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Background. A deeper understanding of acute rejection in vascularized composite allotransplantation is paramount
for expanding its utility and longevity. There remains a need to develop more precise and accurate tools for diagnosis and
prognosis of these allografts, as well as alternatives to traditional immunosuppressive regimens. Methods. Twenty-seven
skin biopsies collected from 3 vascularized composite allotransplantation recipients, consisting of face and hand transplants,
were evaluated by histology, immunohistochemistry staining, and gene expression profiling. Results. Biopsies with clini-
cal signs and symptoms of rejection, irrespective of histopathological grading, were significantly enriched for genes contribut-
ing to the adaptive immune response, innate immune response, and lymphocyte activation. Inflammation episodes exhibited
significant fold change correlations between the face and hands, as well as across patients. Immune checkpoint genes
were upregulated during periods of inflammation that necessitated treatment. A gene signature consisting of CCL5, CD8A,
KLRK1, and IFNy significantly predicted inflammation specific to vascularized composite allografts that required therapeu-
tic intervention. Conclusions. The mechanism of vascularized composite allograft-specific inflammation and rejection
appears to be conserved across different patients and skin on different anatomical sites. A concise gene signature can be
utilized to ascertain graft status along with a continuous scale, providing valuable diagnostic and prognostic information to

supplement current gold standards of graft evaluation.
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ascularized composite allotransplantation (VCA), defined
as the transplantation of multiple tissue types such as the
skin, muscle, nerve, and bone as a functional unit, is indicated
for patients with devastating soft tissue injuries that are not
ameliorable to autologous reconstruction alone. Despite sub-
stantial surgical advances, acute rejection (AR) remains a signif-
icant obstacle. Approximately 85% of patients will experience
a rejection episode within the first postoperative year,! thereby
limiting its widespread use as a restorative treatment option.
The current gold standard for grading VCA rejection is
defined by the 2007 Banff working classification, which
evaluates perivascular and epidermal infiltration.2 Although
credited with providing a systematic framework for describ-
ing histological findings, its limitations include intra- and
interobserver variability, particularly when distinguishing
grade I and grade 1II rejection.? Similarly, recent studies sug-
gest that grade I rejection does not represent a pathological
state, demonstrated by a lack of differential expression at the
RNA level.# Furthermore, no correlation has been established
between Banff grade and the need for treatment.3s
Complicating this are inflammatory skin conditions mas-
querading as rejection, mimicking both histological and
clinical findings.5¢ A deeper understanding of the molecular
mechanisms of VCA rejection is necessary to resolve these
conflicts in diagnosis and treatment. Although current corol-
laries are derived from principles in solid organ transplan-
tation (SOT), VCA uniquely incorporates the skin, a highly

www.transplantationdirect.com 1


https://orcid.org/0000-0001-8763-6797
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
mailto:
www.transplantationdirect.com
www.transplantationdirect.com
mailto:daniel.ceradini@nyulangone.org
mailto:daniel.ceradini@nyulangone.org
mailto:pei-ju.lu@nyulangone.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 Transplantation DIRECT m 2024

immunogenic organ. Aside from its barrier function, the skin
contains appendages that secrete antimicrobial molecules,
Langerhans cells that sample and present antigens, and
tissue-resident leukocytes that mediate effector functions,
collectively orchestrating a complex immune response.”$ At
the foundational level, possible variation across patients or
recipient anatomical sites of transplantation has not been
fully investigated. Although there are some data suggesting
disparate histopathological findings between oral mucosa and
skin in VCA,%10 it is unknown whether differences in skin
infiltration exist between face and hand transplants.

Herein, we investigate the transcriptomic landscape of
VCA rejection in human face and hand specimens from three
different patients, yielding a list of differentially expressed
genes (DEGs) and enrichment for key molecular pathways.
Applying the same approach, we then survey samples with
discordant histological and clinical findings to better under-
stand their underlying diagnoses. Finally, we compare our
results to an external dataset to develop and validate a concise
gene signature for VCA graft monitoring.

MATERIALS AND METHODS

Sample Collection

Skin punch biopsies were longitudinally collected from 3
patients with VCA. All patients underwent face transplan-
tation, with patient 1 concomitantly undergoing bilateral
hand transplantations. RNA was isolated from a total of 27
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formalin-fixed, paraffin-embedded (FFPE) biopsies using the
Qiagen RNeasy FFPE kit according to product guidelines. All
specimens passed quality control parameters (RNA concen-
tration > 100pg, A260/A280 ratio > 1.5) and underwent gene
expression profiling using the NanoString nCounter Human
Organ Transplant Panel.

