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A B S T R A C T

Vascularized composite allotransplantation (VCA) has emerged as the most recent field of transplantation to
offer an alternative treatment for those patients that have failed or are not suitable candidates for conventional
therapy. Most of the current clinical experience in this field is with recipients of skin containing grafts such as the
face, upper extremity and abdominal wall transplants. Like solid organ recipients, VCA recipients require lifelong
systematic immunosuppression to maintain their grafts. To date, the most successful immunosuppressant regi-
mens are calcineurin inhibitor based and have been targeted to the control of T cells. While these regimens have
resulted in excellent short term graft survival in solid organ transplantation, achieving significant improvements
in long term survival has been more challenging. The reasons are multi-factorial, but a role for B cells and
humoral immunity has been proposed. Antibody mediated rejection leading to chronic rejection has been cited
as the leading cause of renal graft loss. While the number of VCA transplants performed is still small, evidence to
date suggests that antibody mediated rejection may occur less frequently than seen in solid organ transplants.
Here we will discuss the role of B cell immunity in solid organ transplantation as it pertains and contrasts to the
field of VCA and present some examples of possible sequela of B cell immunity in a series of hand transplant
recipients.

1. B cells in solid organ transplantation

The field of clinical organ transplantation is now more than sixty
years old. Organ transplants currently provide the preferred treatment
for end stage failure of the kidneys, heart, liver and lungs. The main
biological limitations to organ transplantation are widely known and
understood. These include progressive loss of function associated with
chronic pathologic changes often termed “chronic rejection.” Although
the causes of chronic rejection remain a matter of discussion, most
evidence suggests chronic rejection of transplanted kidneys, heart and
lungs reflects, at least in part, antibody-mediated processes [1–4]. For
this reason, much attention has been given to understanding the B cell
biology of organ transplantation and to the possibility of developing
therapeutics and regimens for more effective suppression of B cell
functions or for induction of B cell tolerance. The role of B cells in solid

organ transplantation has been elegantly reviewed elsewhere [5–9].
The field of vascularized composite allotransplantation (VCA) has
emerged more recently. VCA potentially provides an alternative to use
of prosthetics or reconstructive surgery for treatment of catastrophic
tissue loss, as might occur from trauma, surgical removal of tumors, or
repair of congenital anomalies. Understanding about whether and how
B cells may govern the fate of VCA is far less advanced than under-
standing for organ transplantation and observations made to date by us
and others suggest the impact of B cells and antibodies in the outcome
of VCA may depart significantly from the commonly understood impact
in organ transplantation [10]. Here we will discuss the role of B cell
immunity in VCA as it may contrast to the role in organ transplants and
present some examples of possible sequelae of B cell immunity in a
series of hand transplant recipients.

Traditionally, interest in B cell biology in organ transplantation has
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mainly reflected involvement of B cells as the source of donor-specific
antibodies (DSA) that serve as markers of risk and evidence of antibody-
mediated injury. Consistent with this concept were findings linking pre-
existing donor specific antibodies to hyperacute rejection. While hy-
peracute rejection was a major stumbling block early in the field, it is
largely avoidable today by pre-transplant testing [11]. However, donor-
specific B cells often develop de novo even in recipients with adequate
immunosuppression [8,9]. How and to what extent donor-specific B
cells develop into cells secreting pathogenic antibodies and to what
extent some donor-specific B cells may have graft protective functions is
currently a matter of debate.

B cells develop in the bone marrow where the B cell receptor (BCR)
assembles by recombination of variable (V), diversity (D) and joining
(J) gene segments of the heavy and light chains [12]. During devel-
opment in the bone marrow, the B cells with receptors that bind to self
molecules (usually expressed at the surface of cells) are deleted while
non-self binding B cells are allowed to exit the bone marrow. Once B
cells encounter antigens they differentiate into antibody producing
plasma cells or memory B cells [13]. The decision of which path B cells
will take (either plasma cells or memory B cells) takes place in the
secondary lymphoid organs, at the borders of the T and B cell zones,
and appears to be highly dependent on T cell help and antigen pre-
sentation by dendritic cells [13].

In transplantation, donor specific antibodies (soluble and as a re-
ceptor on the surface of B cells) recognize sugars (such as the blood
types) and proteins including HLA and non-HLA molecules. Antibodies
bind to conformational epitopes sometimes referred to as “eplets”. The
mismatch of HLA loci, as well as the ability of the recipient’s immune
system to respond to donor HLA determines how strongly and of what
type that immune response will be [14]. Besides matching HLA alleles,
there is substantial evidence that matching based on conformational
HLA epitopes may provide better long term outcomes [15,16].

