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Rejection is the primary barrier to broader implementation of vascularized composite allografts (VCAs), including face and
limb transplants. The immunologic pathways activated in face transplant rejection have not been fully characterized.

Using skin biopsies prospectively collected over 9 years from 7 face transplant patients, we studied rejection by gene
expression profiling, histology, immunostaining, and T cell receptor sequencing.

Grade 1 rejection did not differ significantly from nonrejection, suggesting that it does not represent a pathologic state. In
grade 2, there was a balanced upregulation of both proinflammatory T cell activation pathways and antiinflammatory
checkpoint and immunomodulatory pathways, with a net result of no tissue injury. In grade 3, IFN-y—driven inflammation,
antigen-presenting cell activation, and infiltration of the skin by proliferative T cells bearing markers of antigen-specific
activation and cytotoxicity tipped the balance toward tissue injury. Rejection of VCAs and solid organ transplants had both
distinct and common features. VCA rejection was uniquely associated with upregulation of immunoregulatory genes,
including SOCST; induction of lipid antigen—presenting CD1 proteins; and infiltration by T cells predicted to recognize
CD1b and CD1c.

Our findings suggest that the distinct features of VCA rejection reflect the [...]
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Introduction

Atleast 40 human face transplants have been reported worldwide
since the first procedure was performed in 2005. In the interven-
ing years, face transplantation has proven to be an effective and
life-transforming reconstructive technique (1, 2). It is estimated
that approximately 7 million people each year in the United States
could benefit from vascularized composite allografts (VCAs), such
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BACKGROUND. Rejection is the primary barrier to broader implementation of vascularized composite allografts (VCAs),
including face and limb transplants. The immunologic pathways activated in face transplant rejection have not been fully

METHODS. Using skin biopsies prospectively collected over 9 years from 7 face transplant patients, we studied rejection by
gene expression profiling, histology, immunostaining, and T cell receptor sequencing.

RESULTS. Grade 1 rejection did not differ significantly from nonrejection, suggesting that it does not represent a pathologic
state. In grade 2, there was a balanced upregulation of both proinflammatory T cell activation pathways and antiinflammatory
checkpoint and immunomodulatory pathways, with a net result of no tissue injury. In grade 3, IFN-y-driven inflammation,
antigen-presenting cell activation, and infiltration of the skin by proliferative T cells bearing markers of antigen-specific
activation and cytotoxicity tipped the balance toward tissue injury. Rejection of VCAs and solid organ transplants had both
distinct and common features. VCA rejection was uniquely associated with upregulation of immunoregulatory genes, including
50CST; induction of lipid antigen-presenting CD1 proteins; and infiltration by T cells predicted to recognize CD1b and CD1c.

CONCLUSION. Our findings suggest that the distinct features of VCA rejection reflect the unique immunobiology of skin and
that enhancing cutaneous immunoregulatory networks may be a useful strategy in combatting rejection.
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as face and limb transplants, to repair defects from trauma, tumor
resections, or limb loss (3). Despite promising functional and aes-
thetic restoration, vascularized composite allotransplantation has
yet to reach wide implementation in large part because of the chal-
lenges associated with diagnosing and treating rejection.

VCA procedures transfer large areas of donor skin that are
highly populated by donor-derived professional antigen-present-
ing cells (APCs), including Langerhans cells, dermal dendritic
cells, and macrophages (4), as well as resident memory T cells
with both pro- and antiinflammatory properties (5, 6). The trans-
fer of skin and its resident immune cell populations may underlie
the high frequency of rejection episodes in face transplant recip-
ients. At least 1 episode of skin acute cellular rejection (ACR)
has been reported during the first year after transplant in all face
transplant recipients (7), compared with 10%-15% in kidney or
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heart recipients (8) on a similar immunosuppressive regimen.
Moreover, episodes of ACR after the first year post-transplant are
common in face transplants but rare in solid organ transplants (9).
Although most ACR episodes in vascularized composite allografts
are reversible with prompt treatment, reports suggest that the
number of ACR episodes may be predictive of future chronic
allograft rejection (10) and graft loss (11). A deeper understand-
ing of the immunopathology of face transplant ACR is needed to
establish treatment and preventative therapies specifically target-
ed for these patients. In this study, we addressed this knowledge
gap by gene expression profiling, histology, immunostaining, and
T cell receptor (TCR) sequencing. We studied all grades of ACR
that were prospectively diagnosed in one of the most well estab-
lished vascularized composite allotransplantation centers world-
wide to ensure that our studies included the spectrum of ACR
encountered in clinical practice. We also compared rejection with
non-transplant-related inflammatory skin diseases to identify the
genes uniquely associated with face transplant rejection.

Results

Patient characteristics and biopsy details. Between April 2009 and
February 2014, 7 patients received face transplants at the Brigham
and Women'’s Hospital. All patients received transplants across
multiple HLA mismatches between donor and recipient (Figure
1A and Supplemental Table 1; supplemental material available
online with this article; https://doi.org/10.1172/JCI135166DS1).
There were 5 male and 2 female recipients; all were White. We
identified 38 face transplant skin biopsies from these patients
that fulfilled our inclusion criteria (see Methods). These biopsies
were examined using multiplex gene expression profiling, immu-
nostaining, histologic examination, and high-throughput TCR
sequencing. Histologic analysis was performed using the 2007
Banff classification (12) (grade O = no rejection; grade 1 = mild
rejection; grade 2 = moderate rejection; grade 3 = severe rejec-
tion). All patients had more than 1 biopsy included with at least
1 biopsy collected during ACR and 1 biopsy collected during non-
rejection (Figure 1, A-C, and Supplemental Table 2). The mean
follow-up time was 76.2 months (range 48-114 months) after
transplant. All episodes of ACR were successfully treated (treat-
ments for each ACR episode are shown in Supplemental Table 2).
There were no graft losses or patient deaths. For gene expression
analyses, we studied the same archived formalin-fixed paraf-
fin-embedded (FFPE) skin biopsy used for histologic assessment
of rejection; we used NanoString-based gene expression profil-
ing because of its superior ability to quantitatively measure RNA
expression in FFPE samples (13).

Severe ACR in face transplants has a distinct gene expression
signature. We compared the gene expression profiles of grade O
biopsies with those obtained during grade 3 rejection to identify
the molecular changes associated with severe ACR. Unsupervised
principal component analysis (PCA) clustered grade 3 biopsies
according to similarities in their patterns of expression in 769
genes, irrespective of the immunosuppressive regimen the patient
was receiving at the time of biopsy. There was a clear separation of
grade 3 biopsies from grade O along the first principal component
(Figure 1D). We next used unsupervised PCA with labeling of indi-
vidual patients to rule out the possibility that the inclusion of mul-
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tiple samples from each patient might account for the observed
molecular clustering. The analysis revealed that the biopsies clus-
tered on the basis of rejection status, and that there was no cluster-
ing based on an individual patient (Supplemental Figure 1).

