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Photosensitivity is central to cutaneous lupus erythematosus and derma-
tomyositis (DM), but the mechanisms linking UVB exposure to tissue-specific
autoimmunity are poorly defined. Using single-cell RNA sequencing, spatial
transcriptomics, proteomics, UVB provocation and in vitro modeling, we

identify MMP9'CD14" myeloid cells as critical mediators of photosensitivity.
These cells expand significantly inlesional skin, produce interferon- (IFN3) and
colocalize with cytotoxic CD4" T cells at the dermal-epidermal junction. Kerati-
nocytes activate fibroblastsin the superficial dermis, prompting them to release
chemokines (CCL2, CCL19, CCL7, CCLS8) that recruit MMP9*CDI14" cells. Invitro,

type linterferon-primed keratinocytes exposed to UVB release cytokines
activating dendritic cells, mirroring in vivo responses. UVB irradiation of
non-lesional skin of patients with DM rapidly recruits these myeloid cells.
Inaclinical proof-of-concept study, anti-type l interferon treatment with
anifrolumab prevented UVB-induced myeloid infiltration and reduced
photosensitivity. Therefore, targeting MMP9*CDI14" cells may offer therapeutic
potential for managing photosensitive autoimmune skin conditions.

Ultraviolet (UV) light presents a paradox in cutaneous immunology:
broadly therapeutic in psoriasis and vitiligo, yet a potent trigger of
inflammationin cutaneouslupus erythematosus (CLE) and dermatomy-
ositis (DM). Both photosensitive diseases exhibit interface dermatitis
with aprominenttypelinterferonsignature, but how typelinterferon
licenses UV-induced skin inflammation remains unclear’.

To define the pathways linking UVB exposure to inflammatory
injury, weintegrated single-cellRNA sequencing (scRNA-seq) and prot-
eomic profiling across photosensitive (CLE, DM) and photoresponsive
(psoriasis, vitiligo) diseases, complemented by spatial transcriptomics
and in vivo UV provocation. Across conditions, three features most

clearly distinguished photosensitive lesions: heightened type l inter-
feronsignaling, amarked expansion of CD14* IFNB-producing myeloid
cells and the presence of cytotoxic CD4" T cells.

Spatial transcriptomic analyses revealed that CD14" cells span a
continuum of transcriptional states. Innon-lesional skin, they predomi-
nantly exhibited an M2-like phenotype and were distributed away from
the dermal-epidermal junction. By contrast, photosensitive lesions
showed a shift toward amore inflammatory, MMP9* Ml1-like state, with
CD14" cellsenriched at the dermal-epidermalinterface and colocalized
withactivated T cells. Integration of spatial profiling with in vitro per-
turbation experiments uncovered akeratinocyte-fibroblast-myeloid
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circuit that drives this transition. Ina typelinterferon-primed environ-
ment, UVBinjuryinduced soluble protein release from basal keratino-
cytes, which in turn activated neighboring fibroblasts to produce
CD14" chemoattractants. This cascade promoted both recruitment
and activation of CD14" cells, establishing a feed-forward loop that
amplifies interface dermatitis in photosensitive autoimmunity.

Results

To compareimmune features of photosensitive versus photoresponsive
skin, we profiled suction blister biopsies from lesional, non-lesional
and healthy sites using sScCRNA-seq and a 250-plex soluble protein assay”
(Extended Data Fig. 1a and Supplementary Tables 1and 2). Cluster-
ing of 79,261 cells based on canonical markers® resolved four major
populations: keratinocytes (52,608), melanocytes (3,614), [ymphocytes
(14,256) and myeloid cells (8,783) (Fig. 1a, Extended Data Fig. 1b and
Supplementary Table 3).

RNA and protein profiling reveal arobust type I interferon
signature in photosensitive skin

Pseudo-bulk analysisidentified 3,176 genes dysregulated in lesional and
non-lesional skin compared with controls (Fig. 1b). CLE and DM exhib-
ited a pronounced type l interferon signature at both transcript and
protein levels, detectable even in non-lesional skin, consistent with a
subclinical typelinterferon milieu (Fig. 1c,d and Extended DataFig. 1c).
Interferon-inducible chemokines (CXCL9-11) were elevated across all
diseases, whereas psoriasis showed anIL-17-driven inflammatory profile
(Fig.1b,c and Extended Data Fig. 1d).

Keratinocytes in non-lesional photosensitive skin are primed
with typelinterferon

Keratinocytes segregated into six subtypes, with activated keratino-
cytes (KRT6A/6B/16/17) enriched in psoriasis, CLE and DM, and
granular keratinocytes reduced across psoriasis, CLE and vitiligo
(Fig. 1e, Extended Data Fig. 1b,e and Supplementary Table 3). Strik-
ingly, basal and suprabasal keratinocytes from both lesional and
non-lesional CLE and DM skin displayed a strong type I interferon
signature that was absent in psoriasis and vitiligo, revealing a
pre-existinginterferon-primed epithelial state unique to photosensitive
diseases (Fig. 1f).

Photosensitive diseases are enriched for cytotoxic

T,1CD4' T cells

We identified distinct lymphocyte subsets, including CD4" T helper
cells (T, 1cells), regulatory T cells, cytotoxic CD8"T cells, natural killer
cellsand y8 T cells (Fig. 1g and Extended Data Fig. 1f). Their composi-
tion differed significantly across disease (y* test, P<2.2 x107; Fig. 1h
and Supplementary Table 3): Tc17 cells were expanded in psoriasis,
whereas cytotoxic CD8" T cells were enriched in DM, CLE and vitiligo.
Most strikingly, CLE and DM lesions contained abundant T,,1-skewed
CD4' T cellswithastrongtypelinterferonand cytotoxicity signature,
marked by high expression of GZMB, GZMK and PRFI (Fig. 1h,i and
Extended Data Fig.1g).

Disease-specific myeloid cell subsets distinguish inflammatory
skin diseases

Re-clustering myeloid cells resolved Langerhans cells, conventional
dendritic cells (cDC1, cDC2), plasmacytoid DCs (pDCs)* ¢, a CD14"
monocytic cluster (MAFB, CD14, FCGRIA FCGR3A), amigratory hetero-
geneous cluster and a tolerogenic population (Myeloid-Tol)"® (Fig. 2a,b
and Extended Data Fig. 2a).

Langerhans cells were reduced in lesional skin across all diseases
(false discoveryrate (FDR) < 0.2, single-cell compositional dataanaly-
sis (scCODA); Fig. 2c and Extended Data Fig. 2b), probably reflecting
impaired skin maintenance associated with reduced /L34 expression
inkeratinocytes and melanocytes®' (Fig. 2d,e). By contrast, cDCl cells

were expanded in vitiligo, consistent with their established role in
disease pathogenesis", while cDC2 subsets were enriched in psoriasis,
aligning with their functioninIL-17-driven psoriasiforminflammation®
(Fig.2c and Extended Data Fig. 2b).

Typelinterferon-producing myeloid subsets distinguish
photosensitive from photoresponsive skin disease

Distinct type | interferon-producing myeloid subsets were selec-
tively expanded in photosensitive dermatoses (Fig. 2c and
Supplementary Table 3). pDCs comprised 12.5% of myeloid cells in CLE
lesions (Fig.2c and Extended DataFig. 2b) and displayed high expression
of IRF7 and of IFNA family members, consistent with their established
roleasIFNa producers andtargeting themviaBDCA2/CLEC4Cblockade
in CLE (Fig. 2f and Extended Data Fig. 2¢c)""*. CD14" myeloid cells (MC_
CD14) were markedly expandedin DM (43%) and to alesser extentin CLE
(12%) (Fig. 2c,g), and emerged as the predominant source of IFNB1in DM,
whichwas validated in anindependent full-thickness scRNA-seq data-
set” (Methods, Fig. 2h and Extended Data Fig. 2e-g). Protein measure-
ments mirrored transcriptomic patterns: IFNa was elevated in CLE and
IFNBin DM ininterstitial skin fluid (Fig. 1d and Extended Data Fig. 1d),
highlighting disease-specificinterferon-producing myeloid programs
as defining features of photosensitivity.