After organ transplantation, the de novo development of DSA is
widely taken as a harbinger of acute cellular rejection as well as acute
antibody mediated rejection (ABMR). Presently, the diagnosis of ABMR
in kidney transplants requires i) histologic evidence of acute tissue in-
jury ii) histologic evidence of current/recent antibody interaction with
vascular endothelium, as defined by complement component deposi-
tion, or expression of transcripts indicative of endothelial cell injury,
and iii) detection of DSA in the serum [17]. Among the factors de-
termining outcome, the immunoglobulin subclass of DSA has been
thought to determine whether subclinical or acute or chronic ABMR
ensues [6]. IgM DSA appears to have little or no clinical effect, unless
IgG DSA is also present. IgG3 DSA is most often associated with ABMR
[18]. The association of DSA isotype and subclass with clinical mani-
festations, however, can be confounded by selective binding of DSA to
the graft [19–21]. In principle, DSA of highest affinity and/or directed
against the most abundant targets are selectively depleted from blood,
while DSA of lower affinity or directed against scarce targets are left
disproportionately represented in blood. For this reason, we have pro-
posed that donor-specific B cell responses might provide valuable in-
sight into risk and graft biology [7].

Although IgM DSA in the absence of IgG DSA is reported to have
little impact on kidney transplants, we have suggested that some IgM
DSA could exert biological properties not typical of IgG DSA [22].
Natural IgM, encoded by germ line V region sequences, often exhibiting
polyreactivity, has been postulated to subserve these unusual functions
[23], mediating ischemia-reperfusion injury in some systems [13,14]
and healing of damaged cells and tissues, including nerve tissue, in
others [15,16]. Conversion of natural antibodies from an IgM to IgG
subclass has been associated with AMBR [24].

The majority of immunosuppressive protocols are targeted to con-
trolling T cell mediated cellular rejection. While calcineurin inhibitors
such as tacrolimus and cyclosporine have little effect on B cells, sir-
olimus, mycophenolate mofetil, and alemtuzumab (also known as
Campath) all affect B cells, especially the latter, which can suppress

circulating B cells for a year post transplant [5]. For the treatment of
antibody mediated rejection, many centers rely on depleting DSA
through plasmapheresis and use of anti-B cell antibodies such as ri-
tuximab or alemtuzumab, as well as high dose Immunoglobulin [25].
However, rituximab or alemtuzumab do not recognize plasma cells, and
therefore DSA production and untoward biological impact may con-
tinue despite these measures. Bortezomib, a proteasome inhibitor, is
active against plasma cells has been used with some success [26,27];
however DSA is not always cleared by this treatment [27]. A recent
randomized trial in the treatment of late ABMR in renal transplants
failed to show a difference between the experimental and placebo
groups [28], suggesting depletion or reduction of plasma cells did not
prevent DSA production.

Because most DSA are products of T cell-dependent B cell responses,
agents that hinder interaction of B cells with T cells (i.e. provision of T
cell help) or activation of T cells might prevent or suppress initiation of
these responses. Consistent with that concept, belatacept, a fusion
protein consisting of IgG1 constant domain and CTLA-4, blocks the B7-1
and B7-2 ligands on antigen presenting cells [29] and in so doing limits
or prevents provision of T cell help. The BENEFIT and BENEFIT-Ext
cohorts recently showed renal transplant recipients treated with Bela-
tacept had lower rates of de novo IgG DSA compared to renal transplant
recipients treated with cyclosporine A, suggesting that the conversion
of IgM to IgG DSA was inhibited [30], and DSA in general was reduced
in patients receiving Belatacept vs. Cyclosporine [31].

Recently, B cell functions besides production of DSA functions have
been explored in organ transplantation [8,9,32]. These other functions
include antigen presentation and immune regulation. In some settings,
the regulation of the alloresponse may be as important as antibody
production. For example, in some trials of B cell depletion in kidney
transplantation, recipients reveal paradoxically higher rather than
lower rates of rejection [9,32–35]. As one example, five of six (84%)
non-sensitized renal transplant recipients given rituximab (anti-CD20)
at the time of transplantation experienced acute rejection within three
months of transplantation while only one of seven (14%) control sub-
jects who received daclizumab (anti-CD25) induction [34] experienced
rejection in this time period. The number of subjects in this study was
small, and a cytokine release syndrome seen in some of the rituximab
group subjects may have contributed to setting the stage for rejection.
However, the results are consistent with the possibility that immune
regulation by B cells exerts a powerful impact on alloimmune re-
sponses. Marino et al. [33] extended this idea in mice, reporting that
whereas depletion of B cells using anti CD20 monoclonal antibody in
wild type vs. anti-OVA transgenic mice did not affect the direct allor-
esponse, it heightened the indirect responses to skin transplantation.
Anti-CD20 treatment also enhanced activation of memory T cells and
accelerated second set rejection of skin allografts in this system [33].