Sample Status

Sample status was determined using a holistic approach,
incorporating Banff grade, clinical appearance, and subjec-
tive patient experience. Final diagnoses were agreed upon
after discussions between clinicians in plastic surgery, trans-
plant surgery/immunology, and dermatopathology. This
clinicopathologic correlation is imperative in determining
diagnoses and treatment approaches in VCA recipients.?
The 27 biopsy specimens were initially categorized as the
following: nonrejection (NR, n = 6), AR (n = 9), and inflam-
matory reaction (IR, n=12; Table 1). NR was defined as
concordant clinical and histological findings (Banff grade
< I; Figure S1, SDC, http://links.lww.com/TXD/A702) that
did not suggest rejection. AR was defined as concordant
clinical and histological findings (Banff grade > II; Figures
$2 and S3, SDC, http://links.lww.com/TXD/A702), indi-
cating active rejection and necessitating inpatient immu-
nosuppression. IR was defined as discordant clinical and
histological findings; specifically, the patient exhibited clini-
cal findings consistent with rejection (eg, erythema, edema,

Summary of sample collection and status

Banff grade
Sample # POD Site Patient Infiltrate Interface Final dermatopathology Status Clinical status Final holistic status
1 27 Face 1 1 0 NR NR NR
2 43 Face 1 1 0 NR NR NR
3 83 Face 1 1 0 NR NR NR
4 280 Face 1 2 3 AR AR AR
5 280 Hand 1 2 3 AR AR AR
6 280 Hand 1 2 3 AR AR AR
7 280 Hand 1 2 3 AR AR AR
8 392 Hand 1 2 3 AR AR AR
9 392 Hand 1 2 3 AR AR AR
10 392 Face 1 1 3 NR AR IR
" 426 Face 1 1 3 NR AR IR
12 426 Hand 1 1 3 NR AR IR
13 462 Face 1 1 3 NR AR IR
14 462 Hand 1 1 3 NR AR IR
15 539 Face 1 1 3 NR NR NR
16 610 Face 1 1 3 NR AR IR
17 698 Face 1 1 3 NR AR IR
18 698 Hand 1 1 3 NR AR IR
19 698 Hand 1 1 3 NR AR IR
20 749 Face 1 1 3 NR AR IR
21 749 Hand 1 1 3 NR AR IR
22 749 Hand 1 1 3 NR AR IR
23 47 Face 2 1 3 NR NR NR
24 537 Face 2 1 2 AR AR AR
25 586 Face 2 1 3 AR AR AR
26 1291 Face 3 1 2 NR NR NR
27 1465 Face 3 2 3 AR AR AR

Corresponding patient, biopsy site, Banff grade (including breakdown of inflammatory infiltrate and interface changes), clinical status, and final holistic status of each biopsy specimen.

AR, acute rejection; IR, inflammatory reaction; NR, nonrejection; POD, postoperative day.
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desquamative rash, pain) without supporting histological
findings (Banff Grade < I; Figure S4, SDC, http:/links.lww.
com/TXD/A702). These samples resulted in therapeutic
intervention as well.

Clinical Maintenance, Evaluation, and Treatment of
AR

All patients with VCA at our institution received T and
B cell-depleting induction therapy with thymoglobulin and
rituximab, respectively. Three-drug maintenance immunosup-
pression consisted of tacrolimus, prednisone, and mycophe-
nolate mofetil. Therapeutic interventions for AR commonly
included a pulse steroid taper, in addition to possible adjuncts
such as tacrolimus dose adjustment, plasmapheresis, and anti-
histamines depending on the presumed cause. After resolution
of rejection, all patients were re-evaluated shortly thereafter
in the clinic. Tacrolimus trough levels were monitored and
adjusted as needed.

Statistical Analysis

A full description of the statistical methods can be found
in the Supplemental Digital Content (http:/links.lww.com/
TXD/A702). Briefly, raw RNA transcript counts were ana-
lyzed according to the NanoTube package guidelines.!t DEG
criteria included P, <0.05 and llog,FCl 21. An elastic net
regression was utilized to create a gene signature (hereafter
referred to as “Inflammation Score”) diagnostic of biopsies
with significant inflammation, which was subsequently vali-
dated using data from Win et al.#

Study Approval

Protocols of this study were conducted with IRB approval
(Protocol 114-00550) in accordance with Code of Federal
Regulations on the Protection of Human Subjects (45
CFR Part 46) and adhere to the ethical principles based on
Good Clinical Practice, Declaration of Helsinki, and ICH
Guidelines. Written informed consent was provided for the
use of patient photographs and the record of informed con-
sent was retained. All photograph copyrights are retained by
Eduardo D. Rodriguez, MD, DDS.

