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Insights into Keratinocyte and Immunologic
Landscape in Cutaneous Graft-Versus-Host
Disease through Single-Cell Transcriptomics

Amy J. Petty1’7, Adela Rambi Cardones'?”’, Yingai Jane Jin', Vaibhav Jain®, Emily Hocke®,
Harsh B. Pathak®, Amrita Mitra®, Simon G. Gregory’’, M. Angelica Selim® and Jennifer Y. Zhang''°®

JID Innovations (2025);5:100373 doi:10.1016/j.xjidi.2025.100373

Cutaneous manifestations are the most common presenting sign of chronic graft-versus-host disease (GVHD),
and the extent of cutaneous involvement is also highly correlated with prognosis. Very little is understood
about the underlying pathogenesis underpinning injury at this location, especially the contribution of kerati-
nocytes and other structural skin cells. We performed single-cell RNA sequencing to compare the tran-
scriptome of epidermal and dermal chronic GVHD samples with that of healthy control samples. Our findings
reveal unique nonimmunologic and immunologic changes in epidermal keratinocytes and dermal immune
cells. Specifically, we observed upregulation of alarmins and inflammatory cytokines and downregulation of
anti-reduction—oxidation and activator protein-1 pathway genes in the keratinocyte compartments. In dermal
immune cell subsets, we showed increased CD8" T, CD4* T, CD4*"Foxp3™ regulatory T, and NK cells in chronic
GVHD, accompanied by increased signals of leukocyte functions, inflammatory responses, cytolysis, and
macrophage M1 polarization. Finally, we also delineated the donor versus recipient cellular origin of nonim-
mune and immune cell populations in sex-mismatched chronic GVHD. Taken together, these data reveal
complex keratinocyte and immune responses in cutaneous chronic GVHD, supporting future studies of skin
cell contributions to pathogenesis and potential local treatment strategies.
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INTRODUCTION

Graft-versus-host disease (GVHD) is a severe immune-related
complication of allogeneic hematopoietic stem cell trans-
plantation associated with high treatment resistance and
mortality that affects 30—50% of transplanted patients
(Ferrara et al, 2009). Traditionally divided into acute GVHD
(@aGVHD) and chronic GVHD (cGVHD) depending on the
time of its clinical onset (Vigorito et al, 2009). The skin re-
mains the most frequently affected organ in both subtypes,
termed cutaneous GVHD (Santos et al, 2018). Cutaneous
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manifestations are the most common presenting sign of
cGVHD, and the extent of cutaneous involvement is highly
correlated with prognosis (Palmer et al, 2016; Strong
Rodrigues et al, 2018). In its chronic form, GVHD can pre-
sent with a wide spectrum of cutaneous features, including
lichenoid and sclerodermatous changes, along with histo-
pathological hallmarks of hyperkeratosis, acanthosis, basal
cell necrosis, superficial perivascular, or lichenoid lympho-
cytic infiltrate with perifollicular fibrosis (Strong Rodrigues
et al, 2018; Vargas-Diez et al, 2005).

In this study, we focused on cutaneous cGVHD, which has
multifaceted underlying mechanisms, including immune cell
dysfunctions and distorted tissue repair (Socié and Ritz,
2014). To date, very few studies have addressed the under-
lying pathogenesis of injury at this location, especially the
contribution of keratinocytes (KCs) and other skin cells. We
leveraged single-cell RNA sequencing (scRNA-seq) to study
the transcriptome of epidermis and dermis in the cGVHD
skin lesions. Studies, such as described in this paper, can
provide new insights into the mechanisms of skin cGVHD
that may help drive future development of novel and effective
therapeutics.

RESULTS

scRNA-seq reveals distinctive epidermal KC and immune

cell populations in cGVHD

To examine cell-specific transcriptome of cGVHD skin le-
sions, we performed scRNA-seq of epidermis isolated from a
patient diagnosed with nonfibrotic subtype of cGVHD and
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normal skin from a healthy control (normal). The patient with
cGVHD underwent matched unrelated donor hematopoietic
stem cell transplantation with onset of biopsy-proven cuta-
neous cGVHD 160 days status after transplantation (Table 1).
Clinical photograph at the time of biopsy is shown in
Figure Ta. Histologic analysis showed lichenoid dermatitis
with hyperkeratosis, hypergranulosis, and chronic dermal
inflammation in the patient with cGVHD (Figure 1b and c). A
total of 4699 cells in cGVHD and 8662 cells in normal
epidermal skin were sequenced, with an average of 1797
genes per cell detected in cGVHD and 2652 genes per cell
detected in normal epidermal cells. We performed unsuper-
vised clustering analysis that grouped cells into 26 clusters
(Figure 1d). From these clusters, we identified 12 cell types
using signature genes (Figure Te and f). cGVHD epidermis
showed lower percentages of basal and suprabasal KCs,
myeloid dendritic cells, and melanocytes than the normal
skin epidermis (Figure 1g). On the other hand, cGVHD
epidermis showed slightly increased percentages of macro-
phages, CD4" T cells, CD8" T cells, Langerhans cells, and
plasmacytoid dendritic cells. The presence of endothelial
cells, fibroblasts, and smooth muscle cells likely results from
technical contamination from the dermis. We analyzed
differentially expressed genes (DEGs) in cGVHD versus
normal epidermis and identified several proinflammatory
genes, including keratin (K) genes K6A, K6B, K6C, and K16;
ST100A7, S100A8, and ST100A9; HLA-DRA; and CD74, as
well as VIM that were highly expressed cGVHD epidermis
(Figure Th). Gene ontology analysis on DEGs in cGVHD
relative to those in normal KCs revealed significantly
enriched biological processes, including cornification, im-
mune, and antimicrobial responses (Figure 1i).

Upregulation of inflammatory genes and downregulation of
reduction—oxidation and regenerative genes in cGVHD
epidermal KC populations

Unsupervised clustering analysis originally yielded 12 clus-
ters of KCs, including 6 basal KC clusters and 6 suprabasal KC
clusters, which were further subdivided on the basis of

Table 1. Patient Characteristics

Characteristics Patients with cGVHD

Transplant indication Mycosis fungoides

Type of transplantation Matched unrelated allogeneic stem
cell transplantation

Pretransplant conditioning regimen 25 mg/m? fludarabine and 140 mg/m?

melphalan
Post-transplant regimen Tacrolimus
Time to onset for cutaneous symptoms 160 days

after transplantation
Extracutaneous manifestations Gl, with biopsies showing gut GVHD

Grading/scoring Mild (skin score of 2)