Typelinterferons enhance the cytotoxicity of CD4" T cells
Cytotoxic CD4" T cells, defined by TBX21,IFNG, CXCR3, PRF1 and GZMB
expression'®, were selectively expanded in photosensitive lesions,
with the highest enrichment in DM (Fig. 1h,i). To determine whether
interferon signaling augments their effector function, CD4" T cells
from healthy donors were activated ex vivo and exposed to IFNf3 or
IFNy. IFN, but not IFNy, significantly increased GZMB expression
(Fig. 2i) and enhanced epithelial killing in a real-time cytotoxicity
assay (Fig. 2j). These findings indicate that type l interferon licenses
a cytotoxic program in T,;1 CD4" T cells, providing a mechanistic
link between type linterferon conditioning and epithelial injury in
photosensitive autoimmunity.

Spatial profiling defines cellular architecture in
autoimmune skin
We mapped inflammatory cell organization in photosensitive skin
using seqFISH" with a 511-gene panel derived from scRNA-seq
(Supplementary Table 4). Across 13 lesional sections from seven
patients (two DM, two CLE, two psoriasis, one vitiligo), we profiled
155,440 cells (median of 594 transcripts per cell). Unsupervised
clustering recovered major epidermal and dermal lineages, includ-
ing populations not captured by suction blister sampling (Fig. 3a-d,
Extended Data Fig. 3a-d and Supplementary Information).
Lineage-specific reclustering resolved myeloid subsets, including
DC1, DC2, CD14", Langerhans cells, pDCs and neutrophils (Fig. 3c,d
and Extended DataFig. 3e), and five fibroblast subtypes, including two
spatially segregated proinflammatory states (Extended Data Fig. 3f).
FB_proinf sup, positioned in the superficial dermis, expressed CCL2,
CCL8 and CXCL2, whereas FB_proinf deep enriched around eccrine
glands and immune aggregates, expressed CCLI19 and CXCL12
(Extended Data Fig. 3b,f). Cross-referencing with a recent fibroblast
atlasshowed that both subsets also appear in healthy skin, with FB_pro-
Inf sup aligning with the ‘superficial’ fibroblast cluster and FB_pro-
Inf deep with the fibroblasticreticular cell-like population, indicating
that these states are not disease-specific'®.

Spatial transcriptomics reveals stratified inflammatory states
of CD14" myeloid cells

seqFISH enabled in situ resolution of CD14" myeloid heterogeneity
in photosensitive skin. Although all CD14" cells expressed canonical
markers (CD14, CD163, MRCI and MAF), diffusion component analysis
revealed a continuous transcriptional spectrum with distinct spatial
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Fig.1|Integrated single-cell transcriptomic and proteomic profiling reveals
typelinterferon-associatedimmune and epithelial features unique to
photosensitive skin diseases. a, UMAP embedding of all cells from blister
biopsy scRNA-seq. Cells are colored by cell type. KC, keratinocytes.

b, Heatmap of differentially expressed genes from pseudo-bulk analysis across
conditions in scRNA-seq. The top 100 significant genes per disease by fold
change (FDR < 0.01), identified using DESeq2, were clustered using k-means.
log-normalized expression values are shown, scaled by row. NL, non-lesional;
L, lesional. ¢, Heatmap of differentially abundant proteins in blister fluid
quantified by NULISA (P < 0.05, [log,(fold change)| > 1, t-test). NULISA protein
quantification (NPQ) represents log,-transformed normalized counts. Color is
scaled by row. d, Box plots showing IFNA1; IFNA13 and IFNB1 blister fluid protein
levels (NPQ) across diseases and skin types (lesional and non-lesional). Each
dot represents one blister fluid sample from a single patient (one sample per
patient per group). Some patients contributed samples to both lesional and
non-lesional groups. The limit of detection (LOD) is indicated by a gray dashed

line. Only samples above the LOD were included in statistical testing. Sample
sizes: IFNAL; IFNA13: healthy controls (HC) (n=12), DM (NL,n=8;L,n=6), CLE
(NL,n=5;L,n=6),psoriasis (Pso) (NL,n=4;L, n=6), vitiligo (Vit) (NL,n = 14;
L,n=16).IFNBI:HC(n=9),DM(NL,n=8;L,n=7),CLE(NL,n=5;L,n=6),
Pso(NL,n=4;L,n=6),Vit(NL,n=14;L, n=15). Two-sided t-test was used for
pairwise comparisons: NS, not significant; *P < 0.05; **P < 0.01; ***P < 0.001. Box
plots show the median (center line), interquartile range (IQR) (box, 25th-75th
percentiles) and whiskers extending to the most extreme values within 1.5x IQR
from the box; points beyond are shown as outliers. e, Percent of keratinocyte
subtypes (of total keratinocytes) per disease; colors scaled by cell type
(column). f, Pseudo-bulk expression heatmap of type l interferon-induced genes
across keratinocyte subtypes. g, UMAP embedding of reclustered lymphocytes.
h, Percent of lymphocyte subtypes (of total lymphocytes) per disease; colors
scaled by cell type (column). i, Pseudo-bulk expression heatmap of cytotoxic
effector and type l interferon response genes. T, 1 cells were nearly absentin HC
and Pso and were excluded from the heatmap.
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Fig. 2| Disease-specific myeloid subsets and type l interferon-associated
cytotoxicity in photosensitive skin disease. a, UMAP embedding of reclustered
myeloid cells. MC, myeloid cells; LC, Langerhans cells. b, Pseudo-bulk expression
heatmap of marker genes for myeloid subsets in sScRNA-seq of blister biopsies.

¢, Percentage of myeloid subtypes within all myeloid cells per disease; colors
scaled by cell type (column).d,e, /L34 pseudo-bulk expression aggregated per
celltype for each individual (total individuals, n = 44) (d) or aggregated at the
patient level within each skin condition (e). Lesional and non-lesional samples
are paired within the same patients. Individual numbers per condition: HC
(n=10), DM (n =5 pairs), CLE (n = 4 pairs), Pso (n = 6 pairs), Vit (n =19 pairs).

f, Percentages of CD14* myeloid cells within total myeloid cells per blister biopsy
sample across skin conditions. Statistical significance was assessed using
scCODA, with KC_suprabasal as the reference. Only samples containing myeloid
cells were included. Sample sizes (paired NL-L within patients): HC (n =10),

DM(NL,n=4;L,n=5),CLE(NL,n=4;L,n=4),Pso(NL,n=6;L,n=6), Vit (NL,
n=18;L,n=19).gh,log-normalized transcript counts for /FNA (g) and IFNB1

(h) in myeloid cell subsets per punch biopsy sample from a public skin lupus
dataset* (n =29 samplesing: 13 epidermis and 16 dermis), and three unique DM
samples from a previous publication® (total patientsinh, n = 3).i, Proportion
of GZMB expressing CD4" T cellsin response to activation and IFNf or IFNy
treatment (n = 5 donors); comparison by one-way ANOVA followed by Tukey’s
test.j, Real-time cytolysis of solitomab-treated BT-20 cells co-cultured with
CD4'T cells pre-treated with IFN(, IFNy or control, measured by Lionheart
microscope. Data are shown as means; error bars, s.d. Comparison by one-way
ANOVA followed by Tukey'’s test (biological replicates, n =3 donors, P< 0.001).
Box plot definition (all panels): center line, median; box, 25th-75th percentiles;
whiskers, most extreme values within 1.5x IQR; points beyond whiskers, outliers.

and functional poles. One end featured cells with high LYVE1 and CD34
butlow MMP9, CD68 and IFI44L.The opposite end comprised cells with
upregulated MMP9, CD68 and IFI44L, resembling the proinflammatory
state captured in suction blister samples (Fig. 3e,f).

Spatially, MMP9'°*CD14" cells localized to the deeper dermis,
whereas MMPO"e"CD14" cells accumulated near T cell aggregates at
the dermal-epidermaljunction® (Fig.3g,h and Extended DataFig. 4a).
Thisgradient supportsinsitu transition toward aninflammatory state
marked by induction of MMP9 and chemokines, such as CCL13 and
CXCL3 (Extended DataFig. 4b).