A total of 202 genes were differentially expressed in grade
3 biopsies compared with grade O (log, fold change >1; adjusted
P value <0.05) (Supplemental Table 3). The top 50 differential-
ly expressed genes (DEGs) are shown in Figure 1E. The single
most upregulated gene was GZMB (log, fold change = 3.41 com-
pared with grade 0). Many of the top upregulated genes encoded
proteins associated with leukocyte trafficking (Figure 2A), T cell
infiltration (Figure 2B), T cell costimulation (Figure 2C), IFN-y
signaling (Figure 2E), Th1 polarization (Figure 2F), and effector
molecules (Figure 2G). Genes associated with antigen processing
and presentation were prominent among upregulated genes (Fig-
ure 2I), as were genes associated with innate immunity (Figure 2J).
Interestingly, grade 3 ACR biopsies had increased expression of T
cell coinhibitory receptor genes, including CTLA4, LAG3, TIGIT,
BTLA,PDCDI,CD274, PDCDILG2, and HAVCR2 (Figure 2D), and
genes associated with immunoregulation, including IDOI, IL2RA,
FOXP3, SOCS1, HLA-DOB, HLA-G, and PTPRC (Figure 2H), sug-
gesting that regulatory processes are induced within face trans-
plants during severe rejection.

We next performed functional pathway analysis of the 202
DEGs in grade 3 biopsies compared with grade O using Ingenu-
ity Pathway Analysis (IPA). Consistent with the changes in gene
expression, the top 5 canonical pathways were iCOS/iCOSL sig-
naling in Th cells, the Thl pathway, allograft rejection signaling,
CTLA-4 signaling in cytotoxic T cells, and the antigen presen-
tation pathway (Figure 2K and Supplemental Table 4). We fur-
ther explored the biological processes that occurred within the
allografts during grade 3 ACR using Gene Ontology (GO) analy-
sis. The top 5 biological processes most strongly associated with
the DEGs in grade 3 ACR were lymphocyte costimulation, T cell
costimulation, immune system process, leukocyte activation, and
antigen processing and presentation of exogenous antigen (Sup-
plemental Table 5). Next, the IPA upstream regulator analysis was
used to identify potential upstream regulators of gene expression
changes and ascertain their activated or inhibited status. The top
cytokine upstream regulators inferred to be activated during grade
3 ACR were IFN-y, TNF, and IL-2 (Supplemental Table 6).

The biopsies included in this study were collected at various
times after transplant (range 22-2520 days following transplanta-
tion). To address the potential confounding effects of the time of
biopsy from transplantation, we performed an additional analysis
comparing severe ACR and nonrejection samples collected at ear-
ly (<730 days) and late (>730 days) time points after transplant.
Unsupervised PCA revealed that the biopsies clustered together
based on the rejection status, irrespective of the time of biopsy
collection (Supplemental Figure 2). This finding suggests that the
severe ACR signature reflects the biology of rejection and is inde-
pendent of time from transplantation.

Mild ACR and nonrejection samples are not significantly differ-
ent. Mild ACR (grade 1) is the most commonly reported rejection
grade in VCAs such as face transplants (14). According to the 2007
Banff schema, the difference between no rejection (grade 0) and
mild rejection (grade 1) is “rare perivascular inflammation” versus
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Figure 1. Human face transplant rejection has a distinct gene expression signature. (A) Design of the study. Skin biopsies from 7 face transplant patients
collected during episodes of acute cellular rejection (red) and nonrejection (green) were analyzed using histologic examination, multiplex gene expression
profiling, and immunostaining. (B) Clinical photographs of a recipient of a full face transplant during nonrejection (grade 0) and severe acute cellular rejec-
tion (grade 3), demonstrating edema and erythema of the transplanted face. (C) Representative examples of H&E staining of a face transplant skin biopsy
graded as nonrejection (grade 0, minimal inflammatory infiltrates), and a second biopsy graded as severe acute cellular rejection (grade 3, dermal inflam-
matory infiltrates with apoptotic keratinocytes). (B) Unsupervised principal component analysis clustered grade 3 rejection biopsies (n = 11) separately
from grade 0 samples (n =10). (E) Heatmap of the top 50 genes differentially expressed in grade 3 compared with grade 0 biopsies (log, fold change >7;
adjusted P value <0.05). Differentially expressed genes (DECs) were obtained using normalized gene expression counts as input and the Wald significance
test. Each column represents a facial allograft biopsy. Gene values are row scaled. The full list of differentially expressed genes and associated statistics

are shown in Supplemental Table 3.

“mild perivascular inflammation,” respectively. The terms “rare”
and “mild” are not defined by an objective set of parameters.
Healthy adult human skin contains 1 million memory T cells per
square centimeter, and many of these T cells are located in a peri-
vascular distribution under noninflamed conditions (5). The peri-
vascular T cell presence in VCA biopsies could, therefore, repre-
sent either normal skin resident T cell presence or true pathogenic
immune activation. To discriminate between these possibilities,

J Clin Invest. 2021;131(8):e135166 https://doi.org/10.1172/)C1135166

we carried out an unsupervised PCA of normalized gene expres-
sion counts of biopsies collected during nonrejection and mild
(grade 1), moderate (grade 2), and severe (grade 3) ACR. There was
no clear separation between mild ACR and nonrejection biopsies
(Figure 3A). Subsequent differential expression analysis between
nonrejection and grade 1 biopsies revealed no DEGs (Figure 3B,
left), suggesting there was no significant difference between non-
rejection and grade 1 ACR at the gene expression level.
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Figure 2. Effector T cell molecules, T cell cosignaling, and IFN-y signaling molecules are upregulated in acute cellular rejection of face transplants. (A-))
Volcano plots showing genes differentially expressed in grade 3 rejection biopsies (n = 11) versus grade 0 nonrejection biopsies (n = 10). DEGs were obtained
using normalized gene expression counts as input and the Wald significance test. Each dot represents an individual gene. Horizontal dashed lines repre-
sent an adjusted P value cutoff of ~log, (0.05); vertical dashed lines represent log, fold change of -1and +1. Synonymous gene symbols, according to NCBI
Gene, are provided in parentheses. All volcano plots illustrate identical data, but each highlights selected genes associated with leukocyte trafficking (A); T
cell infiltration (B); T cell costimulation (C); T cell coinhibition (D); IFN-y signaling (E); Th1 chemokine receptors and their ligands (F); effector molecules (G);
immunoregulation (H); antigen processing and presentation (l); or innate immunity (J). (K) The top 25 canonical pathways overrepresented in 202 DEGs in
grade 3 rejection biopsies in relation to grade 0 are shown. The significance of the association between gene expression and canonical pathways was esti-
mated by the P value (depicted in bar graphs; primary y axis), and the ratio value reflects its strength (depicted as line graphs; secondary y axis). P values
were determined using Fisher’s exact test with multiple testing adjustments according to the Benjamini-Hochberg false discovery rate method.
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Figure 3. Comparison of acute rejection stages demonstrates that distinct
gene expression patterns develop in grade 2 and grade 3 rejections. (A)
Unsupervised principal component analysis clustered all grade 3 samples
(n =11) separately from grade O biopsies (n = 10), but grade 1(n = 6) and
grade 2 biopsies (n = 8) were molecularly heterogeneous. (B) Volcano plots
showing DEGs in grade 1, 2, and 3 rejections in relation to grade 0 samples.
DEGs were obtained using normalized gene expression counts as input
and the Wald significance test. (C-1) Box plots of normalized expression
values of genes associated with leukocyte trafficking (C); T cell infiltration
(D); T cell costimulation (E); IFN-y signaling (F); antigen presentation (G);
Th1 chemokine receptors and their ligands (H); and effector molecules (1).
Horizontal lines represent median values, with whiskers extending to the
farthest data points. Adjusted *P < 0.05, **P < 0.01, ***P < 0.001, ****p
< 0.0001. The full lists of DEGs and associated statistics are shown in
Supplemental Tables 3 and 7.