cGVHD subtype Nonfibrotic
Previously treated? No
Biopsy location Left back

Pathologic diagnosis Lichenoid dermatitis concerning for

GVHD, lichenoid type

Abbreviations: cGVHD, chronic graft-versus-host disease; GVHD, graft-
versus-host disease.
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histologic locations and degree of differentiation (Figure 2a).
Basal KCs were characterized by the expression of K5/K14,
and KC stem cells were marked by K75. Among the basal
KCs, KC-B4s were transient amplifying cells, as marked by
the cell proliferation marker Ki-67. Spinous, granular, and
terminal KCs were characterized by the expressions of K1/
K10, K2, and involucrin gene IVL/FLG genes respectively
(Figure 2b) (Wang et al, 2020). KC stem cell percentages
markedly decreased in cGVHD and showed downregulation
of basal markers, including SYT8 and POSTN (Figure 2c and
d). We performed DEG analysis comparing cGVHD with
normal KCs and found that K6A, K6B, K6C, K16, STO0A7,
S100A8, S100A9, PI3, SPRR1B, and IFI27 were highly
expressed in cGVHD KCs, whereas homeostatic cytokines
such as CXCL14 and CCL27 as well as reduction—oxidation
(redox) genes such as MTTX and cell proliferation regula-
tors such as c-Myc and CCND1 were downregulated in
cGVHD KCs (Figure 3a). We separately analyzed basal and
suprabasal KCs in cGVHD versus normal samples given their
distinctive transcriptional profiles in resting state (Figure 3b
and c). We then performed pathway analysis, which revealed
the upregulations of alarmins, such as K6A/6B/16/17,
S100A7/8/9, and CD74, and inflammatory cytokines, such as
ILTA/1B, IL36G, CCL2/5, and CXCL8/9/10 in cGVHD KCs
compared with those in normal counterparts (Figure 3d and
e). There was a concomitant downregulation of anti-redox
genes (eg, MTIE and MT1X), multiple SELENO proteins
that regulate lipid metabolism and protein folding, and acti-
vator protein-1 pathway transcription factors of both Jun (Jun,
JunB, and JunD) and Fos (Fos and FosB) family members as
well as MYC, HEST, and EGRT1 gene regulators (Figure 3b, c,
f, and g), which control skin regeneration and differentiation
(Angel et al, 2001). We validated the unsupervised analyses
by performing immunofluorescent staining of additional
normal samples and samples from patient with cGVHD,
which showed upregulation of ST00A7 and K16 in aGVHD
and cGVHD (Figure 3h).

Dermal structural and immune cell transcriptional changes

in cGVHD

Next, we performed scRNA-seq of dermis isolated from the
same patient with cGVHD and healthy control (normal). A
total of 7014 cells of cGVHD dermis and 18,244 cells of
normal dermis were sequenced, with a median of 1988 genes
per cell detected in cGVHD and 1688 genes per cell detected
in normal dermis. Unsupervised clustering analysis grouped
cells into 32 clusters (Figure 4a). From these clusters, we
identified 16 cell types using signature genes (Figure 4b and
¢). cGVHD dermis showed lower percentages of fibroblasts,
endothelial cells, smooth muscle cells, macrophages, mitotic
cells, basophils, and B cells than respective counterparts of
the normal dermis. On the other hand, cGVHD dermis
showed markedly increased immune cells, including Foxp3*
regulatory T cells, CD8" T cells, CD4" T effector cells, and
NK cells (Figure 4d). The presence of KCs and melanocytes is
likely technical contamination from the epidermis. DEGs
analysis in cGVHD versus normal dermis revealed that
PTPRC, HLA-DRB5, IL32, COROTA, CD52, HCST, SRGN,
CD2, COTL1, and TRAC were highly expressed in cGVHD
dermis (Figure 4e). Gene ontology analysis on DEGs in



AJ Petty et al.
Cutaneous GVHD Single-Cell Transcriptomics

a
d
15
10
e (0 o
e 1 o 14 s Ko®
5 2 o 15 5 ® KC-SB
©3 o 16 5
\ e « o CD4
o o5 e 18 o
< ©6 © 19 2 ° FB
5 0 °7 20 g0 e Chg
o8 o 21 =
9 ® 22 ® mDC
° 10 ® 23 g b
-5 ° 11 o 24 5 % Tk
° 12 @ 25
-10
-10 -5 0 5 10 -10 -5 0 5 10
f UMAP_1 g UMAP_1
8.41 I N 17 .23 KC-B
MA{e e @@ - [ ) ( J 5.97 I 26.94 KC-SB
7.17 I . 739 EC
SMy - s s e e s - @ 5.87 I 5.4 MO
e S e e @ b g 2.18 I 2.04 CD4
1.62 I 1.88 FB
i .. . Average Expression 1.68 I 1.47 CD8
LN .
B °0 oo .. i 0.89 N 0.73 LC
el « o0 - @ ° - 0.55 1§ 0.71 mDC
g 0.56 [l 0.49 pDC
CD8{+ o o @ - + - - @ @ - 0 0.2210.20 SM
0.0510.31 MLA
FBij= & B @ « = =@ PercentExpressed 1000 500 000 500 1000 1500 2000 2500 30.00
64 ® ° s 0 ucGVHD mNormal
4 e L] [ ] . e 25
® 50 h .
MO4 - « e @ . . .
o oS 4 $100A8
Ec{. - . . @ S100A9 HLADRA i -
* CD74 -«
kcsB1eo o @@ - [ ] S100A7
- +K16 :
KeB . .
KcB{O OO0 @® ) kec  KGA . & e
O3 N0 & A RIS ’
SO I
& N\ a . LGALS7B
< I
>2 *LY6D
. Q APOE
! Cornification | NI ) . CXC.'-’;I‘; »
Antimicrobial humoral response { [N o trrichment
Humoral immune response { N °
Defense response to bacterium | NN 2
Defense response to other organism | N ”
Innate immune response { N
Response to external biotic stimulus { I b d
0 10 20 30 40
Fold Enrichment 0 2 4

Normal

Figure 1. Single-cell RNA sequencing reveals distinctive epidermal keratinocyte and immune cell populations in cGVHD. (a) Clinical photograph of patient
with cGVHD at the time of biopsy. (b) H&E-stained normal skin at x 10 magnification. (c) H&E-stained cGVHD sample at x 10 magnification. (d) Unsupervised
clustering represented in an UMAP plot of the epidermal samples. (€) UMAP plot of clusters grouped by cellular identity. (f) Dot plot of percentage expressed
and average expression of signature genes defining each cellular identity. (g) Sample distribution of cell populations by percentage of total cell numbers of

normal or cGVHD epidermis skin. (h) Top 10 most differentially expressed genes in normal versus cGVHD epidermis skin. (i) Gene ontology analysis of most
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Figure 2. Analysis of keratinocyte subgroups revealed reduction in keratinocyte stem cells in cGVHD. (a) Heatmap of 12 clusters of epidermal keratinocytes
based on histologic locations. (b) Dot plot showing keratinocyte markers. C denotes cluster number. (c) Distribution of keratinocyte populations by percentage of
total keratinocytes of normal or cGVHD epidermis. Red box highlights K15+ keratinocyte stem cells (cluster 5). (d) Heatmap of highly differentially expressed
genes in normal versus cGVHD keratinocyte stem cells. cGVHD, chronic graft-versus-host disease; K, keratin.

<

highly expressed genes in cGVHD epidermal sample. KC-B denotes basal keratinocytes, KC-SB denotes suprabasal keratinocytes, MO denotes macrophages, FB
denotes fibroblasts, MITO denotes mitotic cells, BAS denotes basophils, SM denotes smooth muscle, MLA denotes melanocytes, and B denotes B cells. cGVHD,
chronic graft-versus-host disease; EC, endothelial cell; IVL, involucrin; K, keratin; LC, Langerhans cell; pDC, plasmacytoid dendritic cell; UMAP, Uniform