RESULTS

AR and IR Biopsies Share DEGs

Routine NR monitoring visits displayed graft skin color
akin to surrounding native tissue, devoid of significant edema,
cutaneous lesions, or eruptions (Figure 1A). Episodes of AR
manifested clinically with graft erythema, edema, and pain
(Figure 1B). The average time from transplant to first rejection
episode was 511 d (range 280-715; data not shown). Upon
principal component analysis of the gene expression data,
AR samples expectedly clustered together, separately from
NR samples (Figure 1C). Interestingly, IR samples clustered
very closely with AR, suggesting similarities in gene expres-
sion. To further explore these observations, a heatmap with
unsupervised hierarchical clustering of genes and samples was
created. To parse out several possible patterns, samples were
annotated by biopsy site, patient of origin, and holistic status.
Seven of 9 AR samples clustered separately from NR samples
again (Figure 1D). Similar to our principal component analy-
sis results, IR samples were interspersed within AR samples.
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We did not observe any secondary pattern such as clustering
by patient or anatomical site, as these characteristics were het-
erogeneously distributed.

Differential expression analysis was performed to ascer-
tain DEGs in AR and IR compared with NR, inclusive of
all patients and anatomical sites. AR samples yielded 140
DEGs, with the most upregulated by t-statistic being the
T-cell chemokine CCLS5 (RANTES), T-cell coreceptor CD8A,
interferon-inducible inflammasome molecule AIM2, proa-
poptotic molecule FASLG, and checkpoint receptor LAG3
(Figure 1E; Table S1, SDC, http:/links.lww.com/TXD/A702).
Immunohistochemistry staining for CD8 confirmed its upreg-
ulation in AR biopsies (Figures S2C and S3C, SDC, http:/
links.lww.com/TXD/A702). IR samples yielded 165 DEGs,
the most upregulated being the T-cell chemokine XCL1/2,
transcriptional regulator STAT1, immunoglobulin recep-
tor FCGR1A, CCLS, and CD8A (Figure 1F; Table S2, SDC,
http://links.lww.com/TXD/A702). AR and IR specimens
shared 108 DEGs, which were very highly correlated accord-
ing to t-statistic (Pearson r=0.95, P<0.001) and log,FC
(Pearson r=0.95, P <0.001). Four genes were significantly
upregulated (PTX3, COL4A4, THBS1, and TNFRSF18), and
1 gene was significantly downregulated (CLEC4C) in IR sam-
ples compared with AR. Aggregating AR and IR specimens
yielded 152 DEGs compared with NR, which were enriched
for pathways related to the adaptive and innate immune
responses, cytokine signaling, and T /natural killer cell-medi-
ated cytotoxicity (Figure 1G).

Inflammatory Mechanisms Are Conserved Across
Anatomical Sites

Given the striking similarities in gene expression between
episodes of definitive AR and IRs, these samples were aggre-
gated for all subsequent analyses to investigate graft inflam-
mation irrespective of the original cause (hereafter referred
to as “inflamed” samples). Potential differences across ana-
tomical sites, namely the face and hands, were assessed
first. We controlled for different patients by analyzing only
inflamed samples from patient 1. Heatmap clustering of AR
and IR samples from the face and hands revealed largely
conserved patterns across biopsy sites (Figure 2A). Across
the entire NanoString panel, we observed significant corre-
lations in gene fold changes agnostic of the site of inflam-
mation (all Pearson r>0.41, all P<0.001; Figure 2B).
Differential gene expression was then performed, comparing
(1) inflamed face versus NR and (2) inflamed hands versus
NR, exclusively in patient 1. Inflamed face samples exhib-
ited 149 DEGs (Figure 2C; Table S3, SDC, http://links.lww.
com/TXD/A702), whereas inflamed hand specimens exhib-
ited 161 DEGs (Figure 2D; Table S4, SDC, http:/links.lww.
com/TXD/A702). There were no DEGs when comparing
inflamed face and inflamed hands directly (Figure 2E). Of
the aforementioned 149 and 161 DEGs, 127 DEGs were
mutually enriched in both inflamed face and hand specimens
(Figure 2F) and demonstrated even stronger fold change
correlations (all Pearson r>0.71, all P <0.001; data not
shown).

Inflammatory Mechanisms Are Conserved Across
Patients With VCA

Next, we investigated potential variations in VCA rejection
across patients while controlling for anatomical site by only
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FIGURE 1. Acute rejection and inflammatory reaction biopsies share DEGs. Clinical images demonstrating (A) NR and (B) AR. Clustering by
(C) PCA and (D) unsupervised hierarchical heatmap clustering demonstrating colocalization of inflamed biopsies separate from NR. Volcano
plots annotated with top DEGs comparing (E) AR to NR and (F) IR to NR. G, Pathway enrichment of DEGs from aggregated AR/IR samples.
Printed with permission and copyrights retained by Eduardo D. Rodriguez, MD, DDS. AR, acute rejection; DEG, differentially expressed gene; IL,
interleukin; IR, inflammatory reaction; NR, nonrejection; PCA, principal component analysis.