In the late 1980s ABO-incompatible kidney transplants were
sometimes observed to continue to function normally despite the pre-
sence of high levels of anti-donor blood group antibodies in the blood of
the recipients [8,32,36–39]. This apparent resistance of the graft to
injury was termed ‘accommodation’. So effective is accommodation
that the outcome ABO incompatible renal and cardiac transplants is
generally comparable to that of ABO compatible transplants [40]. A
registry study of ABO incompatible heart transplants performed after
2005 and series of ABO-incompatible kidney transplants [41–43] de-
monstrated heightened susceptibility to graft loss during the first weeks
after transplantation but once this period has passed ABO-incompatible
and ABO-compatible transplants exhibit indistinguishable outcomes
[44]. Several explanations have been proposed for the sensitivity of
some and resistance of other ABO-incompatible organ transplants to
antibody-mediated injury [39]. The explanations include differences
among individuals in the intrinsic threshold and/or ability to repair
complement mediated injury and/or in the inducible resistance to cy-
totoxicity. Regardless, the observations also tend to confirm the concept
that accommodation requires but is not mediated by expression of anti-
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apoptotic genes but rather reflects changes that take days or weeks to
enact [39,45]. Consistent with these concepts, no relationship exists
between the level of antibody against foreign ABO antigens and the
function of ABO incompatible transplants after the first several weeks
[36,37,42,46].

2. Differences in VCA containing skin and solid organ transplant

Although the experience with VCA is quite limited (less than 200
hand and face transplant recipients world-wide) compared to the ex-
perience with organ transplants, the experience to date suggests the
impact and implications of B cell responses and DSA in VCA recipients
differ profoundly from the impact and implications of DSA in organ
transplant recipients [10]. Because VCA include anastomoses between
donor and recipient blood vessels, the management of clinical VCA has
been modeled on the management of solid organ transplants. VCA
grafts undergo acute cellular rejection at least as often and probably
more often than solid organ grafts [47]. However, despite the robust
antibody responses observed in recipients of skin grafts, recipients of
clinical VCA, which include skin grafts, appear less apt to suffer acute or
chronic antibody-mediated rejection, especially in compliant recipients.
Although recipients of VCA are sometimes found to have DSA in their
blood, VCA in adequately immunosuppressed patients only occasionally
exhibit significant vascular disease and are rarely destroyed as a con-
sequence [47]. Antibody mediated rejection in VCA recipients is rela-
tively rare in adequately immunosuppressed patients [47,48] with only
2 reported cases, excluding crossmatch positive recipients [49]. Weis-
senbacher et al. [49] describe a bilateral hand recipient who presented
at nine years post transplant with edematous hands and forearms, and
without the skin lesions normally seen in acute cellular rejection. These
clinical symptoms appeared in conjunction with de novo DSA against
class I and class II, albeit at low levels (< 1000 MFI). Capillaries and
vessels of deep tissue punch biopsies were strongly positive for C4d and
tertiary lymphoid organs had large numbers of B cells. The recipient did
not respond to steroid treatment and an increase in maintenance im-
munosuppression but did respond to one dose of rituximab, with edema
resolving in 1month and DSA becoming negative at three months (al-
though blood vessels continued to be positive for C4d) [49]. Besides
this episode, the authors suggest appearance of de novo DSA may have
been related to the six episodes of acute cellular rejection the subject
underwent.