Manifold Approximation and Projection.
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Figure 3. Upregulation of inflammatory genes and downregulation of redox and regenerative genes in cGVHD epidermal keratinocyte populations. (a)
Heatmap of top 10 most differentially expressed genes in keratinocytes in normal versus cGVHD epidermal samples. (b) Heatmap of top 5 most differentially
expressed genes in suprabasal keratinocytes in normal versus cGVHD epidermal samples. (c) Heatmap of top 5 most differentially expressed genes in basal
keratinocytes in normal versus cGVHD epidermal samples. Dot plot showing the percentage expressed and average expression of (d) alarmin genes, (e)
inflammatory cytokines, (f) antioxidant genes, and (g) AP-1 and other transcription factor genes expressions in normal versus cGVHD samples. (h)
Immunofluorescent staining of STOOA7 and K16 in additional normal and cGVHD samples confirmed increased expressions of STO0A7 and K16 in cGVHD. AP-
1, activator protein-1; cGVHD, chronic graft-versus-host disease; K, keratin; redox, reduction—oxidation.
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Figure 4. Dermal structural and immune cell transcriptional changes in cGVHD. Unsupervised clustering represented in an (a) UMAP plot of the dermal
samples, (b) UMAP plot of clusters grouped by cellular identity, and (c) dot plot of percentage expressed and average expression of signature genes defining each
cellular identity. (d) Sample distribution of cell populations by percentage of total cell counts of normal or cGVHD dermis. (e) Top 10 most differentially
expressed genes in normal versus cGVHD dermis skin. (f) Gene ontology analysis of most highly expressed genes in cGVHD dermal sample. KC-B denotes basal
keratinocytes, KC-SB denotes suprabasal keratinocytes, MO denotes macrophages, FB denotes fibroblasts, MITO denotes mitotic cells, BAS denotes basophils,
SM denotes smooth muscle, MLA denotes melanocytes, and B denotes B cells. cGVHD, chronic graft-versus-host disease; EC, endothelial cell; KC, keratinocyte;
LC, Langerhans cell; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; Treg, regulatory T cell; UMAP, Uniform Manifold Approximation and

Projection.

cGVHD dermis relative to that in normal revealed signifi-
cantly enriched biological processes, including actin poly-
merization, immune signal transduction, T-cell activation,
myeloid activation, humoral response, and cytokine response
(Figure 4f).
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Increased inflammatory responses and upregulation of M1
macrophage in cGVHD

We next focused our attention on immune cell populations
that showed the most significant changes. We performed
DEGs analysis in cGVHD versus normal immune cells and



found that the 4 groups with the most DEGs were CD8" T
cells, CD4" T cells, NK cells, and macrophages
(Figure 5a—d). Collectively, cGVHD groups showed higher
markers of inflammation, with macrophages demonstrating
higher expression of profibrotic genes such as CCL18
(Figure 5d).

Classically, macrophages are classified into the proin-
flammatory M1 macrophages and anti-inflammatory M2
macrophages. Further analysis of the 2 macrophage clus-
ters—3 and 12—revealed higher expression of M1 markers,
including signal transducer and activator of transcription
genes STATT and STAT2, CXCL9, and CXCL10, in cluster 12
(renamed M1) and M2 markers, including KLF2, KLF4, MYC,
and CEBPB, in cluster 3 (renamed M2) (Figure 5e) (Lawrence
and Natoli, 2011). Whereas the percentages of M2 macro-
phages in total cells by sample showed a decrease of 1.15%
(718 in cell numbers), the percentage of M1 macrophages
increased by 2.95% in cGVHD compared with that in normal
samples (Figure 5f), yielding an M1/M2 ratio of 0.44 and 1.2
in normal and lesional skin, respectively. In agreement with
the proinflammatory phenotype, M1 groups showed elevated
expression of inflammatory and activation markers (C1QA/B/
C, HLA-DRB5, FCER1G, TYRO1BP, CTSZ/S/B, and CXCL9 as
well as FCGR3A, FPR3, ACP5, and CD68). In contrast, M2
groups expressed increased levels of homeostatic and extra-
cellular matrix remodeling markers (DCN, COL6A2/1A1/
1A1/3A1, SFRP2, and MGP as well as VWF, PLVAP, ID1,
SELE, and SOX18) (Figure 5g). Finally, lesional M1 macro-
phages showed higher M1 polarization and inflammatory
markers with higher expression of CD68, FPR3, and FCGR3A
than normal M1 (Figure 5g).

Gene ontology analysis of highly expressed genes in
cGVHD CD8" T cells, CD4" T cells, NK cells, and
macrophages revealed enrichment in actin polymerization/
depolymerization, immune responses and downstream
signaling transduction, Fc receptor signaling pathway,
cytolysis, and antigen processing and presentation
(Figure 6).

Sex-based gene analysis delineates cellular origin of
nonimmune and immune cell populations in cGVHD

Finally, we set out to better delineate the cellular origin of
structural skin and immune cells in the cGVHD male recip-
ient skin with a female bone marrow donor. We examined
the expression of 2 sex-specific genes, X-chromosome XIST
and Y-chromosome RPS4Y1, which are exclusively expressed
in females and males, respectively (Staedtler et al, 2013).
Female-specific XIST showed higher expressions in cGVHD
dermal immune cells than in nonimmune cells (Figure 7a).
Minimal to no expression of RPS4Y1 was detected in the
normal sample from a female patient (Figure 7b). Male-
specific RPS4Y1 showed higher expressions in cGVHD
dermal structural cells, especially endothelial and smooth
muscle cells. Similarly, other male genes, such as USP9%Y,
ZFY, TTTY14/15, DDX3Y, UTY, KDM5D, EIF1AY, TMSB4Y,
and NLGN4Y, were absent in majority of immune cells
(Figure 8). Few CD4" and CD8" T cells of cGVHD sample
showed expression of RPS4Y1 and other male genes
(Figures 7b and 8), suggesting male origin.
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DISCUSSION

In this study, we sought to characterize the nonimmune and
immune cell landscape in cutaneous cGVHD. Through
scRNA-seq, we provide preliminary evidence that both KCs
and immune cells play an important role in cGVHD skin. We
first identified distinctive transcriptional changes in cGVHD
epidermal KCs, characterized by significant upregulation of
alarmin proteins and inflammatory cytokines and down-
regulation of anti-redox enzymes and activator protein-1
pathway genes involved in skin regeneration/differentiation.
In the dermis, we observed significantly elevated numbers of
CD4", CD8", and NK cells along with increased expression
of genes involved in leukocyte cytotoxic and inflammatory
functions in cGVHD. In addition, the number of M2-
polarized macrophages significantly decreased along with
reduced expression of homeostatic and extracellular
matrix—remodeling genes in cGVHD. Finally, we discovered
that immune cell infiltrates in the cGVHD skin are primarily
of donor origin, whereas structural skin cells are of recipient
origin.

Ongoing inflammation and interruption of normal skin
repair processes profoundly disrupt normal skin homeostasis
in treated cutaneous GVHD. It was first reported by Sale et al
(1985) that KCs in the tips of the rete ridges along the edge of
the epidermis, a population that represents basal stem cells
(Sale et al, 1985; Whitaker-Menezes et al, 2003), preferen-
tially undergo apoptosis in cutaneous GVHD. Loss of
epidermal stem cells in cGVHD leads to reduced wound
healing and increased risk of microbial infection, both of
which further propagate the highly inflammatory pathogenic
environment. We observed reduction in KC stem cells along
with elevated expressions of KT6A/B, K16, K17, and S100
proteins in cGVHD KCs. The keratin proteins have long been
reported to be critical barrier alarmin molecules in other
chronic inflammatory skin diseases (Cheng et al, 2018). Loss
of K6A/6B in KCs enhances epithelialization potential due to
increased KC migration through Src kinase and myosin IIA
and is associated with decreased K16 level (Rotty and
Coulombe, 2012; Wang et al, 2018; Wong and Coulombe,
2003). Overexpression of K16 can lead to KC hyper-
proliferation, delay in wound healing, and aberrant innate
immunity activation (Wawersik et al, 2001; Zhang et al,
2019). On the other hand, K17 promotes KC hyper-
proliferation and T helper 1/T helper 17 cytokine production
and acts as autoantigen for CD4/CD8" T cells (Hobbs et al,
2016; Shen et al, 2005; Yang et al, 2018). STO0A7/8/9 are
cytoplasmic alarmins that enhance inflammation by pro-
moting dendritic cell/microphage activation and leukocyte
recruitment (Yang et al, 2017). Interestingly, in the context of
psoriasis, STOOA7 has been shown to increase inflammatory
infiltrates to the skin (Wolf et al, 2010) and simultaneously
suppresses the expression of KC differentiation markers,
including involucrin, loricrin, K1, and K10, through the NF-
kB pathway (Son et al, 2016). Not surprisingly, we also
observed upregulation of inflammatory cytokines/chemo-
kines in cGVHD KCs, all of which are known to promote
leukocyte infiltration and activation (Orlik et al, 2020). This
promotes a feed-forward loop of enhanced KC inflammation
evidenced by increased CD74 expression, which is part of
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Figure 5. Increased inflammatory responses and upregulation of M1 macrophage in cGVHD. Dot plot showing percentage expressed and average expression
of top 10 most differentially expressed genes in (a) CD8" T cells, (b) CD4™ T cells, (c) NK cells, and (d) macrophages. (e) Violin plots showing macrophage
polarization characterized by signature markers. (f) UMAP plots showing total number of M1- and M2-polarized macrophages of normal or cGVHD dermis. (g)
Heatmap of most differentially expressed genes in macrophage clusters grouped by polarization status and sample. cGVHD, chronic graft-versus-host disease;
STAT, signal transducer and activator of transcription; UMAP, Uniform Manifold Approximation and Projection.