analyzing face specimens. No clear patterns were observed on
heatmap clustering (Figure 3A). However, we noted a band
of genes that appeared dysregulated between patient 1 and
2/3. These genes coded for immunoglobulin chains, consisting

of IGHG1, IGHG2, IGHG3, IGHG4, IGKC, IGLCI, and

IGHAT1. Once again, all samples demonstrated significant fold
change correlations with each other, regardless of the patient
of origin (all Pearson r>0.13, all P<0.005; Figure 3B).
Subsequently, differential gene expression analysis compared
(1) Patient #1 face inflamed samples versus all NR and (2)
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FIGURE 2. Inflammatory mechanisms are conserved across anatomical sites. A, Unsupervised hierarchical heatmap clustering depicting fold
changes of inflamed biopsies compared with NR in patient 1. B, Pearson correlation coefficients comparing NanoString panel fold changes
between inflamed samples in patient 1. Volcano plots comparing (C) face inflamed vs NR, (D) hand inflamed vs NR, and (E) face vs hand inflamed
exclusively in patient 1. F, Venn diagram of mutually enriched DEGs. DEG, differentially expressed gene; NR, nonrejection.

combined patients 2/3 face inflamed versus all NR (NR sam-
ples were inclusive of all patients). Inflamed face samples from
patient #1 exhibited 151 DEGs (Figure 3C; Table S5, SDC,
http://links.lww.com/TXD/A702), whereas inflamed samples
from patients 2/3 exhibited 127 DEGs (Figure 3D; Table
S6, SDC, http://links.lww.com/TXD/A702). Interestingly, we
discovered that the above-mentioned immunoglobulin genes
were significantly upregulated in patients 2/3 compared with
patient 1 during episodes of inflammation (Figure 3E; Table
S7, SDC, http:/links.lww.com/TXD/A702). Despite this,
82 DEGs were shared between all patients (Figure 3F) and
demonstrated positive fold change correlations (all Pearson
r > 0.20; data not shown).

Given the prominent role of T cells in VCA inflammation,
immune checkpoint molecules are of interest to attenuate
this adaptive immune response. Of the 7 checkpoint genes
we investigated, LAG3, CTLA4, TIGIT, BTLA, and CD273
(PDCD1LG2) were significantly upregulated in AR and IR
biopsies (Figure 4A). Despite the upregulation of its relative
CD273,CD274 (PDCD1LG1) was not significantly enriched
in VCA inflammation.

Our final aim was to identify key genes implicated in acutely
worsening graft status that could be leveraged as potential
biomarkers. Given our prior results demonstrating the reli-
able consistency in gene expression across VCA recipients
and anatomical sites, we continued to aggregate AR/IR under
“inflamed” samples and compared with NR to maximize sta-
tistical power and clinical utility. All genes in the NanoString
panel were subjected to an elastic net regression with fea-
tures defined in the Supporting Information section. A 4-gene
signature (Inflammation Score) consisting of CCLS5, CD8A,
KLRK1 (NKG2D), and IFNy yielded the best fitting model
predictive of inflamed samples, with the following equation:

Inflammation Score = —2.75431007 + 0.409140914(CCLS)
+ 0.418182973(CD8A) + 0.696944365(KLRK1)
+ 0.288972349(IFN~)

Unitsofmeasurementwerenormalizedandlog, ,-transformed
raw RNA transcript counts. An Inflammation Score
>1.010952 was determined to be the threshold for classify-
ing episodes of significant inflammation, likely necessitat-
ing treatment. All genes in the signature were significantly