Progression to severe ACR involves a stepwise, coordinated
induction of APC- and T cell-associated genes. Although there were
no DEGs in grade 1 ACR compared with grade O, the number
of DEGs identified increased with the transition to grade 2 and
grade 3 (153 DEGs in grade 2 vs. grade 0; 202 DEGs in grade 3
vs. grade O; Figure 3B, middle and right, and Supplemental Table
7). There was a stepwise increase in the expression of genes
related to leukocyte trafficking, T cell infiltration, T cell costim-
ulation, IFN-y signaling, antigen presentation, Thl polarization,
and effector molecules (Figure 3, C-I). In accordance with these
changes in gene expression, pathway analyses identified pro-
gressive enrichment of T cell-associated pathways with increas-
ing severity of rejection (Figure 3 and Supplemental Figure 3).
Remarkably, there was progressive upregulation of genes associ-
ated with proinflammatory immune activation (Figure 3, C-1) as
well as those associated with antiinflammatory immune check-
points and immunoregulation (Figure 4) with increasing ACR
severity. Although IFN-y signaling is known to induce expression
of PDCDIand IDO1, we found it intriguing that other immuno-
regulatory pathways were also upregulated.

To confirm our findings, we performed a second, independent
analysis of our results using pattern analysis (see Methods). We
identified 273 genes with monotonically increasing expression
with rejection severity from grade O to grade 3 (Supplemental
Figure 4 and Supplemental Table 8). In agreement with our initial
analyses, GO analysis showed that these 273 genes were enriched
for the following biological processes: T cell costimulation, lym-
phocyte costimulation, immune system process, positive regula-
tion of leukocyte cell-cell adhesion, and leukocyte cell-cell adhe-
sion (Supplemental Table 9).

Severe ACR is characterized by the expression of effector molecules
and further induction of immunoregulatory pathways. Keratinocyte
cell death (apoptosis, dyskeratosis, and /or keratinolysis) is the pri-
mary histologic feature that distinguishes severe from moderate
ACR according to the Banff classification. We hypothesized that
grade 3 biopsies displayed an increased expression of cytotoxic
effector genes, in agreement with the cell death observed histolog-
ically. To examine this, we identified grade 3-specific genes. A set
of 107 genes was uniquely differentially expressed in grade 3 ACR
(but not in grade 2) when compared with grade O (Figure 5A and
Supplemental Table 10). Among these were 7 genes associated
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with cytotoxicity (GZMA, GZMH, GZMM, GNLY, KLRBI, KLRDI,
KLRKI; Figure 5B and Supplemental Table 10). Sixteen genes
associated with antigen processing and presentation were also
uniquely upregulated in grade 3 ACR (HLA-B, HLA-C, HLA-DMB,
HLA-DPAI1,HLA-DPBI1,HLA-DQAI1, HLA-DQBI, HLA-DRA, TAPI,
TAP2, PSMBS, PSMBY9, PSMB10, CDI1B, CDIC, CDIE). Notably, a
number of genes associated with T cell coinhibition and immuno-
regulation (CTLA4, FOXP3, HAVCR2, CD247, TIGIT, PDCDILG2,
SOCSI, PTPRC) were exclusively overexpressed in grade 3 rejec-
tion (Figure 5B and Supplemental Table 10).

Stage 3 rejection biopsies are infiltrated by increased numbers of
proliferative T cells expressing cytotoxic effector molecules and mark-
ers of antigen-specific T cell activation. We carried out multiplex
immunostaining to further characterize the rejection process and
confirm our findings at the protein level (Figure 5, C-H). The num-
ber of total and proliferative (Ki-67%) T cells was increased in grade
3rejection, but there was no significant difference between grades
0 and 1 (Figure 5C). T cells undergoing antigen-specific activation
were identified by immunostaining for CD40 ligand (CD40L) and
CD107a. CD40L*CD107a* T cells were significantly increased in
grade 3 but not grade 1 rejection (Figure 5D). CD8*, granzyme-
expressing, and perforin-expressing T cells were also significantly
increased in grade 3 rejection, but there was no significant differ-
ence in these cells in grade O versus grade 1 rejection (Figure 5,
E-G). Finally, despite the observed increase in expression of the
FOXP3 gene, there were no significant changes in the number of
FOXP3* regulatory T cells in grade 3 (Figure 5H).

T cells are the major source of cytotoxic injury in grade 3 rejection.
Multiplex immunostaining demonstrated increased expression of
granzyme B in grade 3 rejection, but not all granzyme-producing
cells were CD3" T cells (Figure 6A). Natural killer (NK) cells are
rich sources of cytotoxic molecules and can participate in organ
transplant rejection (15). We carried out additional studies to eval-
uate the relative contributions of T cells and NK cells to cytotox-
ic injury. There were significantly more T cells than NK cells in
skin biopsies of grade 3 rejection, and the majority of granzyme B
was produced by T cells (Figure 6, B and C). Activated (CD40L")
T cells outnumbered activated (CD107a*) NK cells 4-fold (Fig-
ure 6D), although NK cells were relatively more activated than T
cells (mean 56% of NK cells were activated compared with mean
21% of T cells; Figure 6E). To evaluate the relative contributions
of T cells and NK cells to cytotoxic injury, we immunostained for
caspase-8, a marker of cells undergoing cytotoxic death (16, 17),
and determined whether T cells or NK cells were juxtaposed with
dying cells. T cells mediated significantly more cytotoxic events
than NK cells and were responsible for a mean 71% of cytotoxic
events (Figure 6, F and G).