The Lyon group reported the second case of ABMR in a face trans-
plant recipient in the tenth year post transplant, which resulted in
partial graft loss [50]. DSA specific for HLA class II (DR and DQ) were
first detected in the recipient 7.5 years after transplantation without
clinical or histologic evidence of rejection. Four months later grade III
cell-mediated rejection in both the face, as well as the sentinel graft,
with no complement deposition, capillary thrombosis, or changes in
vessels, was diagnosed which responded steroid boluses. Nine months
later, another episode of rejection occurred, with grade III rejection in
the face and necrosis of the sentinel graft. Examination of the sentinel
graft showed superficial necrosis, C4d deposition, and thrombosis of
vessels of various sizes. The MFI of the DQ6 DSA gradually increased
over a nearly two year period from 3800 at 7.5 years to 14,000 at year
9. The patient was treated with plasmapheresis, bortezumab, and ecu-
lizumab, unfortunately without success. The patient lost the lower
portion of the graft, which was covered with an autologous skin graft.
The case was further complicated by the finding of a small cell lung
carcinoma which did not respond to treatment. Of note the recipient
was a smoker prior to and after transplantation [50]. The authors
concluded that in VCA, the skin is the primary target of cell mediated
rejection as opposed to the vasculature, which seems to be more sus-
ceptible to ABMR. One could argue that perivascular infiltrates are one
of the first signs of problematic cellular rejection and the finding of
thrombotic or ischemic vasculopathy with complement deposition and
DSA is an end stage combination of cellular and humoral immune

damage.
In addition to these reports of antibody mediated rejection asso-

ciated with de novo production of DSA, two other subjects received face
transplants from a donor against whom they had a positive cross match
by flow cytometry [51,52]. The first patient received a transplant from
a donor with whom the patient had positive T cell and B cell cross-
matches. Multiple specificities of DSA were present prior to transplant,
and included HLA A2, A32, B57, DQ7, DQ9 and DR7 [51]. Im-
munosuppression was planned as standard ATG induction with triple
drug maintenance, but with plasmapheresis and IVIG treatment on POD
1 and continuing every other day based on DSA levels. The recipient
developed rejection by day 5 associated with DSA in blood with C4d
deposition in the graft. Therapeutic plasma exchange was stopped, and
the patient was treated with eculizumab weekly. At day 19, the patient
was treated with another course of plasmapheresis, with the addition of
alemtuzumab, bortezomib, and steroids, as well as another dose of ATG.
Within six months, the serum DSA were undetectable and the histolo-
gical changes were resolved [51]. Four years post-transplant the re-
cipient remains negative for DSA, although three episodes of cell-
mediated rejection occurred between 12 and 24months, all of which
responded to solumedrol or increases in maintenance im-
munosuppression [53]. Despite the strength of the treatment of the
ABMR, an increased incidence of infection was not reported, suggesting
the patient’s immune system was competent. Another interesting ob-
servation in this case is the good correlation between C4d deposition
and histologic grades of rejection. Many groups, including our own,
have reported non-specific C4d staining in VCA graft and native tissue
[54] or C4d staining in the absence of DSA [54–56]. Kanitakis et al.
performed a careful analysis of C4d staining in three VCA recipients and
concluded that the lack of staining could truly reflect a lack of com-
plement deposition as the techniques and reagents used showed posi-
tive staining in inflammatory dermatoses of non-transplant recipients
[57].

A second patient received a face transplant from a donor with whom
the patient had a positive B cell crossmatch [52]. The patient received
ATG induction with the addition of anti CD20 (rituximab) as an addi-
tional induction agent along with standard triple drug im-
munosuppression based on tacrolimus. This second patient has not
experienced any episodes of rejection either antibody or cellular
mediated and has not developed DSA at two years post-transplant,
despite six revision surgeries performed between day 1 and day 318
[52]. The complete lack of any episodes of rejection in this VCA re-
cipient is notable, in part because of the positive B cell crossmatch
(although a false positive BXM cannot be ruled out) to the donor but
also because of the repeated surgeries. In the Louisville hand transplant
experience, trauma of any sort (thermal, physical, surgical) can be
followed by an acute rejection episode.

The Oxford VCA group recently reported on the incidence of de
novo development of DSA after combined intestinal and abdominal wall
transplantation [58]. Between 2008 and 2015, 18 recipients received
an abdominal wall transplant in addition to an intestinal or multi-
visceral transplant. These patients were compared to 14 who received
an intestinal or multi-viseral transplant only. All subjects received
alemtuzumab induction and maintenance triple drug therapy based on
tacrolimus. The incidence of development of de novo DSA was 48%
overall. Fewer recipients of VCA (37%, 6 of 16) developed de novo DSA
than recipients of intestinal or multi-visceral transplants (61%, 8 of 13).
Despite the relatively high incidence of de novo DSA, no episodes of
ABMR occurred [58]. The authors concluded that VCA do not increase
the incidence of development of de novo DSA and speculated that use of
abdominal wall biopsy as a sentinel could have enabled earlier treat-
ment of rejection.