the canonical components of major histocompatibility com-
plex class Il machinery regulated by IFNg signaling cGVHD
KCs (Li et al, 2022). Collectively, these data suggest that
epidermal KCs play an intimate role in propagating inflam-
mation in cutaneous cGVHD.

Furthermore, cGVHD epidermal KCs showed decreased
ability to protect against oxidative stress and regenerate, as
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evidenced by the decreased expressions of anti-redox and
activator protein-1 pathway genes. Metallothioneins (MT1X
and MT1E) as well as NFE2L2/NRF2 are known to upregulate
and play a protective role in the epidermis in response to UV
irradiation and ROS (Durchdewald et al, 2007; Marionnet
et al, 2010; Schafer et al, 2010). Selenoproteins also signifi-
cantly contribute to oxidation resistance and tissue
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cGVHD, chronic graft-versus-host disease.

homeostasis (Zhang et al, 2023). Interestingly, recent redox
metabolomics studies showed that increased oxidative stress
results in higher TNF-a levels and contributes to GVHD
pathogenesis (Suh et al, 2014). In addition, activator protein-
1 pathway transcription factors have been implicated in
maintaining epidermal KC survival and differentiation and
suppression of skin inflammation (Eckert et al, 2013; Zenz
et al, 2005; Zhang et al, 2015). Loss of these transcription
factors interferes with re-epithelialization in wounded skin,
reduces FLG level, and produces an ichthyosis-related
phenotype that is associated with increased levels of che-
mokines, including IFNg, CCL2, CCL5, CXCL9, and CXCL10
(Gangnuss et al, 2004; Young et al, 2017). Finally, there is a
significant reduction in the expression of CXCL14, which has
been implicated in skin homeostasis, antimicrobial
functions, and antitumor immunity against human
papillomavirus—positive head and neck cancer (Schaerli
et al, 2005; Westrich et al, 2019) in both basal and supra-
basal KCs. CXCL14 downregulation is observed in patho-
genic states such as psoriasis, atopic dermatitis, and skin
allergen sensitization (Lee et al, 2020; Maerki et al, 2009).
Taken together, this in part explains the observed clinical
phenotype of hyperkeratosis, delayed differentiation, reduced

barrier integrity, increased sun sensitivity, and skin cancer risk
in patients with cGVHD (Strong Rodrigues et al, 2018;
Zampaolo et al, 2017).

Extensive research has highlighted the distinctive roles of
immune cells, including lymphocytes, NK cells, and mac-
rophages, in cGVHD (MacDonald et al, 2017). We observed
increased percentages of CD8%, CD4", and NK cells and
increased percentage of M1-polarized macrophages in
cGVHD. Not surprisingly, many of the most significantly
upregulated genes in CD8" and CD4 ™" clusters in cGVHD are
highly involved in actin rearrangement, antigen recognition,
and T-cell activation. Although most targets have not been
previously studied in c¢GVHD, IFN-responsive genes,
including PSMBY, signal transducer and activator of tran-
scription 1 gene STATT, and IFITM1, have been implicated in
T-cell subsets in cutaneous GVHD (Hakim et al, 2016; Piper
et al, 2022; Zouali et al, 2022). Although less well-studied,
NK cells are thought to play dichotomous roles in the
development of GVHD (Simonetta et al, 2017). On one hand,
NK cell alloreactivity against T cells and antigen-presenting
cells plays a protective role against aGVHD. On the other
hand, IL-2—activated NK cells produce IFNg and TNFa and
promoted aGVHD in a xenogeneic model (Xun et al, 1995).
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melanocytes, and B denotes B cells. cGVHD, chronic graft-versus-host disease; EC, endothelial cell; KC, keratinocyte; LC, Langerhans cell; mDC, myeloid

dendritic cell; pDC, plasmacytoid dendritic cell; Treg, regulatory T cell.

Our data showed that cutaneous cGVHD NK cells are highly
activated and cytolytic, as evidenced by the upregulation of
granzyme A, CD53, activating receptor KLRF1, PRF1, and
IFITM1 (Del Zotto et al, 2017; Hanna et al, 2004). Further
mechanistic studies are needed to elucidate the specific
functions of this cluster of NK cells.

Macrophages have been found to play a crucial role in
promoting fibrosis and amplifying inflammatory responses of
other immune cells in GVHD (Briiggen et al, 2014;
MacDonald et al, 2017). Although previous studies have
linked M1 macrophages with aGVHD and M2 macrophages
with cGVHD, this can greatly vary in different phases, tissues,
and conditions of GVHD (Hong et al, 2020). In addition, most
reports linking M2 macrophages with cGVHD did so by
measuring M2 markers in the peripheral blood or by altering
the polarization status of macrophages prior to transplantation
(Alexander et al, 2014; Inamoto et al, 2017). In contrast, our
data demonstrated a reduction in M2 compared with thatin M1
macrophages in ¢cGVHD and that cGVHD macrophages
appear more inflammatory as evidenced by the higher ex-
pressions of signal transducer and activator of transcription 1,
CXCL9, CXCL10, and CD16A (FCGR4A). Interestingly, we also
found that this group of inflammatory cGVHD macrophages
secrete CCL18, a profibrotic chemokine (Ossorio et al, 2018;
Pochetuhen et al, 2007). Cocho et al (2015) found that CCL18
upregulation is a prominent marker for the dry eyes associated
with GVHD. Overall, this suggests that the dichotomous
paradigm of associating M1 macrophages with aGVHD and
M2 macrophages with cGVHD could be overly simplistic, and
further research is needed to better delineate how macrophage
polarization affects cGVHD in the skin.

Finally, our data appear to be consistent with previous
reports that immune cells in cGVHD skin are mostly donor
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derived (Santos E Sousaet al, 2018). Nevertheless, a small
percentage of host-derived T cells may be present and
contributory to pathogenesis (Strobl et al, 2020). Although it
is challenging to clearly differentiate between infiltrating and
resident immune cells with our current data, the presence of
few dots measuring the expression of RPS4Y1 in the cGVHD
sample suggests that they may be resident immune cells of
recipient origin remaining in the skin. We also found that skin
structural cells, especially endothelial cells and smooth
muscle cells, have high RPS4Y1 expressions, indicating male
recipient origin. However, the lower expressions of RPS4Y1
in fibroblasts and KCs raised the provocative question of
whether some structural cell clusters are partially from the
female donor or intrinsically lost expression of Y-chromo-
some genes. Several reports have highlighted that structural
cell, such as KCs, endothelial cells, and fibroblasts, can be
donor in origin, and the degree of chimerism correlates with
GVHD disease severity (Murata et al, 2007; Niino et al,
2005; Ogawa et al, 2005; Willemze et al, 2009). This
could also support the notion that donor-derived hemato-
poietic stem cells may contain pluripotent stem cells.