Mechanistically, LYVEL binds hyaluronic acid, a major dermal
matrix component®, probably retaining LYVEI'MMP9" cellsin deeper

compartments. Conversely, MMP9-mediated matrix degradation
may enhance motility, explaining why MMP9'LYVE CD14* cells were
preferentially captured by blister biopsy.

Colocalization analysis reveals spatial proximity of
inflammatory CD14* myeloid cells and cytotoxic CD4* T cells
in photosensitive skin lesions

To define spatial relationships between CD14" myeloid cells and
other populations, including T,1 cytotoxic CD4" T cells in DM
(Extended DataFig. 4c,d), we computed a distance-weighted colocaliza-
tionscore thatincorporates both density and proximity (Methods and
Extended DataFig. 4e). This direction-dependent metric recapitulated
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Fig. 3| Spatial transcriptomics reveals spatial stratification and
transcriptional heterogeneity of CD14" myeloid cells in autoimmune skin
lesions. a, UMAP embedding of 155,440 cells profiled by seqFISH across 13 skin
sections derived from seven punch biopsies (seven patients). b, Spatial map
showing skin features captured in arepresentative tissue section. Each dot
represents a cell colored by cell type; basal keratinocytes are colored in white,
delineating the dermal-epidermal junction. The remaining 12 sections are
shown in the Supplementary Information. ¢, UMAP embedding of reclustered
seqFISH myeloid lineage. d, Pseudo-bulk expression heatmap of marker genes
for myeloid subclusters in seqFISH. e, Diffusion map of CD14* myeloid cells
identifies a transcriptional continuum from MMP9™to MMP9* states. Color
intensity indicates log-normalized single-cell expression (upper two panels)
or the first diffusion component score (bottom panel). f, Heatmap of selected

500 pum

marker genes in myeloid cell subtypes in punch biopsy seqFISH (left) and blister
fluid scRNA-seq (right). Left, CD14" cells were ordered by their first diffusion
component and aggregated into 50 equal-sized bins for the mean expression
level of each bin. Colors were scaled separately for each dataset. g, Spatial
embeddings of seqFISH data showing CD14" myeloid cells colored by their first
diffusion componentin lesional tissue. Data are representative of n = 13 tissue
sections derived from seven punch biopsies (seven patients) with similar results.
h, Scatter plot showing minimum distance (in pm) from a CD14" cell to a basal
keratinocyte (xaxis) ora CD8 or CD4 T cell (y axis), colored by their projection
onto the first diffusion component; marginal plots show the smoothed values of
the first diffusion component of CD14" cells projected onto the x axis (bottom) or
theyaxis (left).
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known skin architecture, including epidermal layering and adnexal
structures (Fig. 4a).

To examine how the spatial neighborhood of CD14* myeloid cells
evolves along their MMP9™to MMP9" trajectory, we divided theminto
ten equal bins along the first diffusion component and quantified colo-
calization with each reference population. MMP9CD14" cells localized
predominantly near mesenchymal fibroblasts, whereas MMP9" cells
showed increasing colocalization with fibroblastic reticular cell-like
fibroblasts (FB_prolnf_deep), superficial fibroblasts (FB_prolnf_sup)
and immune populations, except for Langerhans cells (Fig. 4b and
Extended Data Fig. 4f).

Spatial analysis further revealed transcriptional shifts associated
with proximity to CD4* T cells. As CD14" cells approached CD4" T cell
aggregates, they upregulated MMP9but downregulated LYVEI (Fig.4c,d
and Extended Data Fig. 4g). Increased MMP9 implies enhanced extra-
cellular matrix remodeling capacity, which may facilitate immune
cell migration and organization of lymphocytic aggregates at the
dermal-epidermal junction??2, On the other hand, reduced LYVEI
reflectsloss of tissue-resident features and acquisition of amore migra-
tory, inflammatory phenotype?, consistent with activation in type |
interferon-rich microenvironments.

CD14" myeloid cells polarize from M2-like to M1-like states as
they migrate toward the epidermis

To validate the CD14" continuum past the limits of our spatial panel,
we reanalyzed a published full-thickness CLE scRNA-seq dataset
(GSE179633)*. As expected, pDCs were enriched in discoid lupus
erythematosus (DLE) and systemic lupus erythematosus (SLE) skin,
whereas CD14" cells selectively expanded within epidermal compo-
nents, consistent with our spatial findings (Supplementary Table 3 and
Fig.5a). Targeted reclustering of CD14" cells reproduced a continuous
trajectory, with MMP9and LYVEI defining opposing poles along the first
diffusion component (Fig. 5b and Extended Data Fig. 5a).

Differential expression across this continuum identified 3,234
genes (P, < 0.05; |avg. log,(fold change)| > 1). MMP9" cells expressed
anMl-like program (/L6,/L1B, TNF), whereas MMP9™ cells were enriched
for M2 markers (Fig. 5¢). Notably, IFNG and TNF, key Ml-inducers,
were expressed by immune cells, and MMP9*CD14* cells colocalized
with high TNFand IFNG at the dermal-epidermal junction and within
immune aggregates (Fig. 5d,e), suggesting that local inflammatory
cues drive polarization.

To identify mechanisms guiding spatial positioning, we profiled
chemokine receptor expression. CD14" cells expressed CCR1, CCR2,
CCRS, CCR7 and CXCR4. CCR1 and CXCR4 peaked atintermediate states,
whereas CCR5and CCR7 increased towards the MMP9* pole (Fig. 5f, left).

Mapping ligand expression in the seqFISH dataset showed that
fibroblasts, endothelial cells, lymphocytes and myeloid cells within
~40 um of CD14" cells produced distinct chemokines aligned with the
CD14" trajectory (Fig. 5f, right). CXCL12, the ligand for CXCR4, was
highestin fibroblasts and endothelial cellsadjacent to the intermediate
state, whereas fibroblasts near the MMP9* pole expressed CCL2, CCLS,
CCL13 and CCL19. Notably, CCL19 was also expressed by tolerogenic/
migratory myeloid cells only when in proximity to MMP9*CD14" cells.
These ligand patterns paralleled receptor dynamics: CCRS (for CCL8)
and CCR7 (for CCL19) were upregulated at late stages, whereas CXCR4
was enriched earlier, suggesting an initial CXCL12-CXCR4 axis fol-
lowed by CCR5/CCR7-mediated reinforcement as cells approach the
epidermis. Together, these findings position lesional fibroblasts as key
organizers of chemokine gradients that direct CD14" cells toward an
inflammatory Mi-like state.

Given that our seqFISH panel lacked several CCR1/CCRS ligands,
we analyzed them in GSE179633, in which endothelial cells were the
major sources of CCL14,CCLISand CCL16,implicating CCR1-dependent
recruitment of circulating monocytes (Extended Data Fig. 5b). As this
dataset reflects steady-state tissue, we cannot distinguish whether

MMP9*CD14* cells arise from incoming monocytes or migration of
dermal-resident cells; both may contribute.

T cells emerged as dominant producers of CCLS, a CCRS ligand,
supporting CCR5-mediated colocalization of MMP9*CD14" cells and
T cellsin CLE and DM. Finally, CD14" cells expressed CCL2/3/4/7/8/13,
suggesting potential self-recruitment through CCR1/2/5 (Extended
DataFig. 5b).

Typelinterferon primes UVB-induced recruitment of
MMP9°CD14" myeloid cells in photosensitive skin and is
abrogated by IFNAR blockade

Given that non-lesional CLE and DM skin also exhibited heightened
typelinterferonsignatures, we reasoned that type linterferon licenses
clinically normal skin for exaggerated UVB responses. In vivo pho-
toprovocation of healthy individuals and patients with DM demon-
strated astriking difference: although CD14" cells accounted for <10%
of CD45" immune cells in blister biopsies of both healthy skin and
non-lesional DM skin at baseline, UVB irradiation induced a robust
influx of CD14" cells within 24 h, selectively in non-lesional DM skin
(-20% of CD45*; P< 0.001; Fig. 6a and Extended Data Fig. 6a,b). As
blister biopsies are enriched for MMP9*CD14" cells, the increased
frequency predominantly reflects the accumulation of inflamma-
tory Ml-like cells.