Face transplant rejection has both common and unique signatures
compared with solid organ transplant rejection. To compare the gene
expression signature of face transplant ACR with molecular sig-
natures of acute rejection in human solid organ transplants, we
undertook a scoping review of solid organ transplant literature
using the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (18) (see Methods). Studies
measuring mRNA levels in the biopsy specimens across 3 types
of human solid organ transplants (kidney, liver, and heart) during
established acute rejection and nonrejection were evaluated (Fig-
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Figure 4. Immune checkpoint molecules and immu-
noregulatory genes are upregulated in face trans-
plant rejection. Box plots of normalized expression
values of genes associated with immune checkpoints
(A) and genes associated with regulation of the
immune response (B). Normalized gene expression
values are shown for biopsies collected during grade
0(n=10), grade 1(n = 6), grade 2 (n = 8), and grade 3
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ure 7A and Supplemental Table 11). One hundred sixty-six of 202
genes upregulated in face transplant ACR were shared with genes
previously reported to be increased in solid organ transplant biop-
sies during acute rejection (Figure 7B and Supplemental Table 12).
Common elements included leukocyte trafficking, T cell infiltra-
tion, Th1 polarization, T cell costimulation, T cell coinhibition,
antigen processing and presentation, and effector molecules (Fig-
ure 7B). We identified 36 genes that were unique to face transplant
rejection, including genes associated with skin homing (FUT?)
and APC and innate cell adhesion (MSR1, F13A1, ITGAX, CD97),
and genes induced in skin as a result of type I interferon signal-
ing (IFIT1, IFIT2, OAS3), immunoregulation (CD180, HLA-DOB,
KIR2DL3, KIR3DL2, LILRA4, LY86, LY9, MEFV, SOCSI, TNFRS-
FI11B), costimulation (CD5, TNFRSF4, SPN), and lipid presenta-
tion (CDIB, CDIC, CDIE) (Figure 7, B and C; Supplemental Figure
5; and Supplemental Table 13).

GLIPH-predicted CDIb- and CDIc-specific T cell clones are
enriched in the skin during episodes of rejection. CD1b and CD1c are
nonpolymorphic MHC I-like molecules specialized for the pre-
sentation of glycolipid antigens derived from self-injury, patho-
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access to living T cells from rejection speci-
mens, we used an indirect approach to evaluate
the possible role of CD1b and CD1c in rejection.
We carried out high-throughput sequencing of
the TCR complementarity-determining region
3 (CDR3), the TCR antigen-specific receptor
domain, in skin biopsies from face transplant
High-throughput TCR sequenc-
ing measures the number and diversity of T

recipients.

cells and identifies the exact antigen recep-
tor sequences (CDR3) of individual T cells in
a biological specimen (20). We then used the
grouping of lymphocyte interactions by para-
tope hotspots (GLIPH) algorithm to identify
T cells likely specific for CD1b and CD1c (21).
The GLIPH algorithm clusters TCRs with a high
probability of recognizing a common antigen
based on their conserved motifs and global sim-
ilarity of CDR3 sequences. GLIPH can reliably
group TCRs of common specificity from differ-
ent donors. We identified 19 CD1b-reactive and
19 CDlc-reactive TCR CDR3 sequences from the scientific lit-
erature and ran the GLIPH clustering algorithm on these known
sequences together with the CDR3 sequences isolated from face
transplant rejection skin biopsy specimens. We identified a total
of 285 CDR3 sequences from face transplant skin specimens that
clustered with known CD1b-reactive TCRs and 88 sequences
that clustered with known CD1lc-specific TCRs (Supplemental
Table 14). The number and relative frequency of likely CD1b-
and CDlc-reactive T cell clones identified by GLIPH increased
in rejection skin biopsy specimens (Figure 8, A and B). The fre-
quency and number of CD1b- and CDl1c-associated sequences
were enriched during rejection episodes in skin but not in blood,
suggesting that skin inflammation may drive expansion of these
T cells. Interestingly, we observed local expansion of multiple dif-
ferent CD1b- and CD1c-associated T cell clones during rejection
episodes (Figure 8, C and D). CD1b- and CD1c-associated T cell
clones were expanded in some but not all rejection episodes (Fig-
ure 8, C and D), suggesting that CD1-presented glycolipid anti-
gens may drive some episodes of rejection whereas classically
presented peptide antigens may drive others.
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Figure 5. Severe rejection is characterized by upregulation of cytotoxicity, antigen presentation, and immunoregulation genes and infiltration of skin
by proliferating T cells expressing markers of antigen-specific activation and cytotoxic effector molecules. (A) Venn diagram showing shared and unique
DEGs in grade 2 (n = 8) and grade 3 (n =11) biopsies (when compared with grade 0 samples). DEGs were obtained using normalized gene expression counts
as input and the Wald significance test. One hundred seven genes were exclusively differentially expressed in grade 3 rejection. (B) Heatmap of 107 genes
that are uniquely differentially expressed in grade 3 rejection, which included genes associated with cytotoxicity, antigen processing and presentation, and
immunoregulation. Each column represents a biopsy. Gene expressions values are row scaled. (C-H) Multiplex immunostaining of grade 0, 1, and 3 rejec-
tion demonstrates the infiltration of proliferative, activated, and cytotoxic T cells in grade 3 skin biopsies but no significant differences between grades

0 and 1. Bars represent individual donors, and error bars represent the mean and SEM of at least 3 separate measurements per donor. (C) The numbers of
total (CD3*) and proliferative (CD3*Ki-67*) T cells per x200 high-power field (HPF) are shown. (D-H) The relative percentages (left) and absolute numbers
per HPF (right) of T cells expressing markers of antigen-specific activation (CD40L*CD107a*) (D), CD8 (E), granzyme B (F), perforin (G), and the Treg marker
FOXP3 (H) are shown. Significance was determined by nested 1-way ANOVA and Tukey's post hoc test for comparison between grades.

Discussion

Vascularized composite allografts present unparalleled oppor-
tunities for restoration as well as unique challenges. Limb
and face transplants can restore the ability of patients to eat,
speak, and care for themselves. In exchange, recipients com-
mit to a lifetime of immunosuppression and to a certain degree

:

of uncertainty. Rejection leading to graft loss is a potentially
fatal complication, and little is known about the biology of VCA
rejection in humans. A better understanding of VCA rejection
could lead to novel and targeted therapies that could put exist-
ing patients on a firmer footing and open up the procedure to
broader use.
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Face transplants and other skin-containing VCAs are unique
from an immunologic perspective. Skin is the primary trigger and
the main target of ACR in VCAs (22). Skin is highly immunogen-
ic because it is an immunologically active epithelial barrier tissue
designed to sense and respond to danger. It contains a wealth of
immune cells, including Langerhans cells, macrophages, den-
dritic cells, and T cells, the majority of which are long-lived non-
recirculating resident memory T cells (5, 23). A 600 cm? full face
transplant transfers approximately 600 million donor-derived
memory T cells (24). All of the immunologic components need-
ed to mount a memory response are present in healthy skin. Skin
rejection in vascularized composite allotransplantation is, there-
fore, a study of what happens when 2 mature immune systems
come face to face with one another.