Studies conducted in kidney transplant recipients [4–6] and work
on cellular injury in non-transplant settings [59,60] suggests B cell re-
sponses to VCA might also confer a benefit on the graft in some cases
[10]. Some B cells produce cytokines, such as IL-10, that suppress T cell
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responses to the donor or to other antigens, and could benefit the graft
[17–19]. These B cells are called B regulatory cells (Breg) [61]. The
extent to which Breg specifically recognize the donor and regulate
cellular immune responses to VCA is unknown. In studies of kidney
transplant recipients with operational tolerance (did not take im-
munosuppression for more than one year) genes associated with B cells
pathways were upregulated in tolerant recipients [62]. These findings
were recently confirmed in additional subjects as well as patients ren-
dered tolerant via induction of transient mixed chimerism, or success-
fully weaned to minimal immunosuppression. Both groups also showed
similar increases in IGKV1D-13 in the peripheral blood [63]. These data
not only underscore the regulatory role of B cells in graft rejection, but
may offer a marker of operational tolerance in both solid organ and
VCA recipients.

Why is ABMR rare in VCA? VCA are certainly immunogenic as the
incidence of cellular-mediated rejection is higher for VCA than for solid
organ allografts. Could ABMR be more difficult to diagnose in VCA
recipients? Of note while antibody mediated rejection is well described
in renal transplantation, criteria are less well defined in heart and lung
transplantation. In VCA transplantation ABMR is generally defined as
clinical rejection in the absence of cellular infiltrate, and the diagnosis
is supported by the presence of DSA. We recently discussed various
mechanisms that might explain the scarcity of ABMR in VCA [64]. One
difference between VCA and organ transplantation is the duration,
frequency and character of ischemia associated with the surgical pro-
cedure. Warm ischemia time in reconstructive surgery and transplan-
tation of the hand is notably greater than in solid organ transplantation.
In conventional solid organ transplantation, blood flow is restored by
reperfusion through the vascular anastomosis, and generally not in-
terrupted unless there is a vascular kink or blockage of flow. The sur-
gical technique for VCA often requires intermittent application of a
tourniquet to stop blood flow and clear the field for microsurgery, as
well as for vascular kinks or blockages. Thus in VCA, normothermic
ischemia time and the number of damaging reperfusions that occur are
increased relative to organ transplantation. Both mechanical perfusion
[65] and pre-conditioning [66] have been proposed as modalities to
reduce ischemic reperfusion injury (IRI) associated with VCA. Although
one might expect that increased exposure to ischemia would increase
the incidence of development of DSA and ABMR, it is possible that the
nature of ischemia in VCA procedures limits susceptibility of VCA to
injury. Thus, the intermittent periods of ischemia and reperfusion and
the up/down application of the tourniquet could provide ischemic pre-
conditioning [67]. Repeated application of the tourniquet is thought to
recruit several protective pathways including upregulation of nitric
oxide synthase, which renders the graft insensitive to IRI [68]. In an-
imal models of VCA, preconditioning has been found to reduce the
number of acute rejection episodes [69]. Whether the type of ischemia
VCA grafts undergo versus conventional solid organ transplantation
plays a role in lower rates of ABMR remains to be determined.

Of the ten recipients who received a hand transplant in the
Louisville VCA Program, only one developed significant de novo DSA
after transplantation. A summary of our results is shown in Table 1. Our
first patient, who is now nearly 20 years post-transplant has not de-
veloped antibody despite weaning and restarting of tacrolimus at year
16. Neither patient 2 nor patient 3 who both experienced repeated
episodes of acute cellular rejection developed DSA. Likewise, patient 3
who has significant chronic rejection has not developed DSA. Patient 4
who lost his graft due to ischemic vasculopathy nine months after
transplantation [54] did not develop DSA during the time the graft was
in place, however 3 days after amputation and cessation of im-
munosuppression high levels of DSA were detectable in blood. Patient 5
developed de novo DSA (dnDSA) 6 years post-transplant, coincidental
with reductions in tacrolimus as a result of changes in kidney function.
Although tacrolimus dosage was restored, DSA levels continued to in-
crease. In year 8 post-transplant, the patient had rotator cuff surgery on
the non-transplant side, and developed pain in the transplant that was