Todirectly test therole of typelinterferon, we examined a patient
with CLE before and after three monthly infusions of anifrolumab
(anti-IFNAR1). IFNAR blockade resolved clinical disease activity (Cuta-
neous Lupus Erythematosus Disease Area and Severity Index (CLASI)
6~0; Fig. 6b and Extended Data Fig. 6¢). Histologically, UVB induced
dense myeloid-lymphoid aggregates in interface, perivascular and
periadnexal regions, but this response was markedly blunted after
anifrolumab (Extended Data Fig. 6d).

Transcriptional profiling confirmed that acute UVB irradiation
drove CD14" cells in non-lesional CLE toward an MMP9" inflamma-
tory state, an effect substantially reduced following IFNAR blockade
(Fig. 6¢,d). Spatially, UVB-induced MMP9"CDI14" cells localized to the
interface and papillary dermis, whereas anifrolumab profoundly dimin-
ished their accumulation (Fig. 6e and Extended Data Fig. 6€).

UVB also induced fibroblast changes characteristic of lesional
photosensitive skin. In non-lesional CLE, UVB provocation expanded
proinflammatory fibroblasts and upregulated CCL2 and CCLS, both
attenuated after IFNAR blockade (Fig. 6f and Extended Data Fig. 6f).
Consistent with their migratory phenotype, infiltrating MMP9*CD14*
cellsexpressed high CCRI and modestly increased CCR5and CCR2, the
receptors for CCL2 and CCL8 (P< 0.01; Fig. 6g).

Together, these findings demonstrate that type l interferon sign-
aling licenses skin for UVB-induced recruitment and polarization of
inflammatory MMP9*CD14" myeloid cells, a central initiating step in
interface dermatitis.

Typelinterferon-primed UVB injury in keratinocytes activates
monocyte-derived DCs and recapitulates MMP9°CD14"*
myeloid programs in photosensitive skin
Building on our observation that UVB triggers epidermal recruitment
ofinflammatory CD14" myeloid cellsin a type linterferon-dependent
manner, we nextinvestigated the role of keratinocytes, epithelial sen-
tinels that absorb the majority of UVB radiation and initiate immune
responses in photosensitive skin.
Giventhattypelinterferonsignalingwasrequired for UVB-induced
recruitment of inflammatory CD14" cells in vivo, we next examined
how keratinocytes shape downstream myeloid responses. We used
a keratinocyte-DC co-culture system in which N/TERT2G keratino-
cytes were exposed to UVB (50 or 100 mJ cm™) with or without IFNf
priming, and their conditioned media applied to healthy donor
monocyte-derived dendritic cells (moDCs) (Extended Data Fig. 7a).
moDCs were selected as surrogates for lesional MMP9'CD14" cells
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Fig. 4| Spatial colocalization analysis reveals activation states of CD14"
myeloid cells associated with proximity to CD4" T cellsinautoimmune
lesions. a, Left, heatmap of cell-type colocalization scores across all spatial
transcriptomics slides, calculated using a Gaussian-weighted distance model
(Methods). Score shows the degree of query cell type (row) locating within
theregion of the reference cell type (column). Boxes 1-5 highlight known
anatomical relationships: (1) eccrine gland: glandular and ductal keratinocytes
with Schwann cells and pericytes (representative of n =10 sections derived from
five punch biopsies (five patients) containing eccrine glands); (2) hair follicle:
concentric layers of hair follicle sheath keratinocytes; (3) epidermis: epidermal
keratinocytes with melanocytes, Langerhans cells and Tc17 cells (representative
of n=13 sections derived from seven punch biopsies (seven patients) containing
epidermis); (4) dermis: mesenchymal fibroblasts with dermal structures;

(5) immune aggregates: proinflammatory fibroblasts with immune cells.

[l Melanocyte

Right, zoom-ins in representative tissue sections of the highlighted clusters
(representative of n = 13 sections derived from seven punch biopsies (seven
patients) containing immune aggregates). b, Colocalization score heatmap

for CD14* MCs (query) with other cell subtypes (reference). CD14* MCs were
ordered by the first diffusion component (transition) and aggregated into ten
bins. ¢, Genein CD14" myeloid cell expression changes as a function of proximity
(colocalization score) to CD4" T cells aggregated for each slide; smoothed with
rolling average. d, High-resolution image of CLE sample 2 showing zoom-ins

of superficial and deep immune aggregates. Key cell types are displayed, with
overlaid transcripts for LYVEI (blue) and MMP9 (yellow). Lymphatic endothelial
cells, typically associated with LYVE1 expression, are shown for spatial reference.
Data are representative of n =13 tissue sections derived from seven punch
biopsies (seven patients) with similar results.
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Fig. 5| CD14" cells transition from an M2-like to an M1-like state, and their
skinlocalizationis established by amulti-chemokine fibroblast gradient.
a, Percentage of myeloid cell subtypes within all myeloid cells per condition
inepidermal (top) and dermal (bottom) lupus punch skin biopsy samples
from reanalyzed datain GSE179633; colors scaled by cell type (column).

b, log-normalized expression of MMP9 (left) and LYVEI (right) in CD14" cells
embedded in a diffusion map. ¢, Heatmap showing M1 (left) and M2 (right)
markers expressionin CD14* cells ordered by the first diffusion component
(transition) and aggregated into 50 bins (144 cells per bin). d, Local expression

of TNF (top) and IFNG (bottom) by cells within 400 pixels (-41 pm) of CD14" cells

inseqFISH data. CD14" cells were ordered by their first diffusion component

(transition) and averaged in bins 0f 193 CD14" cells. e, Expression of TNF (top)
and IFNG (bottom) in a DM lesional sample, smoothed with a Gaussian kernel;
s.d., 400 pixels (-41 um). CD14" cells are overlayed on top and colored according
to their projection onto the first diffusion component (transition). Data are
representative of n =13 tissue sections derived from seven punch biopsies (seven
patients) with similar results. f, Left, expression of detected chemokine receptors
inCD14" cells from the GSE179633 dataset, shown along the first diffusion
component. CD14" cells were grouped into 50 bins (144 cells per bin) asinb.
Right, seqFISH expression of corresponding ligands in different cell types within
400 pixels (-41 pm) of CD14" cells, averaged per bin along the same diffusion
componentorderingasind.

based on shared markersincluding /TGAX, CD209 and MAFB** (Fig.2b
and Extended DataFig. 2a).

UVB increased keratinocyte membrane permeability and
reduced intracellular ATP in a dose-dependent manner, with both

effects enhanced by IFN pretreatment (P < 0.0001; Fig. 7a), indi-
cating increased epithelial stress. Supernatants from UVB-injured
keratinocytes robustly upregulated HLA-DR, CD83, CD80 and CD86
on moDCs; IFNf priming further potentiated this response, whereas
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Fig. 6 | Typelinterferon signaling drives UVB-induced myeloid inflammationin
photosensitive autoimmune skin diseases, which is attenuated by therapeutic
IFNARDblockade. a, Flow cytometric analysis of the percentage of CD14" myeloid
cells within CD45" immune cellsin three healthy individuals and three individuals
with DM. P values were computed using two-way ANOVA followed by Bonferroni-
corrected pairwise t-tests (data represented as means; error bars, s.e.m.).

b, Clinicalimages before and after anifrolumab treatment. CLASI activity score from
six (before) to zero (after). ¢, Diffusion map of CD14" cells obtained from seqFISH
data of UVB-exposed skin. d, Heatmap of differentially expressed genes (P < 0.01;
tradeSeq) in CD14" myeloid cells ordered by their first diffusion map component

and their expression summed in 50 bin cells isolated from untreated (NL), UVB-
treated (NL_UV) and UVB-treated post-anifrolumab (NL_UV_anf) skin. e, Scatter
plot showing minimum distance (in pm) from a CD14" cell to a basal keratinocyte
(xaxis) oraCD8or CD4 T cell (y axis) colored by their projection onto the first
diffusion component; marginal plots show mean of the first diffusion component
of CD14" cells projected onto the x axis (bottom) or the y axis (left). f, Violin

plots showing normalized expression of CCL2and CCL8in fibroblast subtypes.

g, Heatmap showing expression of chemokine receptors CCRI1, CCR2, CCR3and
CCR5in CD14" myeloid cells ordered by the first diffusion component; each tile
represents aggregated expression of 33 cells.

direct IFNp stimulation of moDCs did not have a similar effect (Fig. 7b
and Extended Data Fig. 7b), confirming that type I interferon acts
through keratinocytes rather than myeloid cells.