http://links.lww.com/TXD/A702
http://links.lww.com/TXD/A702

6

Transplantation DIRECT m 2024

www.transplantationdirect.com

&
B E:
NI o
I+ o
O
5 2 2
“oE g
Site . 2o X
Patient#3_AR2 038 § ¥ <
M face ¢ = <
. er 2 F -
Patient Patient #2_AR3 '0.46 £ z gcl
Patient #1 : 2 AR R
Patient #1_AR4 0.34 0.39 0.16 § =
M Patient #2 lent #1_AR4 WSS 016 = g
Patient #3 Patient #1_IR1 0.34 0.48 0.42 gtz
. I
Holistic Status 2
Patient#1_IR2 0.4 0.44 03 5 o® o
M AR £ £
L Patient#1_IR4 0.19 0445 043 5 E o2
Log,FC ‘ ver TN o g
IS 1GHG3 Patient #1_IR6 0.26 0.48 0.36 & :
4 lGH64 *k kb =
Patient#1_IR9 0.18 0.47 0.26 g
0  IGHG2 - o
4 IGKC Patient #1_IR12 0.3 0.44 0.28
g IGHG1 |
v IGLC1
IGHAL 0 0102 03 04 05 06 0.7 08 09 1
] 1 3 - 1] ] E ] ] F
} : FASLG : : = 47 : : 1GLC
I KLRmr\t IFNG I 1 ¢ 1 1 ¢
| il cos 1 | FASLG ,IL2RB ] |
| 1 1 1 1 I
3 - * JPr €030 1 W‘H I |
NRI‘M P;L 2 IL12RI . . . APOLDT 1 CD3G CLEC4C . 1 I 1GHAY
£GR1 } Eﬁ“ v }:.ﬁ oS 3 : : 4
- FO%, apoupt, Cheia [ = 24 JU* DXy . = ! !
g : 3\ : E. i g ATF3 | pass ™ MERTK k3 ] |
o o wd Aoy A o NRaA1 Jur2 " " a ! ! ioa
‘ . °
UQ) cucum‘p ; 6‘:_; J CHOHET Yyicet ey * & 2 - aae : : e
(=] o o
- } | — gﬁlc'“ : IGHG3  IGHG1
[ S - ' ' I_ | Foxes g
[ B A L=
1 = . _ . | *
g "k i
" sl - P
I H
I
0 - ; 0 il
T T T T T T T T T
-2 =25 0.0 25 -25 0.0 2.5 5.0 75
Log, fold change Log, fold change Log; fold change

FIGURE 3. Infllmmatory mechanisms are conserved across patients with VCA. A, Unsupervised hierarchical heatmap clustering depicting
fold changes of face inflamed biopsies compared with NR across patients. B, Pearson correlation coefficients comparing NanoString panel fold
changes between face inflamed samples across patients. Volcano plots comparing (C) patient 1 face inflamed vs all NR, (D) patients 2/3 face
inflamed vs all NR, and (E) patient 1 vs patients 2/3 face inflamed. F, Venn diagram of mutually enriched DEGs. DEG, differentially expressed

gene; NR, nonrejection; VCA, vascularized composite allotransplantation.

upregulated in inflamed biopsies, regardless of the inciting
factor (Figure 4B). We then retrospectively and longitudinally
plotted the Inflammation Score in biopsies from patient 1,
clearly delineating inflamed visits from NR visits (Figure S5A,
SDC, http://links.lww.com/TXD/A702).

The applicability of this gene signature was determined
by validation on an external dataset. Win et al* evaluated
35 biopsies from 7 face transplant recipients by NanoString
gene expression profiling. Biopsies were graded exclusively by
the Banff working classification. CCLS, CD8A, and KLRK1
were significantly upregulated in these specimens with grade
>II inflammation (Figure 4C). Moreover, CCL5 and KLRK1
were significantly increased in grades III versus II. Consistent
with the authors’ results, we did not find any difference in
gene expression between grades 0 and I biopsies. Interestingly,
IFNy did not significantly correlate with Banff grade in these
specimens. Despite this, our Inflammation Score significantly
increased in a stepwise manner with Banff grade in this
dataset.

Finally, we quantified the diagnostic capacity of our 4-gene
signature against both VCA and non-VCA samples from Win
et al For this external dataset, we recoded samples into binary
classifications as described in the Supplemental Digital Content

(http:/links.lww.com/TXD/A702), such that samples with
Banff grade 2II were considered “inflamed” and all other sam-
ples were noninflamed. Our Inflammation Score significantly
predicted inflamed biopsies, with an area under the curve =
0.85 (95% confidence interval, 0.71-0.98 by 10 000 bootstrap
replicates; Figure 4D). Moreover, we found no significant dif-
ference in Inflammation Score between NR and normal skin,
delayed-type hypersensitivity reaction (DTH), and rosacea
(Figure S5B, SDC, http:/links.lww.com/TXD/A702).

DISCUSSION

In the present study, we demonstrate that transcriptomic
analyses can be used to gain insight into graft status, particu-
larly when there is clinicopathologic discordance and uncer-
tainty. AR and IR likely exhibit similar mechanisms, albeit
with different histopathological findings (Figure 1C-G). This
is imperative to consider during patient evaluation when rec-
onciling the relative weight of clinical and histological data in
forming a diagnostic impression. With respect to the individu-
ality of VCA rejection/inflammation, our analyses consistently
demonstrate that these mechanisms are conserved across both
anatomical site (Figure 2) and different patients (Figure 3),
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although with less strength of association across the latter.
Finally, we demonstrate that key genes can be integrated into
a novel gene signature used for ascertaining graft inflamma-
tion which requires clinical intervention (Figure 4B-D).