Diagnosing rejection histologically can be more complicated
in patients with VCAs than in solid organ transplant recipients.
The presence of T cells in heart and kidney transplants is always
abnormal. However, mild to moderately brisk lymphocytic infil-
trates are characteristics of healthy noninflamed skin, and distin-
guishing rejection from business as usual in the skin is therefore
challenging. Histologically, it is only a relative and nonquanti-
fied increase in lymphocyte density in the skin that distinguishes
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Figure 6. T cells are the major source of
cytotoxic injury in grade 3 rejection. (A) T
cells are a major but not exclusive source

of granzyme B. Multiplex immunostaining
demonstrated increased expression of
granzyme B in grade 3 rejection, but not all
granzyme-producing cells were CD3* T cells
(original magnification, x100). (B-G) Quanti-
tative multiplex immunostaining was carried
out to evaluate the relative contributions of
T cells versus NK cells to cytotoxic injury in
grade 3 rejection. Bars represent individual
donors, and error bars represent the mean
and SEM of at least 3 separate measure-
ments per donor. (B) There were significantly
more T cells than NK cells in skin biopsies of
grade 3 rejection. The numbers of CD3* T cells
and CD56* NK cells per x200 HPF are shown.
(C) The majority of granzyme B was produced
by T cells. The numbers of granzyme-positive
CD56* NK cells and CD3* T cells per x200 HPF
are shown. (D) There were significantly more
activated T cells than activated NK cells. The
numbers of CD3*CD40L"* (activated T) cells
and CD56*CD107a* (activated NK) cells per
%200 HPF are shown. (E) NK cells had higher
frequencies of activation. The percentages of
total CD3* T cells expressing CD40L (left) and
CD56* NK cells expressing CD107a (right) are
shown. (F and G) T cells mediated signifi-

1007 P=0.0011 cantly more cytotoxic events than NK cells.
8o o .J.' Cells undergoing cytotoxic cell death were
'i' -i identified by immunostaining for caspase-8,
60 . and the number (F) and relative frequency
(G) of events in which T cells (left) or NK cells
40 e : : : ;
3 -i— (right) were juxtaposed with dying cells were
204 s % enumerated. Significance was determined by
L]
nested t tests.
1 ]
CcD3* CD56"

nonrejection from grades 1 and 2 rejection by the Banff criteria.
Histologic evidence of keratinocyte injury differentiates grade
3 rejection, making it easier to diagnose, but by this point, dam-
age has already occurred. VCA rejection can also be challenging
to distinguish from other causes of skin inflammation, including
drug eruptions and rosacea. Indeed, a face transplant recipient we
reported had biopsies classified as grade 1 and 2 rejections, failed
to respond to antirejection treatments, and only improved once it
was recognized that inflammation was the result of rosacea; the
patient improved with topical metronidazole cream (25). A clearer
understanding of early events in VCA rejection is needed to facili-
tate prompt and accurate diagnosis.

We addressed these challenges by gene expression profiling of
prospectively collected skin biopsies from the largest cohort of face
transplant recipients at a single center. We found that there were
no significant gene expression differences between nonrejection
(grade 0) and mild rejection (grade 1) biopsies. Moreover, there
were no significant differences in the number of total T cells, prolif-
erative T cells, activated T cells, CD8" T cells, or T cells expressing
granzyme or perforin in grade O versus grade 1 rejection as assayed
by multiplex immunostaining. Mild rejection is the most common-
ly reported rejection grade in face transplant recipients, but its
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Figure 7. Comparison between human face and solid organ transplant rejection. (A) Preferred Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) flow diagram of selection of solid organ transplant studies. (B) Volcano plots showing DEGs between grade 3 rejection biopsies (n = 11) and
grade 0 nonrejection biopsies (n =10). DEGs were obtained using normalized gene expression counts as input and the Wald significance test. Genes shared
with solid organ transplant rejection are shown in blue, and genes unique to face transplant rejection are shown in orange. A subset of genes is shown;
the complete list of shared genes together with associated statistics is shown in Supplemental Table 12, and the complete list of unique genes together
with associated statistics is shown in Supplemental Table 13. Each dot represents an individual gene. Horizontal dashed lines represent an adjusted P
value cutoff of -log,  (0.05); vertical dashed lines represent log, fold change of -1and +1. (C) Genes unique to face transplant rejection. A subset of genes is
shown; the complete list of unique genes and their expression are shown in Supplemental Figure 5 and Supplemental Table 13.

clinical impact on long-term graft survival is unclear, and there is
no consensus on whether it actually represents rejection requiring
treatment or normal local immunologic skin homeostasis (14). Our
results suggest that grade 1 rejection does not represent a patholog-

e

ic state and that the T cells noted in mild rejection biopsies likely
reflect immunologic business as usual within the skin. We have dis-
continued treating mild rejection in face transplants at our center;
patients are instead actively observed. It is important to emphasize
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Figure 8. T cells expressing CD1b- and CD1c-associated TCRs are enriched in the skin but not blood during rejection episodes. The antigen receptor
(CDR3) sequences of T cells infiltrating face transplant rejection specimens were analyzed by high-throughput TCR sequencing. These CDR3 sequences
were then clustered with known CD1b- and CD1c-specific sequences using the grouping of lymphocyte interactions by paratope hotspots (GLIPH) algo-
rithm. Two hundred eighty-five CDR3 sequences from face transplant skin specimens that clustered with known CD1b-reactive TCRs and 88 sequences
that clustered with known CD1c-specific TCRs were identified (Supplemental Table 14). (A and B) The absolute number (left) and relative frequency of total
T cells (right) of CD1b-associated TCRs (A) and CD1c-associated TCRs (B) in blood and skin are shown. Seventeen skin biopsies and 12 skin samples from

3 donors were studied. (C and D) Local enrichment of multiple CD1b-associated (C) and CD1c-associated (D) TCRs occurred in some but not all episodes of

rejection. Gd, grade; Pt, patient.

that this represents a substantial change in clinical practice. Rejec-
tion is treated with systemic pulsed steroids and/or increases in
maintenance immunosuppressive medications, therapies that put
patients at increased risk for infections and cancer.

In grade 2 rejection biopsies, we began to observe features
of immune activation, including increased expression of genes
associated with leukocyte trafficking, T cell infiltration, costim-
ulation, Th1 polarization, and effector molecules. However, there
is no evidence of cell death or tissue injury histologically. Early
episodes of face transplant rejection are conceptually similar to
cutaneous graft-versus-host disease; both involve an influx of
hematopoietic cells into an epithelial barrier tissue colonized with
allogeneic T cells and APCs, creating in essence an in vivo mixed
lymphocyte reaction. This explosive immunologic combination
— allogeneic T cells meeting tissue-resident APCs — is likely
why skin allografts are rejected rapidly (26). Given the evidence
of T cell and APC activation in grade 2 biopsies, it is surprising
that there was no cell death or tissue damage. Clinically, it is also
remarkable that recipients of skin-containing face transplants are
successfully managed on the same immunosuppressive regimens
used for kidney transplants.