Transcriptomic and proteomic profiling revealed that UVB alone
induced a dose-dependent inflammatory programin moDCs, including
CXCL1, CCL3 and CCL19 (Fig. 7c,d and Supplementary Table 5). Strik-
ingly, UVB50 + IFNp elicited responses comparable to or exceeding
UVB100 alone, underscoring the amplifying role of type linterferonin
shapingkeratinocyte output. A qualitative shift emerged: the classical
monocyte chemoattractants CCL2, CCL7 and CCL8 wereinduced only
by supernatants from IFNf3-primed, UVB-irradiated keratinocytes,
not by UVB alone or IFN alone (Fig. 7d and Extended Data Fig. 7c).
These chemokines are among the most enriched in MMP9CD14" cells
in CLE and DM lesions (Extended Data Fig. 7d), underscoring their
invivorelevance.

We next asked whether keratinocyte supernatants could reca-
pitulate the transcriptional program of in vivo MMP9*CD14" cells.
Although KC-conditioned media induced key pathogenic effectors,
including MMP9, PDGFB, CD80 and CD8e, it failed to upregulate
canonical interferon-stimulated genes (STAT1, IRF7, TBK1) or CCRS
(Fig. 7e), indicating that epithelial cues alone do not fully recreate the
interferon-driven state present in lesional skin.

Together, these findings show that type I interferon is required to
license UVB-damaged keratinocytes to activate acentral component of
the MMP9*CD14" myeloid program. The observed typelinterferonsigna-
tureinnon-lesional CLEand DMsuggests that clinically normal-appearing
skinistranscriptionally poised for exaggerated UVB responses, thereby
promoting rapid recruitment and activation of inflammatory myeloid
cells. These datasupportIFNARblockade asastrategy tointerruptearly
pathogenic events in photosensitive autoimmunity.
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Typelinterferon-licensed UVB-injured keratinocytes drive
myeloid activation via soluble protein mediators
Todefinehowtype linterferon primes keratinocytes to activate moDCs,
we first characterized the biochemical nature of the factors released
from UVB-injured keratinocytes. Conditioned media from IFNJ3-primed,
UVB-irradiated keratinocytes potently induced CD83 on moDCs
(Fig. 7b). This effect was abolished by proteinase K but not DNase |,
indicating that the active components are proteins (Fig. 7f). Activity was
retained after low-speed centrifugationbut lost upon 0.22 umfiltration,
suggesting a vesicle-associated or membrane-bound origin (Fig. 7g).

Proteomics identified 28 differentially expressed proteins
(adjusted ANOVA P < 0.05) that segregated into UVB-induced and
IFNB-licensed groups (Extended Data Fig. 7e). UVB alone induced
TNF, IL-1a, IL-1B, CXCL1 and CXCLS8, which were further amplified by
IFNB (Fig. 7h and Extended Data Fig. 7e). A distinct group, including
CCL20, CSF1andIL-6,wasinduced only with IFNf priming (Fig. 7h and
Extended DataFig.7e,f), indicating that typelinterferon does morethan
enhancing UVB responses: it reprograms keratinocyte cytokine output.

Given the biochemical profile, we tested whether membrane-
bound TNF contributed to moDC activation. TNF was strongly induced
by UVB and further augmented by IFN priming. Neutralization with
adalimumab reduced moDC activation by 57% (P < 0.0001; Fig. 7i).
However, after IFN( priming, adalimumab only partially suppressed
activation (CD83"32% vs 17% without priming), implicating additional
IFNB-licensed cytokines. Direct IFNAR blockade on moDCs had no
effect, confirming that typelinterferon acts primarily on keratinocytes
to license their proinflammatory output.

Amongselectively induced cytokines, IL-6 was strongly dependent
onlIFN priming (Fig. 7h). Although IL-6 can exert context-dependent
effects on human myeloid cells, its selective induction in type |
interferon-licensed keratinocytes identifiesit as a plausible contribu-
tor to the augmented moDC activation.

Keratinocyte injury cues activate fibroblasts and myeloid cells

to promote T cell recruitment

Superficial fibroblasts emerged as the main producers of monocyte-
recruiting chemokines (CCL2, CCL7, CCL8) in photosensitive lesions
and localized adjacent to MMP9*'CD14" cells near the dermal-epider-
mal junction (Extended Data Figs. 3f, 5b,f and 6e,f). To define how
keratinocyte UV injury shapes these fibroblast chemokine gradients,

we stimulated primary human dermal fibroblasts with conditioned
media from UVB-irradiated keratinocytes with or without IFNf3, or
with recombinant TNF and IL-1f3, two cytokines strongly induced by
UVB (Fig. 7h), and then performed RNA-seq.

Direct IFNP exposure did not alter CCL7 or CCL8 expression. By
contrast, supernatants from IFNf-primed keratinocytes, regardless of
UVB dose, robustly induced both chemokines, identifying them as key
mediators of CD14" recruitmentintype linterferon-rich settings. CCL7
showed modestinductionby IL-1, whereas CCL8 was minimally respon-
sive to IL-1 or TNF, suggesting that additional keratinocyte-derived
factors regulate its expression (Fig. 7j, Extended Data Fig. 7g and
Supplementary Table 5). CCL2 was consistently upregulated by all
keratinocyte supernatants, with the strongest induction following
UVBI100, mirroring the potent effect of recombinant TNF or IL-1on
fibroblasts (Fig. 7j and Extended Data Fig. 7g).

CXCL12, ahomeostatic stromal chemokine, was suppressed in
fibroblasts exposed to keratinocyte-conditioned media, with maximal
repression by IFNB-primed, UVB-injured keratinocyte supernatants.
TNF alone also downregulated CXCL12, consistent with prior work
showing IL-1and TNF-mediated repression in inflamed tissues® 7.
CXCL12 downregulation probably reflects a shift from a homeostatic
toaproinflammatory stromal state that favors recruitment of inflam-
matory myeloid cells over maintenance of steady-state niches.

We next asked whether keratinocyte injury promotes T cell accu-
mulation through moDC activation. moDCs were stimulated with
keratinocyte-conditioned mediafor12 h,washed and culturedinfresh
media. Their secretome, reflecting moDC-intrinsic responses, was used
in chemotaxis assays. moDCs activated by IFNB-primed, UVB-injured
keratinocyte media induced the strongest recruitment of CD4" and
CDS8'T cells (Fig. 7k). IFNB priming lowered the UVB threshold, enabling
UVBS5O0 to elicit T cell chemotaxis comparable to UVB100 (Fig. 7k),
an effect not seen with IFNp treatment alone, confirming that type |
interferon amplifies UVB-induced epithelial injury to drive secondary
T cell recruitment.

Together, these findings delineate a multicellular inflammatory
cascade initiated by type l interferon-primed keratinocyte damage.
Cytokinesreleased from UVB-injured keratinocytes activate superficial
fibroblasts to produce chemokines (CCL2, CCL7, CCL8) that attract
CD14* monocyte-derived cells into the upper dermis. Once recruited,
these cells encounter keratinocyte-derived cytokines, including TNF,

Fig. 7 | IFNB-primed, UVB-irradiated keratinocytes activate inflammatory
moDCs via proteinaceous, membrane-bound cytokines, leading to