In conclusion, our dataset revealed a complex nonimmune
and immune landscape of nonfibrotic cutaneous cGVHD. To
our knowledge, this study utilized sScRNA-seq to investigate the
complex transcriptomic network in the skin lesion of cGVHD.
Although our study was limited by small sample size and the
lack of matched nonlesional skin, it nonetheless provided
mechanistic insights for downstream analysis. In addition,
although the sex-mismatched donor recipient provided op-
portunity for donor cell identification, it may also contribute to
some of the differential gene expressions. Future studies are
needed to further elucidate the disease-promoting mecha-
nisms of genes of interests and areas of therapeutic exploration.
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Figure 8. Expressions of Y-chromosome—specific genes in dermal cells. Expressions of USP9Y, ZFY, TTTY14, TTTY15, DDX3Y, UTY, KDM5D, EIF1AY,
TMSB4Y, and NLGN4Y across all cell types in dermal normal versus cGVHD skin. MO denotes macrophages, FB denotes fibroblasts, MITO denotes mitotic
cells, BAS denotes basophils, SM denotes smooth muscle, MLA denotes melanocytes, and B denotes B cells. cGVHD, chronic graft-versus-host disease; EC,
endothelial cell; KC, keratinocyte; LC, Langerhans cell; mDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell; Treg, regulatory T cell.

MATERIALS AND METHODS

Tissue preparation from fresh human skin biopsies

Lesional punch biopsy was obtained from a patient with untreated
lichen planus—like nonfibrotic cGVHD of the skin in accordance
with an institutionally approved institutional review board protocol
with patient consent. Surgically discarded abdominal plastic skin
was obtained through an exempt institutional review board protocol.

After washing twice briefly in cold PBS, the freshly obtained skin
biopsies were incubated in 4 ml Dispase (1 unit/ml, Thermo Fisher
Scientific) at 4 degrees overnight. Next day, the epidermis and
dermis were separated from each other and chopped into small
pieces with a pair of scissors. The epidermal pieces were digested
with 0.25% trypsin for 15 minutes, and the dermal pieces were
digested with collagenase B (1 mg/ml, Sigma-Aldrich) for 1 hour

www.jidinnovations.org

11


http://www.jidinnovations.org

12

AJ Petty et al.
Cutaneous GVHD Single-Cell Transcriptomics

followed by addition of 0.25% trypsin and incubation for another 30
minutes in 37 °C water bath with agitation at 240 r.p.m. The
digestion mixtures were neutralized in 10% fetal bovine serum in
DMEM and filtered through 70-um and then 40-pm strainers. The
cell suspension was centrifuged at 300g for 5 minutes, washed 3
times, and then resuspended in 0.04% BSA at 1000 cells/ul.

scRNA-seq workflow

We used 10X Genomics Chromium assay for single-cell gene
expression analysis (Kanayama et al, 2017). After quality check, the
cell suspensions prepared as described earlier were sent to Duke
Molecular Genomics core for bar coding, cDNA library construc-
tion, and subsequent sequencing on the NovaSeq6000 I[llumina
sequencing platform at 50 K reads/cell. The primary analytical
pipeline for the scRNA-seq analysis followed the instructions from
10X Genomics. Briefly, we demultiplexed raw base call files
generated by lllumina sequencers into FASTQ files, upon which
alignment to the appropriate reference transcriptome (GRCh38-
3.0.0), filtering, barcode counting, and unique molecular identifier
counting were performed using 10X Cell Ranger software, version
3.1.0. The company protocol uses the Chromium cell barcode to
generate feature-barcode matrices encompassing all cells captured
in each library. The secondary statistical analysis was performed
using an R package in Seurat (version 4.2.1), which performs quality
control and subsequent analyses on the feature-barcode matrices
produced by Cell Ranger. In Seurat, data were first normalized and
scaled after basic filtering for minimum gene and cell observance
frequency cut offs. We then closely examined the data and per-
formed further filtering on the basis of a range of metrics to identify
and exclude possible multiplets (ie, instances where more than 1 cell
was present and sequenced in a single emulsified gel bead). The
removal of further technical artifacts was performed using regression
methods to reduce noise.

After quality control procedures and integration were complete,
we performed linear dimensional reduction calculating principal
components using the most variably expressed genes in our dataset.
Library size and/or the numbers of genes expressed across subsets of
cells may necessitate the restriction of cells upon which the variably
expressed genes were selected for inclusion when calculating prin-
cipal components. Significant principal components for downstream
analyses were determined through methods mirroring those imple-
mented by Macosko et al (2015), and these principal components
were carried forward for 2 main purposes: to perform cell clustering
and to enhance visualization (Macosko et al, 2015; Satija et al,
2015). Cells were grouped into an optimal number of clusters for
de novo cell-type discovery using Seurat’s FindNeighbors and
FindClusters functions. Graph-based clustering approaches with
visualization of cells were achieved using Uniform Manifold
Approximation and Projection technique, which reduced the infor-
mation captured in the selected significant principal components to
2 dimensions.

Differential expression of relevant cell marker genes was visual-
ized on Uniform Manifold Approximation and Projection plot to
reveal specific individual cell types. Additional downstream ana-
lyses included examining the cellular distribution of a priori genes of
interest, closer examination of genes associated with cell clusters,
and the refined clustering of cells to identify further resolution of cell
types, in addition to comparing differences between experiments of
different states. Combining multiple libraries relies on the integration
strategy and allows for calculation of differential expression, not
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only between clusters but also within clusters across libraries (Stuart
et al, 2019). Gene expression plots were created using Seurat’s
DoHeatmap, VInPlot, DotPlot, and FeaturePlot functions. Gene
ontology analysis was conducted with ShinyGO 0.76.3 (Ge et al,
2020).

Immunofluorescence staining

Formalin-fixed, paraffin-embedded tissue was obtained from
archived specimens of patients with cutaneous cGVHD. Anony-
mized, unaffected excess skin from surgical excision ellipses of
patients without hematopoietic stem cell transplantation were used
as normal controls. Tissue was sectioned at 5-pum thickness onto
positively charged glass slides and stained using a typical manual
immunofluorescence staining protocol. Briefly, formalin-fixed,
paraffin-embedded slides were baked for 30 minutes at 60 °C and
deparaffinized in xylene. Antigen retrieval was performed using a
steamer for 25 minutes using Tris-EDTA (pH 9) buffer. Slides were
fixed in 10% neutral buffered formalin for 15 minutes. A single slide
for each sample was stained for 1 hour at room temperature with a
pool of fluorescently conjugated antibodies against K16 (Novus
Biological, catalog number NBP3-08692AF647) and STOOA7 (Novus
Biological, catalog number NB100-56559AF532) and a syto-13 dye
(Thermo Fisher Scientific, catalog number S7575) to visualize DNA
within nuclei. Stained slides were scanned on the GeoMx DSP in-
strument (NanoString Technologies) in scan-only mode (ie, no
collection) Shown are the scanned images for K16 and ST00A7 in
their individual channels.