treated with carpal tunnel surgery. Multiple episodes of cell mediated
rejection occurred during this period. Infection also developed, and was
followed by aggressive rejection and accelerated vasculopathy in the
graft leading to ischemic damage and a decision was made by the pa-
tient and the surgical team to amputate the graft. Histologic analysis of
a biopsy of the median nerve at the time of carpal tunnel surgery in
patient 5 revealed an inflammatory process as did the ulnar nerve in
analysis of the tissues after amputation. At the time of graft loss the
patient had high levels of DSA (A24–3000 MFI which increased to
14,000 MFI after amputation) and high levels of Class II DSA (DR53,
18,000 MFI and DQ2, 5000 MFI – no change in either after amputa-
tion). While no co-incident changes were seen when DSA first appeared
in this patient, we cannot rule out that three years later this initial
antibody production contributed to the demise of the graft. In that the
ischemia resulting from obliterative vasculopathy resulted in the pa-
tient and team’s decision to amputate, this graft loss could be attributed
to ABMR. However, graft loss occurred in the presence of clear cellular
mediated rejection, infection and high DSA. Whether that graft loss
would have occurred if each of these processes were occurring alone is
not clear. Of note, in patient 4 the nerves were relatively spared from
obvious immune responses.

Patient 7 is notable for a quiet post-transplant course, and has had
the highest Carroll score function at 86, in our series of transplants. The
patient was initially thought to have developed dnDSA against donor
DQ8 approximately 3 years post-transplant. This reactivity was not as-
sociated with any significant clinical or histologic change. This was
reported based on patient serum reactivity to 1 of 3 beads carrying the
DQ8 antigen in the Luminex LabScreen Single Antigen Bead assay. His
samples were never positive on all three DQ8 beads and subsequent
experience suggests this was likely a false positive, possibly due to
denatured antigen on the beads. In addition, this patient’s sera reacted
to one bead (the DQ8 (DQB1*03:02) with the DQA1*03:02 that was
positive. However, two other DQB1*03:02 beads were negative, as was
one other DQA1*03:02 (which is paired with a DQB1*03:03), further
supporting the conclusion of non-specificity. While it is possible that
there was a combinatorial specific antibody (only recognizing a very
specific Alpha, Beta combination), we have not found this routinely.
Patient 8 in this series is also doing very well, with few episodes of
CMR, and also had a de novo, but non-specific HLA antibody response,
similar to patient 7. Patient 10 is now twenty-seven months post-
transplant and has had no episodes of cell-mediated rejection and has
not developed DSA. She is remarkable as she received a bilateral hand
transplant at 69 years of age and she was also enrolled in a clinical trial
of induction with recipient adipose derived stromal vascular fraction
cells.

Patient 3 in our series received a transplant in 2006 with alemtu-
zumab induction and a steroid sparing maintenance regimen. The pa-
tient experienced multiple early rejection episodes and was subse-
quently converted to standard triple drug tacrolimus based
immunosuppression. Eighteen months after transplantation a routine
CBC revealed an increased number of circulating lymphocytes. Flow
cytometry revealed many of the lymphocytes were CD19/lambda+
consistent with a B cell neoplasm. To address this possibility, im-
munosuppression was reduced. The reduction in immunosuppression
was followed by an episode of severe acute rejection which responded
to steroids and increased maintenance immunosuppression. Further
investigation revealed the patient to have a marginal zone lymphoma
(MZL). The MZL was detectable in specimens obtained at the time of
transplantation and hence preceded the hand transplant. Because MZL
often responds to agents used for immunosuppression, with the pa-
tient’s consent standard immunosuppression was re-started. A leu-
kemia/lymphoma flow cytometry panel is used to monitor this patient,
as well as annual PET scans. Flow cytometry analysis revealed that all
circulating B cells are of the same clone, CD20/CD19/lambda light
chain positive cells, which do not express CD5, CD10, or CD11c. At
diagnosis the clone comprised the majority of the lymphoid gate, and
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there was no change in the population before or after im-
munosuppression was reduced, nor did it change significantly once
immunosuppression was restarted. We have continued to monitor this
population and it decreased to 32% of the lymphoid gate and 15% of all
cells at year 4 post-transplant, and at his latest annual visit at year 11
the B cell clone is now 25% of all lymphocytes and 9% of all analyzed
white blood cells. Of note, the patient has also maintained an inverted
CD4/CD8 ratio of 0.3.