The explanation for this behavior may reside in the potent
immunoregulatory pathways that build up over time in human
skin. Patients receiving immune checkpoint inhibitors for cancer
therapy can develop severe skin toxicities (27), demonstrating that
checkpoint molecules such as PD-1 and CTLA-4 play critical but
normally invisible roles in controlling cutaneous inflammation

J Clin Invest. 2021;131(8):e135166 https://doi.org/10.1172/)C1135166

in response to daily immunologic challenges. Checkpoint mole-
cules are also expressed by tissue-resident memory T cells, not as
an indication of exhaustion, but likely as a mechanism to remain
poised and functional long-term within peripheral tissues (28, 29).
The healthy skin of an adult human contains approximately 20 bil-
lion memory T cells that have accumulated over decades of anti-
gen exposure (23, 30, 31). Some of these T cells are immunosup-
pressive, including FOXP3* regulatory T cells (Tregs), and others
are effector cells programmed to downregulate activation in the
presence of checkpoint ligands. We found induction of immuno-
regulatory pathways in grade 2 rejection, including upregulation
of PDCDI (PD-1), LAG3, BTLA, IL2RA, IDO1, and HLA-DOB. We
hypothesize that it is the induction of these diverse immunoregu-
latory pathways that prevents cytotoxic tissue damage in grade 2
rejection, at a point in time when T cells are clearly responding to
allostimulatory APCs. Supporting this, FOXP3* Tregs have been
shown to locally accumulate during rejection in human face and
hand transplants (32, 33). These results suggest that therapies that
enhance skin-associated immunoregulatory pathways may be use-
ful to combat rejection in VCAs. An antibody that acts as an ago-
nist for the potent inhibitory receptor PD-1 s currently in a phase I
trial for treatment of psoriasis (https://clinicaltrials.gov/ct2/show/
NCTO03337022). Such agonists, if proven effective, could repre-
sent a new therapeutic avenue for treating VCA rejection.

There was a marked upregulation of cytotoxicity and antigen
presentation genes in grade 3 biopsies that corresponded to the
tissue injury observed histologically. Immunoregulatory path-
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ways were further induced, with upregulation of CTLA4, HAVCR2
(TIM-3), CD247, TIGIT, PDCDILG2, FOXP3, SOCSI, and PTPRC,
but were clearly no longer adequate to prevent tissue damage.
Induction of genes associated with IFN-y signaling (STATI, IRFI)
and its downstream effects (TAPI and numerous HLAs), and
genes and signaling pathways that directly or indirectly enhance
IFN-y responses (such as CXCR3 and CCR5 pathways), demon-
strated that IFN-y is the principal cytokine driving face transplant
rejection. Multiplex immunostaining confirmed an important role
for T cells in mediating tissue injury, with increased numbers of
proliferative T cells expressing markers of antigen-specific activa-
tion, CD8" T cells, and T cells expressing perforin and granzyme.
Activated NK cells were present and contributed to cytotoxicity,
but T cells were the major source of cytotoxic injury in grade 3
rejection. In addition to direct cytotoxic damage, locally produced
cytokines may also contribute to tissue injury. Apoptosis of epithe-
lial stem cells is the predominant form of cellular injury in experi-
mental models of acute GVHD (34, 35).

Although face and solid organ transplants share many genes
that are overexpressed during acute rejection, 36 genes were
uniquely upregulated in face transplant rejection. These genes
were unique to rejection and were not upregulated in non-trans-
plant-related inflammatory skin diseases. The unique genes
included those associated with skin homing, immunoregulation,
and APC and innate cell adhesion, and genes induced in skin as a
result of type I interferon signaling, costimulation, and lipid anti-
gen presentation. Ten of the 36 genes unique to face transplant
rejection were immunoregulatory, meaning that they are known
to participate in the downregulation of inflammation. As an epi-
thelial barrier tissue, the skin is constantly confronted by immuno-
logic challenges, only a fraction of which are dangerous. The skin
has developed complex immunoregulatory networks to dampen
inappropriate inflammation and maintain homeostasis (36). Our
data suggest that these networks are activated in face transplant
rejection and could be leveraged further to reduce rejection-asso-
ciated inflammation. CTLA-4 agonist therapy is a relatively weak
but safe immunomodulatory approach that has so far been of lim-
ited benefit in vascularized composite allotransplantation (37-39).
Antagonizing the level of immunologic activation that occurs
in rejection will likely require the stimulation of multiple, highly
effective immunoregulatory pathways. For example, SOCS1 nega-
tively regulates the production of inflammatory cytokines such as
IFN-y and stabilizes Treg function (40). SOCS1 mimetics are use-
ful in the treatment of autoimmune and inflammatory skin disor-
ders in animal models (41, 42).

The upregulation of genes encoding CD1 molecules (CDIB,
CDIC, and CDIE) is a unique aspect of face transplant rejection.
CD1 molecules resemble MHC I structurally and are specialized
to present lipid antigens derived from topical exposures, patho-
gens, or self-lipids generated during tissue injury (19). Unlike oth-
er members of the MHC family, CD1 molecules are nonpolymor-
phic. CD1-specific T cell responses in VCA recipients would not
necessarily be driven by antigenic differences between donor and
recipient; donor and recipient T cells would be expected to react
similarly to antigenic lipids. We analyzed the TCRs from rejec-
tion specimens using TCR sequencing and antigenic clustering
with known CD1b- and CD1c-reactive TCRs via the GLIPH algo-
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rithm. We identified 285 CDR3 sequences from face transplant
skin specimens that clustered with known CD1b-reactive TCRs
and 88 sequences that clustered with known CD1c-specific TCRs.
These sequences were enriched in the skin but not blood during
rejection episodes, suggesting a local expansion of these clones in
skin. Many different CD1-associated TCRs were upregulated in
the skin during some rejection episodes, suggesting a polyclonal
response to local lipids. However, CD1-associated sequences were
not upregulated in all rejection episodes, demonstrating that some
rejection events are entirely driven by classic MHC-based peptide
allorecognition. A shortcoming of our study is that we did not have
access to living T cells isolated from rejection specimens and we
could not directly confirm CD1 reactivity of the TCRs we identi-
fied by GLIPH clustering. Future studies of viable T cells stimu-
lated by CD1-expressing APCs or stained with loaded CD1-multi-
mer reagents are needed to definitively confirm CD1 reactivity in
rejection specimens.

Our study had additional limitations. The number of samples
we were able to study was limited by both the rare nature of this sur-
gical procedure and our stringent inclusion and exclusion criteria,
which we employed to avoid confounding factors. We have focused
on pretreatment rejection biopsies with the goal of identifying the
immunologic events driving rejection. All patients in our cohort
were successfully treated with antirejection therapies and returned
to nonrejection baseline both clinically and histologically. Addi-
tional studies of treated and partially treated rejection episodes
have the potential to identify which aspects of rejection are mod-
ified by corticosteroids and which require increased immunosup-
pression. Given the current scarcity of samples, we were not able to
carry out these studies, but they should become possible in future
years when the number of patients and specimens reaches a critical
mass. Our study also focused on cellular but not antibody-medi-
ated rejection; only 1 patient in our cohort had antibody-mediated
rejection. Our comparisons of face transplant rejection with pub-
lished studies of solid organ transplant rejection were necessarily
qualitative given the variety of platforms used. Lastly, our findings
are associative and require functional validation. We had access
only to archived histologic specimens, which limited our ability to
use powerful techniques such as single-cell RNA sequencing and
functional studies of T cells from rejecting skin samples. Despite
these shortcomings, our results represent a meaningful first step in
understanding acute rejection in clinical face transplants. Ongoing
work in our laboratory focuses on single-cell techniques to compre-
hensively study APCs and T cells in VCA rejection.

