but in other transplant
settings has been unsuccessful, as increased numbers of acti-
vated and/or effector T cell subsets also occur in other causes of
inflammation such as CMV infection; therefore, assessment of
cell surface markers have proved unreliable as biomarkers
[39-42]. Recent reports have attempted to characterize the
lymphocyte subsets involved in VCA rejection. Acute skin
rejection in hand transplantation is predominantly by CD3" T

cells with the majority being CD8" in mild cases and CD4" in
severe cases. Five to ten percent of T cells are Foxp3™, but their
potential role in this setting requires further clarification [43].
Immunohistochemical studies in face transplantation showed a
predominantly CD4" phenotype in facial graft, oral mucosa,
and split skin grafts [44]. Antibody-mediated rejection (AMR)
has not been well described in hand and face transplantation,
and although approximately half of all skin biopsies show
positive C4d staining, it does not correlate with cellular
rejection [43, 45].

IFN-y ELISPOT assay has also been used in the post-
transplant period by measuring alloreactive memory/effector
T cell responses primed by the indirect alloreactive pathway in
renal transplant recipients, showing that indirect alloreactivity
was associated with poorer graft function [46—48].

The use of mRNA and miRNA in both graft tissue and
peripheral blood as a marker of rejection and inflammation
has been widely studied. Assessing the quality and size of the
immune response through the use of quantitative polymerase
chain reaction (QPCR) to quantify the change in graft or
leukocyte gene transcripts and therefore, the magnitude of
the immune response, has proved interesting [49, 50]. In
addition, this technique can be used on blood, graft tissue,
and fluids. Gene expression markers in kidney graft tissue
have been shown to identify acute cellular rejection through
intragraft expression of cytotoxic T lymphocyte (CTL) tran-
scripts such as granzyme B and perforin [51-53]. The differ-
ences in CTL transcripts have also been shown to predict the
response of ACR to therapy, aid the assessment of clinical
versus subclinical rejection, and even identify immunological
and histological subgroups of rejection with different clinical
outcomes [54—57]. mRNA expression signatures have been
identified in liver, heart, and pancreas allografts [58—60].
miRNA profiling has also been used in the setting of renal
and intestinal transplantation to identify ACR and to predict
outcome in patients undergoing liver transplantation for hepa-
tocellular carcinoma [61-63].

The use of peripheral blood is more advantageous due to
the avoidance of invasive sampling techniques; CTL tran-
scripts have been associated with rejection in renal transplant
recipients and can be detected before clinical rejection oc-
curred [64, 65]. Although commercial tests are available
(e.g. Allomap Xdx®) to rule out rejection in heart transplant
recipients without the need for endomyocardial biopsies, the
use of peripheral blood has a number of limitations. There is a
significant interlaboratory variability and the transcript levels
tend to be much weaker than those seen in graft tissue. This
has been shown in liver transplantation in which mRNA was
used to identify operationally tolerant transplant recipients
[66, 67¢], and miRNA may be a more suitable tool as serum
biomarkers given its increased stability [68].

Fluids which directly drain an allograft, such as urine in
renal transplantation and bile in liver transplantation, have
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also been studied as a source of noninvasive biological mate-
rial. Valid mRNA transcripts such as perforin and granzyme B
have been identified in urine to predict rejection in renal
allografts in addition to long-term outcome [49, 50].
Similarly, in lung transplantation, CTLA4, Foxp3, and gran-
zyme B transcripts in bronchoalveolar lavage fluid were in-
creased in ACR [69].

Another technique exploits the fact that transplanted tissue
or organs have genomes that are distinct from the recipient’s
genome. The genome transplant dynamics (GTD) approach
requires genotyping of both the donor and recipient to estab-
lish a unique genetic fingerprint. Shotgun sequencing is then
used to quantify the DNA signal by measuring the single
nucleotide polymorphism (SNP) differences between individ-
uals [70°]. GTD has been shown in heart transplant recipients
to detect rejection episodes through a rise of donor-derived
cell-free DNA from a baseline level of 1 % to levels of 3 -4 %
in rejection episodes [70]. Graft-derived cell-free DNA
(GcfDNA), using a droplet digital polymerase chain reaction
technique in liver transplant recipients, has been used to
confirm the minimally effective tacrolimus concentrations in
the first 5 — 30 days following transplantation by acting as a
marker of graft integrity [71].

Biomarkers of Over-Immunosuppression

An overriding challenge in transplantation medicine is to
provide the correct balance of immunosuppression to avoid
allograft rejection, but to prevent the development of compli-
cations associated with over-immunosuppression. To achieve
this aim, individualization of immunosuppression based on
biomarkers that provide a global assessment of adaptive and
innate immune status would be of great benefit, but no con-
sensus has been reached on what is considered adequate
immunosuppression.

The ImmuKnow® assay, as previously described, was
developed as a tool to provide an assessment of the level of
immunosuppression [28]. Weak associations were identified
with acute rejection in those patients with high iATP levels
and post-transplant infections with low levels. However, later
studies suggested that multiple samples with longitudinal
patient assessment was required, to provide an accurate as-
sessment, and the age of the patient had a significantly affect
on iATP levels [72, 73]. In addition, in renal transplant recip-
ients, 1ATP levels were shown to be low in the early post-
transplant period, without consistently correlating with ad-
verse events as a result of over immunosuppression [74].
The optimal immunosuppression levels are likely to vary with
different allografts and at different time points from transplan-
tation, and as such, relevant levels are yet to be established.