T lymphocyte recruitment and fibroblast-derived chemokine production.
a, Keratinocyte viability, measured by propidiumiodide (PI) uptake (n = 6) and
ATP depletion (n = 8). Data are presented as means and were analyzed using
one-way ANOVA followed by Bonferroni-corrected pairwise comparisons; error
bars, s.e.m. A P value < 0.05 was considered statistically significant. b, Dot plots
of moDC activation marker expression (CD83, CD86) following exposure to
keratinocyte-conditioned media or direct IFN stimulation; lipopolysaccharide
(LPS) was used as a positive control. Data are presented as means; error bars,
s.e.m. Statistical analysis was performed using a one-way ANOVA followed by
Bonferroni-corrected multiple comparisons. Each dot represents one biological
replicate. Datawere derived from six independent donors. ¢, Heatmap of
differentially expressed genes (P < 0.05, |log,(fold change)| > 1) in bulk RNA-seq
of moDCs incubated with keratinocyte supernatants treated with UVB and IFNf3;
dataare counts per million (CPM) scaled by gene (row) (n = 5donors per group).
d, Heatmap of differentially abundant protein expression (NPQ) (P < 0.05) in
moDCs after incubation with keratinocyte supernatants from the indicated
conditions; colors scaled by protein (row) (n =4 donors per group). e, Heatmap
of MMP9°CD14" signature genes found induced in moDCs after exposure to
keratinocyte-conditioned media or direct IFNp. Signature genes are M1 markers
and M2 markers in Fig. 5c that are high on the MMP9 end; data are counts

per million scaled by gene (row). f,g, Percentage of moDCs expressing CD83
following stimulation with keratinocyte supernatants treated with proteinase

K (PK), DNase or passed through a 0.22 pm filter. Data are presented as means;

error bars, s.e.m. Statistical analysis was performed using a one-way ANOVA
followed by Bonferroni-corrected multiple comparisons. Each dot represents
onebiological replicate. Datain fwere derived from eightindependent

donors, and datain g were derived from sixindependent donors. h, Cytokine
concentration in keratinocyte supernatants, measured using OLINK proteomics.
Data are presented as means and were analyzed using one-way ANOVA followed
by Tukey’s multiple comparison test; error bars, s.e.m. Each dot represents
oneindependent donor. Datawere derived from four independent donors.

i, Percentage of moDCs expressing CD83 following incubation with keratinocyte
supernatants pre-treated with TNF neutralizing antibody (adalimumab) or IFNAR
blocker (anifrolumab) under UVB and IFN conditions. Data are presented as
means; error bars, s.e.m. Statistical analysis was performed using a one-way
ANOVA followed by Bonferroni-corrected multiple comparisons. Each dot
represents one biological replicate. Data were derived from six independent
donors. j, Heatmap of differentially expressed genes (P < 0.05, |log,(fold
change)| > 1) in fibroblasts treated with conditioned keratinocyte supernatants,
and direct IFNB, IFNy, IL1A or TNF; data are counts per million scaled by gene
(row). Data were derived from four independent donors. k, Number of CD4" (left)
and CD8* (right) T cells by flow cytometry that migrated in Boyden chambers,
recruited by supernatants of moDCs stimulated with keratinocyte supernatants
(incolor) or supernatants of moDCs stimulated with PBS and LPS as controls.
Data are presented as means and were analyzed using one-way ANOVA followed
by Tukey’s multiple comparison test; error bars, s.e.m. Each symbol represents
one biological replicate. Experiments were performed using cells derived from
fourindependent donors.
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IL-1o/B and IL-6, driving their differentiationinto MMP9" inflammatory
effectors. Activated CD14" cells, in turn, secrete chemokines that recruit
cytotoxic T cellstothe dermal-epidermaljunction, culminatingininter-
face dermatitis. This type I interferon-amplified feed-forward loop is
effectively disrupted by IFNAR blockade, providing amechanisticration-
ale for targeting type l interferon signaling to prevent UV-triggered
flaresin photosensitive dermatoses (Extended Data Fig. 7h).

Discussion
Photosensitivity is a defining feature of CLEand DM, yet its mechanis-
tic basis remains unclear. Rodent models are limited by fundamental

interspecies differencesin UV sensing, epidermal structure and diurnal
behavior, underscoring the need for human-focused approaches? >,
Comparative multiomics analysis across photosensitive (CLE, DM)
and photoresponsive (psoriasis, vitiligo) diseases highlighted type |
interferonactivity as aunifying axis of photosensitivity and delineated
amulticellular circuitlinking UVB injury to inflammatory recruitment.

MMP9*CD14" myeloid cells were found as key effectors of
UV-triggered inflammation in both CLE and DM. These cells accumu-
late at the dermal-epidermaljunction, colocalize with cytotoxic CD4*
T cellsand express IL1B, IL6, TNF and chemokines characteristic of an
Ml1-like program.
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Functionally, MMP9 facilitates tissue migration by degrading
extracellular matrix components, including collagen IV**, thereby
contributing to basement membrane disruption, characteristic of
photosensitive lesions®*. Although elevated MMP9 levels have been cor-
related with CLE disease activity”, our data pinpoint MMP9*CD14" cells
asthe dominantsource of IFNf3 and establish their role as mediators of
UV-induced skin inflammation. These findings provide a mechanistic
explanation of prior associations of cutaneous DM severity with enrich-
ment of monocytes and macrophages in lesional skin®.

CLE and DM lesions also contained an expanded population of
cytotoxic CD4" T cells, co-expressing T, markers (TBX21, CXCR3) and
cytolytic molecules (GZMB, GZMK, PRF1)*. IFNB enhanced granzyme
B expression in activated CD4" T cells in vitro, suggesting that type |
interferon not only shapes T,;1 polarization but also directly licenses
cytotoxicity. This provides a mechanistic basis for T cell-mediated
epithelialinjury characteristic of interface dermatitis.

Consistent with reports of baseline type I interferon activation
in non-lesional CLE*”*%, we found that keratinocytes in non-lesional
DM skin similarly exhibit a tonic type I interferon signature. Yet
MMP9*CD14" cells were largely absent outside lesional skin, indicating
that keratinocytes, and not myeloid cells, are the source of basal type |
interferontone. Inlupus, keratinocyte-derived IFNk has been shown to
prime photosensitivity**°; our findings extend this paradigm to DM.

Spatial transcriptomicsidentified superficial fibroblasts as critical
stromal amplifiers that guide monocyte recruitment. Keratinocytes
did not express monocyte-recruiting chemokines; instead, fibroblasts
beneaththe dermal-epidermal junction produced high levels of CCL2
and CCL8 and colocalized with CCR2*, MMP9*CD14" cells. Functional
experiments demonstrated that cytokines released from IFN-licensed,
UVB-injured keratinocytes—particularly TNF and IL-1la—drive fibroblast
induction of CCL2, CCL7 and CCLS. These fibroblasts thus convert
epithelial injury into chemokine cues that recruit CD14* myeloid cells.
Therecruited cells, inturn, secrete chemokines that attract T [ympho-
cytes, which can acquire cytotoxic function in the presence of type |
interferon. These findings reinforce emerging concepts that fibroblasts
are not passive structural cells but context-dependent inflammatory
amplifiers in CLE and DM skin*"*%,

Together, our data support a feed-forward inflammatory circuit
in photosensitive skin. Chronic type I interferon exposure sensitizes
keratinocytes; subsequent UVB damage triggers release of IL-1a/(3,
IL-6 and TNF, activating fibroblasts to produce monocyte-recruiting
chemokines. Incoming CD14" cells acquire an MMP9" inflammatory
phenotype, breach the basement membrane and secrete IFNf3 and
additional cytokines. Keratinocyte-conditioned media also induce
these cells to chemoattract T lymphocytes, completing a pathogenic
amplification loop. IFN-primed UVB-damaged keratinocytes also
induce myeloid cells to chemoattract T cells, which can increase tis-
sue damage and inflammation by cytotoxicity.

Our photoprovocationtrialin healthy individuals and patients with
DM supportsour causal links, and the use of anifrolumab (anti-IFNAR)
offers functional evidence that typelinterferons serve asthe upstream
licensing signal for UV-induced exacerbation. Typelinterferon block-
ade nearly abolished the UVB-triggered recruitment of MMP9*CD14*
myeloid cells, directly linking clinical response to interruption of this
inflammatory axis. Together, these observations provide amechanistic
rationale for type l interferon-targeted therapies in photosensitive
autoimmunity and identify MMP9" monocyte-derived dendritic cells
asatractable, disease-relevant cellular target.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Study design

Study participants were recruited under IRB-approved protocols
(H00021295, H-14848) at the University of Massachusetts Medical
School. Written informed consent was obtained from all partici-
pants (or their legally authorized representatives, when applicable)
before enrollment. Individuals with vitiligo, psoriasis, CLE or DM
were diagnosed by board-certified dermatologists, and age-matched
and sex-matched healthy volunteers without autoimmune or inflam-
matory skin disease served as controls. Skin samples included
healthy skin, lesional skin and non-lesional skin (clinically normal
tissue >10 cm from lesions). Samples were used for scRNA-seq, flow
cytometry, proteomics and spatial transcriptomics as appropriate
(Supplementary Table1).