Although patient 3 mounted a substantial cellular immune response
leading to multiple (> 15) episodes of cellular rejection, he has never
had DSA detected in blood. Nevertheless, he is one of the few VCA
recipients to develop “classic” chronic rejection (resembling chronic
GVHD of the skin) while adequately immunosuppressed. As shown in
Fig. 1, the adnexal structures such as the fingernails started dis-
appearing at year 4, and other chronic rejection hallmarks such as
atrophy and thinning of the skin as well as development of fibrosis has
occurred and continues to slowly progress over time. High resolution
ultrasound and MRA of the vessels reveals thickening over time, but all
vessels, including digital arteries, are patent and the patient has always
had excellent digital temperatures. The skin biopsies reveal thickening
of vessels consistent with chronic rejection. Capillary thrombosis was
present as early as month 3 in a histologic grade 3 skin biopsy (Fig. 2).
Because of declining kidney and hand function, a decision was made to
convert the patient from tacrolimus/sirolimus/prednisone maintenance
immunosuppression to sirolimus/MMF/prednisone triple therapy
8 years post-transplant. Serum creatinine and BUN improved sig-
nificantly (year 11; Cr 1.2, GFR 63) and hand function was not affected
by the change. Presently, 11 years after transplantation, hand function
is limited by stiffness as a result of fibrosis; however, the patient cur-
rently considers the hand to be an assist functionally. This subject
presents an unusual case of VCA in the presence of aberrant B cell
function. The case is notable for the presence of severe chronic rejection
in the face of good medication compliance, an absence of DSA. Vas-
culopathy is present in this patient, although at a mild to moderate
level. The high number of cellular mediated rejection episodes may also
suggest that the dysfunctional B cell population resulted in reduced
regulation of T cell alloimmunity.

In our series of ten hand transplants, no recipient with de novo DSA
had a coincident change in graft function or graft pathology.
Conversely, neither of two recipients who developed severe vasculo-
pathy [54] nor one who developed severe chronic rejection of the skin
had detectable circulating DSA. It is possible that non HLA antibodies
may have played a role, but commercial standardized reagents to most
non HLA antibodies are not available. Additionally, while the absence
of detectable DSA may have been due to tissue absorption, we do not
believe false low reactivity was present as we do not report results
based on a c MFI, but rather on patterns of reactivity. Based on these
patterns we would have detected low reactivity to public antigens such
as Bw6 or Bw4. We did not. Two other hand transplant recipients

followed at the Louisville VCA Program (now 11 years and 17 years
post-transplant respectively) have had more than fifteen episodes of
cellular rejection without evidence of de novo DSA, while one recipient
who had only three episodes of ACR developed very high levels of de
novo DSA six years post-transplant (Table 1). Of note, review of our
DSA monitoring revealed that identifying DSA based only on Luminex
testing is problematic. We did find that false positives, likely due to
denatured antigen, occurred in three of our recipients. The reactivity
was determined to be false positive as the bead pattern is frequently
observed in patients with no history of sensitizing events and these
patients were negative by FlowPRA. While this does not completely rule
out the possibility of real antibody, when all of the data are considered
in the clinical context that is, in fact, the most congruous interpretation.
To truly understand the nature of DSA in transplantation it is im-
perative to not over-estimate the incidence.

Our experience and our perspective on the experience of others
would suggest that VCA differ markedly from other transplants in the
manifestations and impact of B cell responses. Tissue and organ trans-
plants generally elicit powerful B cell responses leading to production
of DSA in many immunosuppressed recipients and to DSA-mediated
acute and chronic graft changes. In contrast, clinical VCA infrequently
induce DSA and when present DSA usually appear to have little or no
impact on the graft. Indeed, an episode of classical ABMR in a VCA with
DSA in blood and C4d in the graft would merit a report in the literature.
We recently discussed in some detail the various mechanisms that
might account for the limited impact of DSA on VCA [10]. Rather than
reiterate these yet unproven explanations we will discuss, in closing,
some questions, the answers to which would advance this field.

The foremost question from the perspective of transplantation im-
munology must be whether and in which ways B cells of the clinical
VCA recipient respond specifically to the VCA donor. Put in another
way – does the infrequency of DSA in VCA recipients reflect infrequency
of B cell responses or are B cell responses cloaked in some way. In
fundamental systems, T cell-dependent B cell responses can be limited
by MHC (i.e. T cell help) but clinical VCA clearly elicit T cell responses.
Another potential mechanism is the follicular helper T (Tfh) cells that
interact with B cells and may be providing some regulation of the re-
sponse [70]. In some fundamental and clinical systems, B cell responses
can be suppressed by presence of soluble antigen in blood. It is possible
that extensive tissue disruption in the course of VCA procedures liber-
ates “soluble” or suspended antigen that suppresses B cell responses but
the presence of such antigen remains to be tested. We think a more
direct approach, such as the assay of donor specific B cell responses [7]
might address this question.

If B cell responses to VCA do occur more often than the low pre-
valence of DSA would suggest, then a key question is whether DSA
produced by VCA recipients is bound to the graft or blocked by circu-
lating antigen. We previously discussed the pertinence of this question
[19,20] and will not do so again here. We would point out however that

Table 1
De Novo DSA in Louisville VCA Program Hand Transplant Recipients.