ETHICS STATEMENT

The study was approved by the Duke University Medical Center Institutional
Review Board. Written, informed consent was obtained from all patients
included in this study. Participants consented to the publication of the clinical
image.

DATA AVAILABILITY STATEMENT

The datasets presented in this study are available in the National Center for
Biotechnology Information repositories (accession number GSE191335)
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE191335).

ORCIDs

Amy J. Petty: http://orcid.org/0000-0003-1413-8804
Adela R. Cardones: http://orcid.org/0000-0001-7489-2046
Yingai J. Jin: http://orcid.org/0000-0003-0384-0796
Vaibhav Jain: http://orcid.org/0000-0002-8505-9778
Emily Hocke: http://orcid.org/0000-0002-0976-5814
Harsh B. Pathak: http://orcid.org/0000-0002-7756-8580
Amrita Mitra: http://orcid.org/0000-0002-1936-2189
Simon Gregory: http://orcid.org/0000-0002-7805-1743

M. Angelica Selim: http://orcid.org/0009-0002-4244-5449
Jennifer Y. Zhang: http://orcid.org/0000-0002-4485-1750

CONFLICT OF INTEREST
The authors state no conflict of interest.

ACKNOWLEDGMENTS

This work was supported by Duke Medicine Scholars (to ARC), National In-
stitutes of Health/National Cancer Institute (R21CA223419 to ARC and JYZ,
R42CA228159 to ARC), and National Institutes of Health/National Institute of
Arthritis and Musculoskeletal and Skin Diseases (ROTAR073858 to JYZ). We
thank Benny Chen, Anthony Sung, Nelson Chao, Stefanie Sarantopoulos, and
Russell Hall (Duke University) for their insightful comments.

AUTHOR CONTRIBUTIONS

Conceptualization: ARC, JYZ; Data Curation: YJJ, EH, HBP, AM, MAS; Formal
Analysis: AJP, VJ; Funding Acquisition: ARC, JYZ; Investigation: AJP, ARC;
Methodology: ARC, YJJ, SG, JYZ; Project Administration: ARC, JYZ; Re-
sources: ARC, SG, JYZ; Software: AJP, VJ; Supervision: ARC, SG, JYZ; Vali-
dation: AJP, JYZ; Visualization: AJP, VJ; MAS; Writing — Original Draft
Preparation: AJP; Writing — Review and Editing: ARC, JYZ


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE191335
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc&equals;GSE191335
http://orcid.org/0000-0003-1413-8804
http://orcid.org/0000-0001-7489-2046
http://orcid.org/0000-0003-0384-0796
http://orcid.org/0000-0002-8505-9778
http://orcid.org/0000-0002-0976-5814
http://orcid.org/0000-0002-7756-8580
http://orcid.org/0000-0002-1936-2189
http://orcid.org/0000-0002-7805-1743
http://orcid.org/0009-0002-4244-5449
http://orcid.org/0000-0002-4485-1750

DECLARATION OF GENERATIVE ARTIFICIAL INTELLIGENCE (Al) OR

LARGE LANGUAGE MODELS (LLMs)
The author(s) did not use AI/LLM in any part of the research process and/or
manuscript preparation.

REFERENCES

Alexander KA, Flynn R, Lineburg KE, Kuns RD, Teal BE, Olver SD, et al. CSF-
1-dependant donor-derived macrophages mediate chronic graft-versus-
host disease. ] Clin Invest 2014;124:4266—80.

Angel P, Szabowski A, Schorpp-Kistner M. Function and regulation of AP-1
subunits in skin physiology and pathology. Oncogene 2001;20:2413—23.

Briiggen MC, Klein I, Greinix H, Bauer W, Kuzmina Z, Rabitsch W, et al.
Diverse T-cell responses characterize the different manifestations of cuta-
neous graft-versus-host disease. Blood 2014;123:290—9.

Cheng JB, Sedgewick AJ, Finnegan Al, Harirchian P, Lee ], Kwon S, et al.
Transcriptional programming of normal and inflamed human epidermis at
single-cell resolution. Cell Rep 2018;25:871—83.

Cocho L, Fernandez |, Calonge M, Martinez V, Gonzdlez-Garcia M),
Caballero D, et al. Gene expression-based predictive models of graft versus
host disease-associated dry eye. Invest Ophthalmol Vis Sci 2015;56:
4570—81.

Del Zotto G, Marcenaro E, Vacca P, Sivori S, Pende D, Della Chiesa M, et al.
Markers and function of human NK cells in normal and pathological
conditions. Cytometry B Clin Cytom 2017;92:100—14.

Durchdewald M, Beyer TA, Johnson DA, Johnson JA, Werner S, auf dem
Keller U. Electrophilic chemicals but not UV irradiation or reactive oxygen
species activate Nrf2 in keratinocytes in vitro and in vivo. J Invest Dermatol
2007;127:646—53.

Eckert RL, Adhikary G, Young CA, Jans R, Crish JF, Xu W, et al. AP1 tran-
scription factors in epidermal differentiation and skin cancer. J Skin Cancer
2013;2013:537028.

Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet
2009;373:1550—61.

Gangnuss S, Cowin AJ, Daehn IS, Hatzirodos N, Rothnagel JA, Varelias A,
et al. Regulation of MAPK activation, AP-1 transcription factor expression
and keratinocyte differentiation in wounded fetal skin. J Invest Dermatol
2004;122:791—-804.

Ge SX, Jung D, Yao R. ShinyGO: a graphical gene-set enrichment tool for
animals and plants. Bioinformatics 2020;36:2628—9.

Hakim FT, Memon S, Jin P, Imanguli MM, Wang H, Rehman N, et al.
Upregulation of IFN-inducible and damage-response pathways in chronic
graft-versus-host disease. ) Immunol 2016;197:3490—503.

Hanna J, Bechtel P, Zhai Y, Youssef F, McLachlan K, Mandelboim O. Novel
insights on human NK cells" immunological modalities revealed by gene
expression profiling. J Immunol 2004;173:6547—63.

Hobbs RP, Jacob JT, Coulombe PA. Keratins are going nuclear. Dev Cell
2016;38:227—-33.

Hong YQ, Wan B, Li XF. Macrophage regulation of graft-vs-host disease.
World J Clin Cases 2020;8:1793—805.

Inamoto Y, Martin PJ, Paczesny S, Tabellini L, Momin AA, Mumaw CL, et al.
Association of plasma CD163 concentration with de novo-onset chronic
graft-versus-host disease. Biol Blood Marrow Transplant 2017;23:1250—6.

Kanayama M, Xu S, Danzaki K, Gibson JR, Inoue M, Gregory SG, et al.
Skewing of the population balance of lymphoid and myeloid cells by
secreted and intracellular osteopontin. Nat Immunol 2017;18:973—84.

Lawrence T, Natoli G. Transcriptional regulation of macrophage polariza-
tion: enabling diversity with identity. Nat Rev Immunol 2011;11:
750—61.

Lee E, Ahn S, Jin SH, Lee M, Pyo JJ, Shin JC, et al. CXCL14 downregulation in
human keratinocytes is a potential biomarker for a novel in vitro skin
sensitization test. Toxicol Appl Pharmacol 2020;386:114828.

Li D, Cheng S, Pei Y, Sommar P, Karner J, Herter EK, et al. Single-cell analysis
reveals major histocompatibility complex Il-expressing keratinocytes in
pressure ulcers with worse healing outcomes. ] Invest Dermatol
2022;142(142):705—16.

MacDonald KPA, Hill GR, Blazar BR. Chronic graft-versus-host disease:
biological insights from preclinical and clinical studies. Blood 2017;129:
13-21.