In the perioperative period, traditional induction therapy
has been aimed at T-cell depletion via thymoglobulin and/
or anti-interleukin-2 antibody.'? The use of B cell-depleting

therapy with rituximab is a novel strategy at our institution.
B-cell depletion in VCA induction immunosuppression has
not been reported, with the exception of the anti-CD52 anti-
body alemtuzumab in abdominal wall transplantation, which
indiscriminately targets all lymphocytes.1314 The benefit of
alemtuzumab in SOT is equivocal though, as it may cause
B-cell repopulation to levels greater than baseline, increase B
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cell-activating factor (BAFF), and stimulate de novo donor-
specific antibodies (dnDSAs).1517 Rituximab, although per-
haps not 100% B-cell depleting, markedly reduces the B-cell
population, dnDSAs, and biopsy-proven rejection in not
only ABO-compatible kidney transplants, but also highly
sensitized (panel reactive antibody [PRA] > 50%) transplant
recipients.’820 Despite the occasional risk of leukopenia,
rituximab remains a relatively safe drug with minimal to
no additional risk of infection in these cohorts.2! PRA is an
important metric that our VCA team considers when identi-
fying the best possible donor for our patients; in particular,
Patient 1 was highly sensitized (PRA > 90%). For these rea-
sons outlined, we believe that rituximab is a critical addition
to VCA induction therapy to theoretically mitigate the risk of
dnDSAs and their contribution to rejection. It is interesting
though that we found significantly elevated levels of immu-
noglobin chain genes in patients 2/3 compared with patient
1 during graft inflammation (Figure 3A and D). These 2
patients were not highly sensitized, which might suggest that
rituximab has a greater benefit in patients with higher sensiti-
zation and, therefore, more prone to antibody-mediated rejec-
tion. These conclusions remain theoretical and further studies
are needed to determine the true benefit of B-cell depletion in
patients with different levels of PRA. One of the arguments
against B-cell depletion is the reduction in regulatory B-cell
populations (Breg). Much like regulatory T cells (Treg), Breg
can attenuate the immune response. Although thymoglobu-
lin has been shown to actually induce a Treg phenotype, the
same cannot be as clearly stated for B cell-depleting agents.2?
There are data though that suggest B-cell depletion may pro-
long graft survival when the alloantigen load is low or when
T-cell depletion is used in conjunction (as in our induction
protocol).2325 Therefore, we advocate for the addition of
rituximab with thymoglobulin.

Little is known regarding the variation of VCA rejection
between skin on the face and hands, particularly because these
surfaces interact with objects and at different magnitudes and
frequencies. Hands act as the primary physical interface with
the external environment, exerting forces to grab, push, and
twist objects. Moreover, contributions from the skin micro-
biome cannot be overlooked; hand microbiota has dem-
onstrated greater diversity and variability than other skin
regions, largely influenced by individuals’ daily activities.26-28
Conversely, the face rarely touches objects directly and includes
the mucosal surfaces of the mouth, nose, and eyes, contribut-
ing their own microenvironments. As a result, there may exist
differential risks of infection, microtrauma, and other inciting
factors of rejection depending on the allograft site. There is
only cursory data from Kanitakis et al, who describe consist-
ently elevated rejection grades in oral mucosa compared with
face skin in their face transplant recipient, though not signifi-
cant due to sample size.!® The authors attribute this increased
inflammation to the antigenicity of the mucosa, distribution
of antigen-presenting cells (APCs), and more frequent viral/
fungal infections of the oral cavity. Although these results
are intriguing, we demonstrate no significant transcriptomic
differences in rejection/inflammation between face and hand
skin biopsies (Figure 2). Altogether, these results suggest the
type of epithelium itself plays a larger role in VCA rejection
rather than skin location.

Importantly though, we note the enrichment of path-
ways related to innate immunity, nonspecific inflamma-
tion, and external stimuli/pathogens, suggesting these as
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potential culprits contributing to rejection and highlighting
the importance of the skin’s barrier function. DEGs contribut-
ing to these pathways include the microbial ssRNA sensors
TLR7/TLRS8, antibody-dependent cellular cytotoxicity media-
tors FCGR1A/FCGR3A, and physical stimuli sensor NR4A1,
to name a few. The upregulation of these genes related to envi-
ronmental antigen sampling and stimuli detection are of inter-
est for the development of topical treatments that exert their
effects locally instead of systemically.

As slightly >100 patients worldwide have undergone
VCA, its rejection immunopathogenesis has been challeng-
ing to compare across patients.2%3 A strength of our data is
the ability to compare these mechanisms across 3 patients,
including the first successful combined face and double-hand
transplant performed to date.3! Allograft procurement is an
extensive process, assessing factors such as recipient anti-
body profile, donor demographics and comorbidities, and
anatomical structure among others. Given the individuality
of candidate selection, the mechanisms of VCA rejection may
exhibit equally unique nuances across recipients. Notably, we
discovered several immunoglobulin-coding genes to be sig-
nificantly upregulated in patients 2/3 compared with patient 1
(Figure 3A and E). This was initially puzzling, as all 3 patients
received rituximab during induction therapy to theoretically
prevent de novo alloantibody formation.3233 We speculate
that differences in immunoglobulin expression may result
from different volumes of vascularized bone marrow (VMB)
across patients.>* However, the effects of B cell-depleting
induction therapy and VBM volume on VCA rejection remain
to be fully explored.