In summary, we find that the unique aspects of face transplant
rejection reflect the unique immunologic characteristics of the
skin. Our data suggest that grade 1 rejection should not be consid-
ered a pathologic state and can be managed with watchful waiting.
Grade 2 rejection showed induction of cytotoxic and Th1 respons-
es as well as upregulation of multiple immunoregulatory pathways
that likely prevent tissue injury even in the context of allorecogni-
tion. Grade 3 rejection was characterized by cytotoxicity and tis-
sue damage but also involves the upregulation of numerous anti-
inflammatory pathways and evidence for possible lipid antigen
presentation. These results demonstrate that transplantation of
skin containing VCA is both a challenge and an opportunity. These
tissues are heavily populated by donor immune cells but also have

J Clin Invest. 2021;131(8):e135166 https://doi.org/10.1172/JCI135166


https://www.jci.org
https://doi.org/10.1172/JCI135166

The Journal of Clinical Investigation

complex immunoregulatory networks that could be leveraged
to decrease inflammation and combat rejection. Further studies
on the details of these immunoregulatory pathways may lead to
novel therapies for rejection in patients who have received these
life-changing transplants.

Methods

Patient and skin biopsy details

Patients were recruited from among facial allograft recipients seen
at the Brigham and Women’s Hospital. Blood samples and 4 mm
punch biopsies were obtained from facial allografts. Skin biopsies
for rejection monitoring were routinely collected at follow-up clinic
appointments. Additional skin biopsies were taken when rejection
was clinically suspected at any time after transplant. Skin biopsies
were obtained from the allografts in a standardized manner: nonre-
jection biopsies were taken from esthetically insensitive areas (such
as the preauricular area), and rejection biopsies were taken from the
most inflamed area within the facial allograft. Because the primary
aim was to study acute cellular rejection, we established the follow-
ing inclusion criteria prospectively for selection of face transplant
skin biopsies for our study: (a) absence of circulating donor-specific
antibodies at the time of biopsy, (b) absence of infection or treatment
for infections at the time of and in the week before biopsy collection,
(c) collection of biopsy prior to treatment for rejection, and (d) ade-
quate tissue availability for isolation of RNA of sufficient quality and
quantity for use in NanoString analysis. We excluded biopsies collect-
ed within 3 weeks of transplantation to prevent confounding by peri-
and postoperative proinflammatory events. Because the focus of the
study was to study acute cellular rejection, biopsies collected during
antibody-mediated rejection (circulating donor-specific antibodies
at the time of biopsy), during mixed antibody and cellular rejection,
or during periods when a patient had evidence of active infection or
was on therapies for infection were excluded. Only samples collected
before the initiation of antirejection therapies were used. Thirty-eight
face transplant skin biopsies from 7 patients met the inclusion criteria
and were included in the study. The biopsies were taken at differ-
ent time points. Histology grading and gene expression values were
obtained for each biopsy independently.

Skin biopsies (4 mm punch biopsies) from nontransplanted
patients with rosacea and delayed-type hypersensitivity reaction were
obtained as excess material from biopsies obtained for clinical purpos-
es. Normal facial skin was obtained from elective facelift surgeries.

Diagnosis of rejection

Three-micrometer sections were cut from 4 mm skin punch forma-
lin-fixed paraffin-embedded (FFPE) biopsies from face transplants.
The sections were stained using H&E. Rejection was graded by a panel
of dermatopathologists according to the Banff 2007 classification and
agreed upon in dermatopathology departmental case conferences at
the Brigham and Women’s Hospital. Histologic analysis was carried
out without the knowledge of the molecular findings.

RNA extraction

Six consecutive 10 pm sections were obtained from each FFPE skin
biopsy using a microtome. Sections were immediately transferred to
sterile 1.5 mL microcentrifuge tubes and stored at room temperature
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until RNA extraction. Xylene deparaffinization and RNA extraction
were performed with the RNeasy FFPE Kit (Qiagen Valencia). Total
RNA concentration and purity were measured with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific). The quality of the RNA
was determined using an absorbance ratio of 260/280 nm.

mRNA NanoString gene expression assay

The NanoString nCounter PanCancer Immune Profiling Gene Expres-
sion (GX) CodeSet with probes representing 770 genes was used.
Samples were processed on the NanoString nCounter Analysis System
according to the manufacturer’s protocol (NanoString Technologies).
Briefly, 100 ng of total RNA was hybridized to the reporter and cap-
ture probes in 30 pL reaction volume for 20 hours at 65°C. The cap-
tured targets were then immobilized on the nCounter cartridge on the
NanoString PrepStation. The cartridge was scanned at 555 fields of
view (FOV) on the nCounter Digital Analyzer. Images were processed
into a digital format (RCC files). All samples were analyzed using a
single lot of reagents.

Scoping review

Scoping reviews are intended to provide an overview of the literature
through structured search strategies and rigorous methods not unlike
a systematic review. This review was conducted according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guideline (18) adapted for use in a scoping review as appro-
priate. A search strategy was designed with the assistance of a research
support librarian from the Harvard Countway Library of Medicine.

Inclusion and exclusion criteria. Articles that met the following pre-
determined criteria were included: (a) peer-reviewed original research
article; (b) studies that measured mRNA levels in biopsies of human
solid organ transplants (liver, kidney, heart); (c) studies comparing
acute rejection with nonrejection specimens. Publications that studied
antibody-mediated rejection and chronic rejection were excluded. All
articles not in English were excluded.

Search strategy. PubMed, Embase, Web of Science, and Count-
way Discovery Medicine, including the EBSCO databases Academic
Search Premier and CINAHL Plus, were searched, using Medical Sub-
ject Headings (MeSH) terms for PubMed and comparable controlled
vocabulary for other databases (Supplemental Table 11).

Data screening and extraction. References identified through data-
base searches were imported into EndNote (Clarivate Analytics). The
complete list of searches run and imported to EndNote is shown in Sup-
plemental Table 11. Duplicates were removed in EndNote, and unique
references were then transferred to Covidence systematic review
software (Veritas Health Innovation; https://www.covidence.org/;
accessed 29 October 2018). Two independent reviewers screened the
title and abstract of each record, and conflicts were resolved by dis-
cussion and consensus, or by adjudication by a third reviewer. Two
hundred seventy-two full-text articles were obtained for full-text
review, and assessed against the predetermined inclusion/exclusion
criteria. Both reviewers reviewed each full-text article, and conflicts
were resolved by discussion and consensus, or by adjudication by the
third reviewer. One hundred forty full-text articles met the inclusion/
exclusion criteria. Because the purpose of our scoping review was to
identify the studies from solid organ transplant literature that investi-
gated the genes of interest from our face transplant study (202 DEGs
in grade 3 face transplant ACR compared with grade O; Supplemental
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Table 3), 81 of the 140 articles were removed after full-text review as
they did not study these genes of interest. Therefore, a total of 59 stud-
ies were included after full-text review (a detailed list of the studies is
shown in Supplemental Table 12).