AJ Petty et al.
Cutaneous GVHD Single-Cell Transcriptomics

Macosko EZ, Basu A, Satija R, Nemesh J, Shekhar K, Goldman M, et al.
Highly parallel genome-wide expression profiling of individual cells using
nanoliter droplets. Cell 2015;161:1202—14.

Maerki C, Meuter S, Liebi M, Mithlemann K, Frederick MJ, Yawalkar N, et al.
Potent and broad-spectrum antimicrobial activity of CXCL14 suggests an
immediate role in skin infections. J Immunol 2009;182:507—14.

Marionnet C, Pierrard C, Lejeune F, Sok J, Thomas M, Bernerd F. Different
oxidative stress response in keratinocytes and fibroblasts of reconstructed
skin exposed to non extreme daily-ultraviolet radiation. PLoS One 2010;5:
€12059.

Murata H, Janin A, Leboeuf C, Soulier J, Gluckman E, Meignin V, et al. Donor-
derived cells and human graft-versus-host disease of the skin. Blood
2007;109:2663—5.

Niino D, Nakashima M, Kondo H, Ito M, Matsuu M, Shichijo K, et al. Cor-
relation of donor-derived keratinocytes and severity of graft-versus-host
disease (GVHD) in epidermis. Pathol Res Pract 2005;200:775—81.

Ogawa Y, Kodama H, Kameyama K, Yamazaki K, Yasuoka H, Okamoto S,
et al. Donor fibroblast chimerism in the pathogenic fibrotic lesion of hu-
man chronic graft-versus-host disease. Invest Ophthalmol Vis Sci 2005;46:
4519-27.

Orlik C, Deibel D, Kiiblbeck J, Balta E, Ganskih S, Habicht J, et al. Kerati-
nocytes costimulate naive human T cells via CD2: a potential target to
prevent the development of proinflammatory Th1 cells in the skin. Cell Mol
Immunol 2020;17:380—94.

Ossorio M, Martinez V, Bajo MA, Del Peso G, Castro MJ, Romero S, et al.
Prominent levels of the profibrotic chemokine CCL18 during peritonitis:
in vitro downregulation by vitamin D receptor agonists. BioMed Res Int
2018;2018:6415892.

Palmer J, Chai X, Pidala J, Inamoto Y, Martin PJ, Storer B, et al. Predictors of
survival, nonrelapse mortality, and failure-free survival in patients treated
for chronic graft-versus-host disease. Blood 2016;127:160—6.

Piper C, Hainstock E, Yin-Yuan C, Chen Y, Khatun A, Kasmani MY, et al.
Single-cell immune profiling reveals a developmentally distinct CD4+
GM-CSF+ T-cell lineage that induces Gl tract GVHD. Blood Adv 2022;6:
2791-804.

Pochetuhen K, Luzina IG, Lockatell V, Choi J, Todd NW, Atamas SP. Complex
regulation of pulmonary inflammation and fibrosis by CCL18. Am J Pathol
2007;171:428-37.

Rotty JD, Coulombe PA. A wound-induced keratin inhibits Src activity during
keratinocyte migration and tissue repair. J Cell Biol 2012;197:381—9.

Sale GE, Shulman HM, Gallucci BB, Thomas ED. Young rete ridge keratino-
cytes are preferred targets in cutaneous graft-versus-host disease. Am J
Pathol 1985;118:278—87.

Santos ESP, Bennett CL, Chakraverty R. Unraveling the mechanisms of cuta-
neous graft-versus-host disease. Front Immunol 2018;9:963.

Satija R, Farrell JA, Gennert D, Schier AF, Regev A. Spatial reconstruction of
single-cell gene expression data. Nat Biotechnol 2015;33:495—502.

Schaerli P, Willimann K, Ebert LM, Walz A, Moser B. Cutaneous CXCL14
targets blood precursors to epidermal niches for Langerhans cell differen-
tiation. Immunity 2005;23:331—42.

Schifer M, Diitsch S, auf dem Keller U, Navid F, Schwarz A, Johnson DA,
et al. Nrf2 establishes a glutathione-mediated gradient of UVB cytopro-
tection in the epidermis. Genes Dev 2010;24:1045—58.

ShenZ, Wang G, FanJY, Li W, Liu YF. HLA DR B1*04, *07-restricted epitopes on
Keratin 17 for autoreactive T cells in psoriasis. ] Dermatol Sci 2005;38:25—39.

Simonetta F, Alvarez M, Negrin RS. Natural killer cells in Graft-versus-host-
disease after allogeneic hematopoietic cell transplantation. Front Immu-
nol 2017;8:465.

Socié G, Ritz J. Current issues in chronic graft-versus-host disease. Blood
2014;124:374—84.

Son ED, Kim HJ, Kim KH, Bin BH, Bae IH, Lim KM, et al. STOOA7 (psoriasin)
inhibits human epidermal differentiation by enhanced IL-6 secretion
through IkB/NF-kB signalling. Exp Dermatol 2016;25:636—41.

Staedtler F, Hartmann N, Letzkus M, Bongiovanni S, Scherer A, Marc P, et al.
Robust and tissue-independent gender-specific transcript biomarkers. Bio-
markers 2013;18:436—45.

Strobl J, Pandey RV, Krausgruber T, Bayer N, Kleiss| L, Reininger B, et al. Long-
term skin-resident memory T cells proliferate in situ and are involved in
human graft-versus-host disease. Sci Transl Med 2020;12:eabb7028.

www.jidinnovations.org

13


http://refhub.elsevier.com/S2667-0267(25)00029-3/sref1
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref1
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref1
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref1
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref2
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref2
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref2
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref3
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref3
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref3
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref3
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref4
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref4
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref4
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref4
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref5
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref5
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref5
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref5
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref5
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref6
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref6
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref6
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref6
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref7
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref7
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref7
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref7
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref7
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref8
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref8
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref8
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref9
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref9
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref9
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref10
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref10
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref10
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref10
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref10
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref11
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref11
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref11
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref12
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref12
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref12
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref12
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref13
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref13
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref13
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref13
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref14
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref14
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref14
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref15
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref15
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref15
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref16
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref16
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref16
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref16
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref17
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref17
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref17
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref17
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref18
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref18
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref18
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref18
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref19
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref19
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref19
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref20
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref20
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref20
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref20
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref20
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref21
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref21
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref21
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref21
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref22
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref22
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref22
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref22
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref23
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref23
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref23
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref23
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref24
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref24
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref24
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref24
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref25
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref25
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref25
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref25
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref26
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref26
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref26
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref26
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref27
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref27
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref27
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref27
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref27
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref28
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref28
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref28
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref28
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref28
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref29
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref29
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref29
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref29
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref30
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref30
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref30
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref30
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref31
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref32
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref32
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref32
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref32
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref33
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref33
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref33
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref34
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref34
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref34
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref34
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref35
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref35
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref36
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref36
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref36
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref37
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref37
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref37
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref37
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref38
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref38
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref38
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref38
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref39
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref39
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref39
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref40
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref40
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref40
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref41
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref41
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref41
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref42
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref42
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref42
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref42
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref43
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref43
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref43
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref43
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref44
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref44
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref44
http://www.jidinnovations.org

14

AJ Petty et al.
Cutaneous GVHD Single-Cell Transcriptomics

Strong Rodrigues K, Oliveira-Ribeiro C, de Abreu Fiuza Gomes S, Knobler R.
Cutaneous graft-versus-host disease: diagnosis and treatment. Am ] Clin
Dermatol 2018;19:33—50.