Suctionblister biopsies and processing

Suction blisters were generated as previously described*’ using
10-15 mmHg negative pressure at 40 °C for 30-60 min. Blister fluid
was aspirated and centrifuged at 350g for 10 min at 4 °C; the super-
natant was then flash-frozen for protein analysis. The cell pellet was
processed for inDrop scRNA-seq and flow cytometry.

InDrop scRNA-seq

Cells from blister fluid were processed using the inDrop protoco
with an extended 8 bp unique molecular identifier (UMI). Libraries
were sequenced on Illlumina NovaSeq or NextSeq, and raw FASTQ
files were processed using the inDrop pipeline (https://github.com/
garber-lab/indrop_processing). Sequences were aligned to GRCh38
with STAR®, and digital gene expression matrices were generated using
the End Sequencing Analysis Toolkit (ESAT)**¢. A custom GTF file was
applied to merge genes with overlapping 3’ ends. Additional details
are provided in Supplementary Methods.

44
1*,

scRNA-seq analysis

The UMI count tables were processed using Seurat (v.5)*. Cells with
200-4,000 UMIs and <20 hemoglobin UMIs (HBA1, HBA2, HBB,
HBD) were retained. Mitochondrial and ribosomal genes (RPL*,
RPS*) were excluded from the 2,000 variable genes before per-
forming principal component analysis (PCA). The top 20-30 PCs
were used for uniform manifold approximation and projection
(UMAP) and clustering (FindNeighbors/FindClusters). Cells were
first grouped into major lineages, followed by subtype reclustering.
Doublet clusters, identified by inappropriate marker co-expression,
were removed before final clustering of lymphoid and myeloid
compartments.

For lymphocytes, 130 cell cycle genes were excluded from PCA.
Interferon-response scores were derived from 50 high-confidence
interferon-induced genes (log,(fold change)-ranked, FDR < 0.01) and
regressed out during scaling. Visualizations were constructed using
ggplot2 (ref. 48).

Differential expression was performed on pseudo-bulk pro-
files normalized to 1M UMIs per sample and analyzed with DESeq2
(ref. 49) (design: ~skin; comparisons: healthy control versus lesional
and healthy control versus non-lesional within disease and lineage). Dif-
ferentially expressed genes required P < 0.01and |log,(fold change)| > 1.
Subtype-level differential expression used edgeR*® adapted for
Seurat*°*, with significance assessed at FDR < 0.05. Heatmaps were
generated with ComplexHeatmap®.

Compositional differences were assessed with scCODA*, which
models dependencies among cell type proportions. KC_suprabasal
was used as the reference because of its relative abundance stabil-
ity. Proportion heatmaps show disease-level percentages scaled by
cell type.

Visualization functions are packed in the R package AddOns, avail-
able on GitHub (https://github.com/garber-lab/AddOns).

10x scRNA-seq of three DM samples analysis

Raw count matrices were normalized using the NormalizeData function
and the LogNormalize method in Seurat (v.5). Data were integrated
with the CCAlntegration method on the top 30 PCs, using the top
2,000 variable genes selected with the FindVariableFeatures function,
with default parameters. UMAP and clustering were performed on the
integrated top 30 PCs.

GSE179633 scRNA-seq analysis

Data froma previous publication** (GSE179633) were obtained as raw
UMI count matrices and analyzed using Seurat (v.5)*”and AddOns. In
total, we retained 13 epidermal samples (three healthy controls, five
DLE, five SLE) and 16 dermal samples (four healthy controls, five DLE,
seven SLE).

Eachsample underwentstandard Seurat quality control. Doublets
were identified with both scDbIFinder** and DoubletFinder®, and
any cell flagged by either tool was removed. Cell cycle effects were
regressed out, and Harmony was applied to integrate dermal and epi-
dermal datasets. Cells were first grouped into major lineages, followed
by subtype reclustering.

MC_CD14 cells were extracted and embedded separately. All der-
mal and epidermal samples were combined, and the top 500 variable
genes (vst method) were used for PCA. Thefirst five PCs were integrated
with Harmony (k.weight =30) and used to compute a diffusion map
(destiny®). The first diffusion component defined the LYVE1-to-MMP9
continuum; cells were ranked along this axis. Heatmaps were gener-
ated using ComplexHeatmap®. For trajectory heatmaps, MC_CD14
cellswere divided into 50 equal bins, and mean expression per bin was
calculated. Expression values were scaled per gene across all bins and
reference cell types.

Proteomic analysis

The NULISA (Nucleic Acid Linked Immuno-Sandwich Assay) Inflam-
matory Panel (Supplementary Table 2) quantified 250 proteins in
blister fluid samples. Only samples with NULISA protein quantification
values above the level of detection were included in visualization and
differential expression analysis.

Cytokine concentrations in cell culture media were measured
using Olink’s Proximity Extension Assay (Target 48 Cytokine/Immune
Surveillance Bundle; Supplementary Table 6). For moDCs, secretion
levels were calculated by subtracting baseline protein levelsin the input
media from post-stimulation concentrations.

Statistical analyses were performed using two-sided ¢-tests. Dif-
ferential protein abundance was assessed using the olink_ttest func-
tion from the OlinkAnalyze package (https://doi.org/10.32614/CRAN.
package.OlinkAnalyze) with unpaired comparisons. The BoxPlot.nulisa
function in the AddOns package was used for visualization (https://
github.com/garber-lab/AddOns).

Invivo UVB photoprovocation

UVB photoprovocation was performed under IRB approval
(H00021295), using a standardized protocol®. On day -1, six sites
on the lower back were irradiated with UVB (25-150 mJ cm™) using a
SolRx100-Series handheld device (285-350 nm, Philips PL-S9W/12/2P).
Then, 24 h later (day 0), the minimal erythema dose was determined
for each participant.

Adose of1.5x the minimal erythema dose was used for photoprovo-
cation. If this dose fell within the initial testing range (<150 mJ cm™),
samples were obtained 24 h (suction blister) or 72 h (punch biopsy)
after threshold testing without additionalirradiation. For participants
whose 1.5x minimal erythema dose exceeded 150 m) cm™, a second
visit was scheduled to administer the full dose, followed by sampling
atthe same time points.

UVB-treated and matched untreated sites were sam-
pled by suction blistering or punch biopsy. In a subset of
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participants, photoprovocation was performed before and after
three monthly 300 mg intravenous doses of anifrolumab to assess
treatment-associated changes in UVB responsiveness. Cutaneous
disease activity was scored using CLASI®S,

T cellisolation, activation and cytokine treatment

CD4'T cellswereisolated from healthy donor peripheral blood mono-
nuclear cells (PBMCs) using the CD4" T Cell Isolation Kit (Miltenyi
Biotec). The cellswereresuspendedin T cell culture media (RPMI sup-
plemented with HEPES, penicillin-streptomycin and FBS) and plated
in 24-well Nunc cell culture plates.

For T cell activation, wells were pre-coated overnight at 4 °C with
anti-CD3 (10 ng ml™; BioLegend, Ultra-LEAF Purified anti-human,
Clone OKT3) and anti-CD28 (2 ng ml™; BioLegend, Ultra-LEAF Purified
anti-human, Clone CD28.2) antibodies dissolved in PBS.

After plating, the cells were treated with cytokines—either IFNf3
(50 ng mI™; R&D Systems) or IFNy (100 ng ml™*; R&D Systems)—and
cultured for 3 days. Following the incubation, cells were stained for
viability and surface markers CD2 and CD4. Subsequently, the cells were
fixed, permeabilized and stained intracellularly for granzyme B (GZMB,
BioLegend, Clone QA16A02) before being analyzed by flow cytometry.