Patient dnDSA #ACR episodes
(grade 2 or higher)

Follow up Comments

HTx-01 No 4 19 years Despite tacrolimus weaning and restart
HTx-02 No >18 17 years Non-specific reactivity observed on LabScreen SAB Class I*

HTx-03 No >15 11 years Severe chronic rejection
HTx-04 No 2 9months Severe ischemic vasculopathy, graft loss, DSA detected in serum 3 days post amputation
HTx-05 Yes 6 ∼9 years Class II C1q+DSA at ∼6 years post-transplant, Graft loss at year ∼9 years.
HTx-06 No 2 1 year Transferred care, lost to follow up
HTx-07 No 4 7 years Non-specific reactivity observed on LabScreen SAB Class II*

HTx-08 No 3 6 years Non-specific reactivity observed on LabScreen SAB Class II*

HTx-09 N/A N/A TF Graft loss at day 5
HTx-10 No 0 1.5 years Age 69 at transplant, treated with autologous adipose derived stromal vascular fraction cells

* Non-specific reactivity is identified based on previously published patterns of beads known to carry denatured antigen or on patterns of reactivity that do not
demonstrate a common epitope.
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VCA pose an interesting challenge in that various tissues, e.g. skin,
muscle, bone, could have differential impact on antibody adsorption or
antigen release and because biopsy limited to skin (while serving as a
useful sentinel for CMR) might not faithfully represent the extent of Ab
binding.

B cells are found in both normal and inflamed human skin [71]. In
an ovine model, Geherin et al. demonstrated that B cells not only traffic
through, but are present in both normal and inflamed skin. In addition,
B cells within the skin expressed markers suggesting both antigen
presenting function as well as antibody secreting cells [72]. In VCA,
donor B cells come with the graft as skin resident immune cells, and
may recirculate back to the skin in the same manner. Weissenbacher
et al. have observed B cells and TLO like structures in the skin of a
patient with steroid resistant rejection, although whether they were of

host or donor origin was not determined [49]. In a study of 113 skin
biopsies from face transplant recipients, Lian et al. reported that im-
mune cells spatially associated with target cell injury were often pre-
dominantly of donor, not recipient origin [73]. A role for donor as well
as host B cells re-circulating in the skin may occur and should be ex-
amined.

If VCA do elicit B cell responses and Ab to bind to the graft, the
question of whether VCA have greater baseline or induced resistance to
injury, i.e. accommodation, comes to the fore. We will not review the
putative mechanisms of accommodation here as we have done so for
organ transplants of various types [8,20,39,74] and VCA [10]. What we
should add here is that aspects of the procedure and the biology of VCA
that distinguish those grafts from organ grafts could be pertinent to
accommodation. Above we discussed the possibility that the surgical

Fig. 1. Changes in hand allograft over time for Patient 3. Four years after transplantation, the patient started losing his fingernails, and this continued until all
fingernails were lost. Thinning and atrophy of the skin was also progressive with loss of hair, and evidence of hard fibrotic areas in the forearm. Over time there has
been increased brown mottling of the skin, which is very apparent in the year 11 photo. Progressive stiffing and loss of the ability to extend or flex the fingers also
occurred, the hand is functional as an assist only.
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procedure for VCA transplants probably induces ischemic-pre-
conditioning. Whether and in what ways preconditioning impacts in-
duction of accommodation by DSA and complement is not known and
we think a subject meriting investigation. As another factor, antigen
liberated from VCA might well modify interaction of DSA with the
graft, displacing complement activation from the surface of the graft or
limiting the availability of sites for covalent reaction of graft cells with
C4 and C3, conditions potentially favoring accommodation [10]. On the
other hand, the greater extent of tissue injury incurred by VCA might
hinder or delay induction of accommodation in VCA.

In summary, the role of B cells with respect to development of pa-
thologic humoral immunity, regulation of T cell responses, and as an
indicator of accommodation or operational tolerance is an exciting area
of research in the field of VCA. While numbers of VCA recipients are
still small, it appears that there is less production of dnDSA than seen in
solid organ transplantation, and clear cases of pathology due to ABMR
with or without concomitant acute cellular rejection also seem to be
lower. Whether this is due to mechanisms unique to VCA that more
easily induce graft accommodation, increased activity of B cell reg-
ulatory cells or if VCA grafts may be less susceptible to complement
mediated damage than solid organ grafts should be investigated.
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