Mannose-binding lectin (MBL) intensifies the immune
response when binding to tissues; therefore, low levels of
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plasma MBL prior to transplantation has been shown to
predict improved renal graft outcomes [75], and high levels
predict poor outcomes in lung transplantation [76]. High MBL
levels in the post-transplant period are associated with protec-
tion against sepsis in kidney-pancreas transplantation [77].
The expression of HLA-DR on circulating monocytes is
tightly regulated and shows an increase in expression in the
presence of inflammatory mediators such as IFN-y and a
decrease in the presence of anti-inflammatory mediators such
as IL-10, immunosuppressant medications, and Tregs
[78-80]. Low-level HLA-DR expression on monocytes has
been associated with preceding bacterial and fungal sepsis
[81], which may be a useful marker of infection risk following
induction immunosuppression with T cell-depleting agents.

Biomarkers of Tolerance

It has been observed that select transplant recipients maintain
stable graft function in the absence of immunosuppression,
and these individuals have been termed operationally tolerant.
A challenge in transplantation has been to identify these
patients to allow immunosuppression minimization or
discontinuation.

The role of CD4" CD25" Foxp3" regulatory T cells have
attracted considerable attention in the setting of transplanta-
tion, having been identified as having a role in tolerance and
prevention of autoimmune diseases [82, 83]. However, quan-
tification in humans has proved problematic as activated T
cells can also transiently express Foxp3 [84-86], and the
recognition of a low CD127 expression to identify Tregs is
also unreliable [87, 88]. Therefore, detection of the methyla-
tion status of the Treg-specific demethylated region (TSDR)
has been shown to be the most dependable method of Treg
identification, which can be assessed in whole blood or biopsy
specimens [89]. Although variation in circulating Tregs has
been found in transplant recipients showing graft tolerance or
chronic graft damage, their role as biomarkers predicting
clinical outcome has not been proven [90-95].

The relative frequency of monocytoid (mDC) and
plasmacytoid (pDC) peripheral blood monocytic cell precur-
sors have been used as a predictor of tolerance in the setting of
liver transplantation, with a significantly higher pDC/mDC
ratio being identified in tolerant individuals and those on
minimal immunosuppression, compared to healthy controls
or those on maintenance immunosuppression [96]. More re-
cently, whole genome Affymetrix® microarrays have been
employed to analyze the molecular patterns associated with
the tolerance phenotype in liver transplant recipients, and y8T
cell and NK cell transcripts were increased, as were the
frequency of CD4" CD25" Foxp3" T cells [97]. The results
of blood and liver tissue transcriptional biomarker studies
from the first prospective drug withdrawal trial in liver
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transplant recipients confirmed that PBMC NK transcriptional
differences were already present before immunosuppression
weaning was initiated between tolerant and non-tolerant indi-
viduals. In addition, this study identified functional differ-
ences in the liver tissue samples collected between tolerant
and non-tolerant individuals before immunosuppression
weaning was initiated. A side to side comparison of blood
and liver tissue transcriptional profiles revealed that liver
tissue biomarkers were substantially more accurate and repro-
ducible than the blood signatures [67¢¢].

Relevance to Vascularized Composite Allotransplantation

From the point of view of potential immunomonitoring strat-
egies, vascularized composite tissue allotransplantation is an
unusual transplantation setting in that the allograft comprises
heterogeneous tissues that have very different immunogenic-
ity and different ways to respond to alloimmune injury. The
skin component of the allografts, in particular, is highly
immunogenic and substantially contributes to the need for
robust immunosuppressive regimens and to the high rate
of acute cellular rejection (although it has been shown that
when skin is transplanted with other components makes it
less antigenic [98]).

The allogeneic skin, on the other hand, provides a unique
opportunity to monitor in real time for early signs of rejection
by means of direct inspection and/or easily obtainable skin
biopsies. Despite these advantages, the diagnosis of rejection
following VCA remains challenging for the following reasons.
First, characteristic pathological changes of skin rejection are
non-specific, and can be observed in other inflammatory der-
matoses as well [99, 100]. Second, sub-clinical skin rejection
can occur despite complete absence of clinical signs of rejec-
tion. Third, non-skin tissues are sometimes rejected without
apparent skin involvement, requiring the performance of deep
biopsies, which is impractical and associated with morbidity.

Thus, similarly to that which occurs in other transplantation
settings, there is an unmet clinical need in VCA to identify
biomarkers correlating with alloimmune responses, immuno-
suppression levels, and clinical outcomes, but biomarker re-
search in this area remains in its infancy. The relatively small
number of cases contributes to a major limitation in order to
validate candidate biomarkers. There is little information on
the use of immune-related biomarkers to manage VCA pa-
tients. The use of functional profiling techniques should be
explored as a means to obtain specific signatures discriminat-
ing rejection from other inflammatory skin conditions. Cell-
free DNA quantification could also be useful to identify graft
damage in the absence of skin involvement to avoid the need
to perform frequent deep-tissue biopsies. How much pre-
existent anti-donor immune responses influence outcomes is
not well defined, but will need to be taken into account to

implement personalized immunosuppression approaches and
establish if tolerance-inducing strategies are considered.

Conclusion

Advances in surgical techniques and modern immunosuppres-
sion medications have provided the basis for successful trans-
plantation of vascular composite allografts and improved the
lives of patients with composite tissue defects, including facial
injuries and limb amputations. However, the risks of immu-
nosuppression remain significant, and current postoperative
monitoring relies on pharmacokinetic markers to assess the
adequacy of immune suppression and non-specific serum
markers as signs of rejection with the use of invasive tissue
biopsies for confirmation. Modern biological molecular tech-
niques have provided potential new biomarkers to enable
monitoring of the health of tissue grafts, provide an assess-
ment of alloimmunity, and personalized immunosuppression
monitoring. Reliable, accurate, and reproducible biomarkers
relevant to VCA remain an unmet clinical need, but the
absence of a gold standard against which to measure their
effectiveness makes this particularly challenging and larger
validative prospective clinical trials will be required.
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