As immune checkpoint inhibitors have evolved into stand-
ard treatment options for certain cancers, the prospect of
agonist molecules has gained traction in the fields of autoim-
munity and transplantation. Our NanoString panel evaluated
7 immune checkpoint genes, 5 of which were significantly
upregulated in inflamed VCA biopsies: CTLA4, TIGIT,
BTLA, PDCD1LG2, and the most significantly enriched,
LAG3 (Figure 4A). Perhaps, the most clinically utilized check-
point inhibitor is anti-PD-1/PD-L1, now indicated for a vari-
ety of cancers refractory to traditional therapies. However,
more than half of patients have failed to respond to these
checkpoint inhibitors because of nuances in their mechanism
of action.3s Our results, in conjunction with recent literature,
favor LAG3 as a promising target. Blockade and deletion of
LAG3 has been shown to increase accumulation and effector
function of antigen-specific CD8 T cells within organs and
tumors expressing cognate antigens.3 Agonism of this mol-
ecule may exert the opposite effect, thereby reducing intra-
graft cytotoxicity. Two LAG3 agonist antibodies, IMP761
and GSK2831781, are currently under investigation. IMP761
has demonstrated a dose-dependent inhibition of CD8 T-cell
activation in vitro and reduced T-cell infiltration of DTH sites
in nonhuman primates.’” The mechanism for GSK2831781
is slightly different, inducing antibody-dependent cellular
cytotoxicity of target cells after binding, thereby depleting
LAG3-expressing cells. In a phase I clinical trial for the treat-
ment of psoriasis, GSK2831781 exhibited a dose-dependent
depletion of both LAG3+ peripheral blood mononuclear cells
and LAG3+ intralesional T cells, reduction in proinflamma-
tory genes, and clinical improvement.3 LAG3 is also a unique
target for its role in plasma cells. A recent study uncovered a
population of LAG3+ regulatory plasma cells, which rapidly
produces interleukin-10 after toll-like receptor stimulation.3
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These data support our proposition of LAG3 as a potential
immunoregulatory target and an important link between T
cells and B cells.

Our study advances clinical diagnosis in VCA through the
development of an objective molecular signature for ascer-
taining graft status. Genes contributing to this Inflammation
Score included CCLS5, CD8A, KLRK1, and IFNy (Figure 4B),
all of which except IFNy have previously demonstrated
increased expression in rejection biopsies from human face
transplants.*

The T-cell chemokine CCLS contributes to graft dysfunc-
tion and loss in SOT.# Intriguingly, CCLS expression has
also exhibited a stepwise increase in an animal model of nor-
mal skin, syngeneic, and allogeneic vascularized groin trans-
plants, respectively.*! This illustrates CCLS5’s differential role
in mediating both innate and adaptive immunity, which can
be leveraged to potentially distinguish different sources of
graft inflammation. It is well-established that CD8A plays
a role in T cell-mediated rejection in SOT, as alloreactive
cytotoxic T cells mediate graft damage via granzymes and
perforins.®2 Similarly, KLRK1 is an activating receptor on
the surface of NK and T cells, providing costimulation in
a manner akin to CD28.4 Ligands of KLRK1 are major
histocompatibility complex class I chain-related antigens A
and B (MICA/MICB), which are expressed on endothelial
cells, keratinocytes, and monocytes.* Blockade of KLRK1
has been shown to prolong allograft survival in murine car-
diac and bone marrow transplant models.** Additionally, the
upregulation of MICA/MICB are specific to allograft rejec-
tion in a skin transplant model, as this change has not been
observed in healing syngeneic skin transplants in the same
recipient animals.*S Aside from its costimulatory function,
the soluble form of KLRK1 ligands surprisingly produces
the opposite effect. The soluble form of MICA correlates
with good graft status in cardiac transplants because this
form induces endocytosis and degradation of KLRK1 upon
binding.* Overall, blockade of KLRK1 and exogenous, sol-
uble forms of its ligands may represent unique strategies in
VCA immunotherapy. Finally, IENy represents a universal
transcript of transplant rejection, orchestrating numerous
molecular programs such as IFNy-inducible changes to the
endothelium, effector functions, and chemokine produc-
tion.¢ Consistent with these effects is the enrichment of the
IL12 pathway, an upstream regulator of IFNy expression,
in our inflamed biopsies (Figure 1G). It is intriguing that
the study by Win et al did not find a significant increase in
IFNy. A prior study by this group (analyzing 6 of their 7
face transplant patients) demonstrated a significant increase
in intragraft IFNy-producing T cells and peripheral blood
IFNy-producing CD8 T cells during rejection when com-
pared with pre- and postrejection timepoints.*’