Stuart T, Butler A, Hoffman P, Hafemeister C, Papalexi E, Mauck WM 3rd,
et al. Comprehensive integration of single-cell data. Cell 2019;177:
1888—902.e21.

Suh JH, Kanathezhath B, Shenvi S, Guo H, Zhou A, Tiwana A, et al. Thiol/
redox metabolomic profiling implicates GSH dysregulation in early
experimental graft versus host disease (GVHD). PLoS One 2014;9:€88868.

Vargas-Diez E, Garcia-Diez A, Marin A, Fernandez-Herrera J. Life-threatening
graft-vs-host disease. Clin Dermatol 2005;23:285—300.

Vigorito AC, Campregher PV, Storer BE, Carpenter PA, Moravec CK, Kiem HP,
et al. Evaluation of NIH consensus criteria for classification of late acute
and chronic GVHD. Blood 2009;114:702—8.

Wang F, Chen S, Liu HB, Parent CA, Coulombe PA. Keratin 6 regulates col-
lective keratinocyte migration by altering cell-cell and cell-matrix adhe-
sion. J Cell Biol 2018;217:4314—30.

Wang S, Drummond ML, Guerrero-Juarez CF, Tarapore E, MaclLean AL,
Stabell AR, et al. Single cell transcriptomics of human epidermis identifies
basal stem cell transition states. Nat Commun 2020;11:4239.

Wawersik M), Mazzalupo S, Nguyen D, Coulombe PA. Increased levels of
keratin 16 alter epithelialization potential of mouse skin keratinocytes
in vivo and ex vivo. Mol Biol Cell 2001;12:3439—50.

Westrich JA, Vermeer DW, Silva A, Bonney S, Berger JN, Cicchini L, et al.
CXCL14 suppresses human papillomavirus-associated head and neck
cancer through antigen-specific CD8+ T-cell responses by upregulating
MHC-I expression. Oncogene 2019;38:7166—380.

Whitaker-Menezes D, Jones SC, Friedman TM, Korngold R, Murphy GF. An
epithelial target site in experimental graft-versus-host disease and cytokine-
mediated cytotoxicity is defined by cytokeratin 15 expression. Biol Blood
Marrow Transplant 2003;9:559—70.

Willemze A, Bakker AC, von dem Borne PA, Bajema IM, Vossen JM. The effect
of graft-versus-host disease on skin endothelial and epithelial cell chimerism
in stem-cell transplant recipients. Transplantation 2009;87:1096—101.

Wolf R, Mascia F, Dharamsi A, Howard OM, Cataisson C, Bliskovski V, et al.
Gene from a psoriasis susceptibility locus primes the skin for inflammation.
Sci Transl Med 2010;2:61ra90.

Wong P, Coulombe PA. Loss of keratin 6 (K6) proteins reveals a function for
intermediate filaments during wound repair. J Cell Biol 2003;163:327—37.

JID Innovations (2025), Volume 5

Xun CQ, Thompson JS, Jennings CD, Brown SA. The effect of human IL-2-
activated natural killer and T cells on graft-versus-host disease and graft-
versus-leukemia in SCID mice bearing human leukemic cells. Trans-
plantation 1995;60:821—7.

Yang D, Han Z, Oppenheim JJ. Alarmins and immunity. Immunol Rev
2017;280:41—56.

Yang L, Jin L, Ke Y, Fan X, Zhang T, Zhang C, et al. E3 ligase Trim21 Ubig-
uitylates and stabilizes keratin 17 to induce STAT3 activation in psoriasis.
J Invest Dermatol 2018;138:2568—77.

Young CA, Rorke EA, Adhikary G, Xu W, Eckert RL. Loss of epidermal AP1
transcription factor function reduces filaggrin level, alters chemokine
expression and produces an ichthyosis-related phenotype. Cell Death Dis
2017,;8:€2840.

Zampaolo AS, Kanold J, Tournilhac O, Franck F, Bachelerie M, D’Incan M.
Aggressive skin cancers in patients who experienced chronic GvHD after
allogeneic bone marrow transplantation. Bone Marrow Transplant
2017;52:130—1.

Zenz R, Eferl R, Kenner L, Florin L, Hummerich L, Mehic D, et al. Psoriasis-
like skin disease and arthritis caused by inducible epidermal deletion of Jun
proteins [published correction appears in Nature 2006;440:708] Nature
2005;437:369—75.

Zhang F, Li X, Wei Y. Selenium and selenoproteins in health. Biomolecules
2023;13:799.

Zhang X, Yin M, Zhang LJ. Keratin 6, 16 and 17-critical barrier alarmin
molecules in skin wounds and psoriasis. Cells 2019;8:807.

Zhang X, Jin JY, Wu J, Qin X, Streilein R, Hall RP, et al. RNA-seq and
ChlIP-seq reveal SQSTM1/p62 as a key mediator of JunB suppression
of NF-kB-dependent inflammation. ] Invest Dermatol 2015;135:
1016—24.

Zouali H, Lemasson J, Calugareanu A, Battail C, Michonneau D, le Buanec H,
et al. RNA sequencing of chronic GVHD skin lesions defines shared and
unique inflammatory pathways characterizing lichen planus and morphea.
Blood Adv 2022;6:2805—11.

OO This work is licensed under a Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0
International License. To view a copy of this license, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/


http://refhub.elsevier.com/S2667-0267(25)00029-3/sref45
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref45
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref45
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref45
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref46
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref46
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref46
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref46
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref47
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref47
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref47
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref48
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref48
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref48
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref49
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref49
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref49
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref49
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref50
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref50
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref50
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref50
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref51
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref51
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref51
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref52
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref52
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref52
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref52
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref53
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref54
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref54
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref54
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref54
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref54
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref55
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref55
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref55
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref55
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref56
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref56
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref56
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref57
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref57
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref57
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref58
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref58
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref58
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref58
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref58
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref59
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref59
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref59
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref60
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref60
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref60
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref60
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref61
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref61
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref61
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref61
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref62
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref62
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref62
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref62
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref62
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref63
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref63
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref63
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref63
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref63
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref64
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref64
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref65
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref65
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref66
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref66
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref66
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref66
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref66
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref67
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref67
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref67
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref67
http://refhub.elsevier.com/S2667-0267(25)00029-3/sref67
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Insights into Keratinocyte and Immunologic Landscape in Cutaneous Graft-Versus-Host Disease through Single-Cell Transcriptomics
	Introduction
	Results
	scRNA-seq reveals distinctive epidermal KC and immune cell populations in cGVHD
	Upregulation of inflammatory genes and downregulation of reduction–oxidation and regenerative genes in cGVHD epidermal KC p ...
	Dermal structural and immune cell transcriptional changes in cGVHD
	Increased inflammatory responses and upregulation of M1 macrophage in cGVHD
	Sex-based gene analysis delineates cellular origin of nonimmune and immune cell populations in cGVHD

	Discussion
	Materials and Methods
	Tissue preparation from fresh human skin biopsies
	scRNA-seq workflow
	Immunofluorescence staining

	Ethics Statement
	Data Availability Statement
	ORCIDs
	Conflict of Interest
	Acknowledgments
	Author Contributions
	flink10
	References