Multiplex immunostaining
Five-micrometer sections were cut from 4 mm skin punch FFPE biop-
sies from face transplants. Antigen retrieval was carried out by incu-
bation in a pressure cooker for 3 minutes at 120°C. Fc receptors were
blocked with PerkinElmer Block (ARD1001EA). Primary antibodies
were diluted in Dako Antibody Diluent (S3022), and samples were
stained overnight. Samples were washed 3 times with 1x TBS/0.1%
Tween-20 (1x TBST) and once with dH,O. Secondary fluorescent con-
jugated antibodies (Invitrogen) were diluted in 1x PBS, and samples
were stained for 30 minutes followed by 3 washes with 1x TBST and a
final wash in dH,0. Samples were mounted using Invitrogen ProLong
Gold Antifade Reagent with DAPI (P36931). Tissue was imaged imme-
diately after mounting on a Mantra Quantitative Pathology Worksta-
tion using Mantra Snap 1.0 imaging software and analyzed with inForm
2.4.8 image analysis software (PerkinElmer). Primary and secondary
antibodies and the concentrations used are listed in Supplemental
Table 15. Cells of interest were quantified in x200 high-power fields,
and a minimum of 3 replicate counts were performed for each sample.
DNA isolation from skin, high-throughput TCR sequencing, and
GLIPH analyses. DNA was isolated from PBMCs and FFPE skin sam-
ples using the QIAamp DNA Mini Kit (Qiagen) per the manufacturer’s
instructions with overnight tissue digestion for skin samples. Paraffin
was first removed from FFPE skin samples by xylene extraction fol-
lowed by ethanol washes prior to overnight tissue digestion. For each
DNA sample, TCRB CDR3 regions were amplified and sequenced using
ImmunoSEQ (Adaptive Biotechnologies) from 100-400 ng of DNA
template (43-45). Amino acid sequences of all TCR antigen receptor
domains (CDR3) detected in the tissue were obtained. CDR3s obtained
from analysis of sequential biopsies from a single patient were grouped
together into a single pool of CDR3s. Nineteen sequences published
as recognizing CD1b and 19 sequences identified in the literature
as recognizing CD1c were identified. Known CD1b sequences were
added to the CDR3 pool from each donor, and the GLIPH algorithm
was performed on these pools as previously described (21). Sample
CDR3 sequences that clustered together with known CD1b sequences
were identified as CD1b-associated; a similar process was followed to
identify CD1c-associated sequences. The number of CD1-associated
sequences and the relative frequencies of all CD1-associated sequenc-
es were determined in each skin biopsy sample from each donor. The
presence, number, and frequencies of CD1b- and CDlc-associated
sequences were then determined in matched blood samples from the
same patient using the results of high-throughput sequencing analyses.

Statistics

Quality control, normalization, and filtering of gene expression data.
Quality control metrics and plots were obtained using the Nano-
StringQCPro package (ref. 46; R package, version 1.10.0). A noise
threshold was defined as the median value of expression for the neg-
ative controls plus 2 standard deviations. Samples were removed if
the median expression of all housekeeping genes in that sample was
less than the noise threshold. Three samples did not pass the noise
threshold and were therefore excluded, resulting in 35 samples being
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included in the subsequent analyses (Banff rejection grade O, n = 10;
grade 1, n = 6; grade 2, n = 8; grade 3, n = 11). Raw mRNA counts were
normalized with the geometric mean in 2 steps, first using the posi-
tive control genes, and second using a subset of housekeeping genes.
Housekeeping genes were selected if they had an expression value
above the noise threshold and a mean value higher than 200 (a val-
ue selected empirically after examination of the average expression
of housekeeping genes). After normalization, genes with values low-
er than the noise threshold in all samples were excluded; 769 genes
passed this filter and were included in the analysis. Normalized data
were log,-transformed. All the analyses, heatmaps, and PCAs were
generated using the R statistical language (version 3.5.1).

Differential expression analysis. Differentially expressed genes
(DEGS) between rejection grades were analyzed with the R package
DESeq2-v.1.20.0 (47), using normalized gene expression counts as
input and the Wald significance test. Samples were not paired in the
analysis. P values were adjusted using the Benjamini-Hochberg false
discovery rate (FDR) method to account for multiple testing. A gene
was considered differentially expressed when comparison between 2
groups yielded (a) an adjusted P value less than 0.05 and (b) alog, fold
change greater than 1.

Ingenuity pathways analysis. Data were analyzed using Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems), with a focus
on the top canonical pathways (by P value) and upstream regulators.
DEGs (which met both criteria of log, fold change >1 and adjusted P
value <0.05) were used for IPA (detailed lists of the genes are found
in Supplemental Tables 3 and 7). The following IPA core analysis set-
tings were used: general settings, reference set = NanoString CodeSet
(Supplemental Table 14), relationships to consider = direct and indi-
rect relationships; confidence = experimentally observed only; species
= human. Significant enrichment for gene sets in IPA-curated canon-
ical pathways was determined using Fisher’s exact test P values with
multiple testing adjustments according to the Benjamini-Hochberg
FDR method. The upstream regulator analysis allows identification
of potential regulators of genes belonging to a given set. Activation
or inhibition status of upstream regulators was determined by the z
score, which accounts for both the total number of genes differentially
expressed and the direction of activation. A z score = 2 (activated) or
< -2 (inhibited) was considered significant.

Gene Ontology analysis. To assess the main functions of DEGs,
overrepresented Gene Ontology (GO) terms were identified using
the g:Profiler toolkit (http://biit.cs.ut.ee/gprofiler/). DEGs (which
met both criteria of log, fold change >1 and adjusted P value <0.05)
were used as input for the GO analysis (detailed lists of the genes are
found in Supplemental Tables 3 and 8). The following g:Profiler set-
tings were used: organism was Homo sapiens; enrichment for GO terms
only (biological processes); Fisher’s 1-tailed test as statistical method
for enrichment; Benjamini-Hochberg FDR as multiple testing correc-
tion; statistical domain size was only annotated genes; no hierarchi-
cal filtering was included. Minimum and maximum size of functional
category was set to 3 and 500, respectively. Size of query was set to
2. NanoString CodeSet genes (Supplemental Table 14) were used as
statistical background.

Pattern analysis. Patterns of expression were identified using the
degPatterns function from DEGreport (ref. 48; R package, version
1.15.4). Differentially expressed genes, with an adjusted P value less
than 0.05 using DESeq2 with a likelihood ratio test (LRT) model (48),
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were classified in pattern clusters based on the correlation of their
expression changes between rejection grades.

Functional annotation of DEGs. We performed a detailed gene-by-
gene analysis and functional category assignment based on descrip-
tions given in GeneCards (https://www.genecards.org/) as well as on
a literature search (PubMed) using gene symbols and gene names.

Multiplex immunostaining quantification. For multiplex immunos-
taining, significance was determined by nested 1-way ANOVA fol-
lowed by Tukey’s post hoc test with correction for multiple compari-
sons (Figure 5) or by 2-tailed nested ¢ tests (Figure 6).

Study approval

The protocols of this study were performed in accordance with the
Declaration of Helsinki. All patients provided written informed con-
sent to participate in the clinical trial for face transplantation (Clinical-
Trials.gov identifier NCT01281267), approved by the human research
committee at the Brigham and Women’s Hospital (2008P00055). All
patients provided consent for the use of photographs. The research
protocol was approved by the Massachusetts General Brigham Institu-
tional Review Board, protocol 2017P001486.
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