It is important to recognize why we chose to combine AR
and IR biopsies for training the Inflammation Score model.
First, our early results demonstrated very few transcriptomic
differences between these original categories (Figure 1C-F).
Second, every AR and IR episode warranted clinical inter-
vention, commonly pulse steroids, irrespective of the inciting
cause (definitive rejection versus inflammation secondary to
another cause). Therefore, we determined it to be more clini-
cally useful to create a gene signature based on the need for
treatment. To the best of our knowledge, this is the first time a
single metric has been created to significantly predict the need
for treatment in VCA rejection.
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In a similar vein, it is important to clarify the histologic
discrepancies during IR episodes. Every IR biopsy was clas-
sified as grade I inflammatory infiltrate (mild perivascular)
and grade III interface change (apoptosis, dyskeratosis, and/or
keratinolysis). The reason why these biopsies were not classi-
fied overall as grade I1I rejection was because there was usually
only one or two apoptotic keratinocytes present. These cells
were quite rare, did not appear to reflect the entire specimen,
and we believe these might not even be detected by all der-
matopathologists. Nevertheless, even the existence of a single
apoptotic cell technically renders a classification of grade III
rejection. This dilemma has been encountered by other groups
in the field of VCA, expressing similar uncertainty regarding
treatment.!?

Altogether, our Inflammation Score is not intended to
replace clinicopathologic evaluation of composite tissue allo-
grafts, but rather be used as an adjunct diagnostic tool to this
gold standard. Indeed, we have outlined challenges with the
Banff grading system, and discordance between histological
and clinical findings exists. Our gene signature offers diagnos-
tic clarity when uncertainty arises, including distinguishing
non-VCA inflammatory skin conditions. Although some genes
were differentially expressed when comparing NR to normal
skin, DTH, and rosacea, the Inflammation Score as a whole
showed no significant difference among these diagnoses, sug-
gesting our model is greater than the sum of its parts. This
is critical in ruling out rejection and avoiding unnecessary
pulse steroids. Importantly, obtaining these results requires
no additional tissue harvesting, since biopsies are already
performed for evaluation by our dermatopathology team;
NanoString utilizes tissue sections from these same FFPE
blocks. However, less invasive diagnostic tools are still needed,
such as epidermal stripping, as any biopsy may produce an
inflammatory response of its own.* Another application of
our Inflammation Score is longitudinal graft monitoring on
a continuous scale, compared with the ordinal scale of Banff.
This allows clinicians to trend graft status as it approaches the
threshold denoting significant inflammation and preemptively
titrate immunosuppression to curb impending rejection. This
is imperative because of the additive effect of repeated AR
episodes on chronic allograft dysfunction in both human SOT
and animal VCA models.#

Limitations of our study pertain mostly to sample size.
There were relatively few biopsies from patients 2/3, requir-
ing their pooling for analyses. Consequently, this limits
the external validity of our gene signature, which should
be cautioned against overinterpretation. Similarly, we did
not acquire any NR specimens from the hands, precluding
an accurate baseline assessment for this site. The relative
infrequency of rejection episodes was also a challenge for
sample collection, as the average time from transplant to
first AR was 511 d, possibly because of the protective effect
of VBM or B cell-depleting induction therapy. Regarding
the external dataset used, we were unable to directly com-
pare results due to the use of different NanoString panels
with only ~50% overlap in genes. Despite this, it is reas-
suring that genes contributing to our Inflammation Score
were validated. Moreover, the NanoString panel is a curated
list of genes that are most likely to be enriched in trans-
plant pathologies. We recognize that gene profiling using
this panel is almost self-fulfilling, and the use of unre-
stricted RNA sequencing techniques may identify additional
enriched genes.
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In this study, we interrogated skin biopsies from three
VCA recipients using NanoString gene expression profiling.
Exploring the diagnoses of NR, AR, and clinicopathologi-
cal discordance (IR), we concluded that inflammatory and
rejection mechanisms in VCA are relatively conserved across
the face and hands, as well as between patients. Supporting
prior literature, immune checkpoint molecules were sig-
nificantly upregulated during episodes of graft inflamma-
tion. Finally, we developed a concise gene signature that
is associated with significant graft inflammation and aug-
ments the clinicopathologic evaluation of VCA rejection.
Altogether, we contribute to the foundation of translational
VCA research for the development of novel biomarkers and
therapeutics.
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