Cytokilling assay

The cytokilling assay was performed by measuring impedance of the
cellsusing the xCELLigence Real Time Cell Analysis technology (RTCA,
Agilent). Atotal of 20,000 BT-20 cells (ATCC, HTB-19) were seeded inan
RTCAE-96 well plate and left to adhere for 6 h. Then, 2 x 10°freshly iso-
lated CD4 T cells from PBMCs were added. Solitomab (Sigma-Aldrich), a
bispecificantibody anti-CD3 and anti-epithelial celladhesion molecule,
was used to stimulate the cells at a concentration of 100 ng mI™. IFN
(R&D) at 10,100 or 1,000 ng m1™ or IFNy (R&D) at 100 ng ml™ were
added to the culture. Cells were left in the RTCA analyzer until maxi-
mum cell death was reached (-40 h). The percentage of cytolysis was
calculated with the measurement of theimpedance, using the software
provided with the RTCA technology.

Formalin-fixed, paraffin-embedded scRNA-seq and data
analysis

Threelesional biopsies from three patients with DM were processed for
scRNA-seq. For each sample, two formalin-fixed, paraffin-embedded
curls (25 pm each) were dissociated using the Miltenyi Biotech FFPE
Tissue Dissociation Kit (CGO00632 RevA, 10x Genomics). The result-
ing cell suspension was divided equally into four centrifuge tubes,
each containing approximately 300,000 cells. Cells ineach tube were
hybridized with aunique Probe Barcode, as per the instructionsin the
‘Chromium Fixed RNA Profiling Reagent Kits for Multiplexed Samples’
user guide (CG000527,10% Genomics). Post hybridization, cells from
the four tubes were washed, counted and pooledin equal proportions.
Approximately 40,000 cells from the pooled suspension were loaded
onto a Chromium Q chip (PN-1000422, 10x Genomics). Sequencing
libraries were prepared and sequenced on an lllumina NovaSeq plat-
form using paired-end dual-indexing (28 cycles for read 1, ten cycles
fori7, ten cycles fori5 and 90 cycles for read 2). The sequencing data
were demultiplexed using bcl2fastq (Illumina). The resulting FASTQ
fileswere processed with Cell Ranger using the multi-pipeline and the
GRCh38-2020-A reference genome. Data analysis was performed using
the Seurat package. Quality control and preprocessing stepsincluded
doublet removal usingscDblIFinder** and ambient RNA correction using
SoupX*. The data were then normalized, and variable features were
identified. To correct for technical variation, we applied Harmony®°
integration using the first 20 principal components, followed by UMAP.
Clustering was conducted using the Leiden algorithm with aresolution
parameter of 1.2. Cell type annotation was performed using established
marker genes. For subsequent analyses, we focused specifically on the
myeloid cell population.

Keratinocyte and fibroblast isolation and culture

Pannus samples were obtained under protocol H11731 (UMass Memo-
rial Hospital) and stored in 70% ethanol, followed by sterile saline
before processing. Four to five 4 mm punch biopsies were incubated
in dispase 1 (25 mg ml™; 04942086001, Roche) for 30 min and held
overnightat4 °C.

The following day, epidermis was separated from dermis and
incubatedin 0.25% trypsin-EDTA (25200056, Gibco) at 37 °C for 15 min
with gentle agitation. Trypsin was neutralized with DMEM +10% FBS
to generate keratinocyte suspensions.

For fibroblast isolation, dermis was digested in collagenase
(1mgml™; 9001-12-1, Sigma-Aldrich) for 1 h at 37 °C, neutralized with
DMEM +10% FBS and dissociated by gentle pipetting. Cells were pel-
leted and cultured in DMEM with 10% FBS and 1% penicillin-strep-
tomycin, with media changes every other day and passaging at
sub-confluence (-5-7 days).

Immortalized N/TERT2G keratinocytes® were generously pro-
vided by H. Rheinwald under a Material Transfer Agreement. Unless
otherwise specified, N/TERT2G cellswere used in an unprimed and
undifferentiated state. N/TERT2G cells were cultured in Keratinocyte
Serum-Free Media supplemented with epidermal growth factor
and bovine pituitary extract (17005042, Gibco) and 1% penicillin-
streptomycin (15140122, Gibco). Cultures were fed every other day
and passaged upon reaching sub-confluence, approximately every
5-7 days.

Fibroblast stimulation

Fibroblasts were plated at 10° cells per well in a 24-well plate and incu-
bated for 2-3 days at 37 °C. Cells were then stimulated for 24 h with
either keratinocyte-conditioned medium (generated from NTERT
keratinocytes treated and subsequently exposed to UVB), recombinant
humanIFN (50 ng mI™; R&D Systems, 8499-1F-010/CF), recombinant
human TNF (50 ng mI™%; BioLegend, 570102) or recombinant human
IL-1a (100 ng mI™; PeproTech, 200-01A-10UG). After 24 h, cells were
lysed in RLT buffer for RNA library preparation.

Dendritic cell differentiation and stimulation

PBMCs from de-identified healthy donor leukopaks (UMass Leu-
kocyte Core) were isolated by Ficoll-Paque PLUS centrifugation
(17-1440-02, GE Healthcare), washed in PBS-EDTA and resus-
pendedin RPMI1640. Monocytes were enriched by CD14" magnetic
selection (EasySep Human CD14 Positive Selection Kit II; 17858,
StemCell Technologies).

Monocytes were plated at 1 x 10° cells per ml in RPMI +10%
FBS, 1% penicillin-streptomycin, 2 mM L-glutamine, 50 ng ml™
GM-CSF (572904, BioLegend) and 50 ng mI™ IL-4 (574006, BioLeg-
end). Medium was half-replenished with cytokine-supplemented
RPMI on day 3. On day 7, moDCs were stimulated for 24 h with
keratinocyte-conditioned media (from UVB-treated N/TERT2G
keratinocytes), ultrapure LPS (100 ng mI™; £. coli 0111:B4, Invitro-
gen), recombinant IFNp (50 ng ml™; 8499-1F-010/CF, R&D Systems)
or TNF (50 ng ml™%; 570102, BioLegend).

For selected studies, conditioned media were pre-treated with
proteinase K (200 pg ml™; RP107B-1, QIAGEN) at 55 °C for 1 h, then
heat-inactivated DNase | (100 U ml™, 37 °C, 30 min; 79254, QIAGEN)
or passed through 0.22 pm filters (SLGVR33RS, MilliporeSigma) to
assess the biochemical nature and size of active mediators. For block-
ing assays, moDCs were pre-incubated with adalimumab (20 pg ml?,
1h; HY-P9908, MedChemExpress) or anifrolumab (50 pg ml™, 24 h;
HY-P99168, MedChemExpress) before stimulation.

After incubation, cells were collected for RNA extraction or flow
cytometry, and supernatants were collected for proteomic analysis.
For T cell chemotaxis assays, moDCs were washed 12 h after exposure
to keratinocyte supernatants and placed in fresh media; supernatants
were collected 6 h later.
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T cell chemotaxis with keratinocyte-conditioned DC
supernatants

Fresh PBMCs from healthy donors were incubated overnightin chemo-
taxis medium (FBS-free RPMI + 1% ultrapure BSA, penicillin-strep-
tomycin and L-glutamine) to enhance chemokine responsiveness.
Non-adherent cells were then plated at 100,000 cells per well in the
upper chamber of a 5 pm Boyden system and allowed to migrate for
2 h toward moDC-conditioned media. These moDC supernatants
were generated after exposure to keratinocyte supernatants from
UVB-irradiated = IFNB-primed N/TERT2G cells. Supernatants from
untreated or LPS-stimulated moDCs served as negative and positive
controls. Migrated cells were analyzed by flow cytometry (CD4, CDS8,
CD3, CD19, CD14) to identify responding T cell subsets.

Invitro UVB treatment

N/TERT2G keratinocytes (0.8-1x 10° per well) were seeded in 12-well
plates 3 days before irradiation. Cells were washed once with PBS and
exposed to 50 or 100 mJ cm2UVB using a SoIRx 100-Series handheld
device (285-350 nm, Philips PL-S 9W/12/2P). PBS was then replaced
with keratinocyte medium, and cells were incubated for 24 h at 37 °C
with 5% CO..

Membrane permeability assays

Cells were incubated with Hoechst 33342 (1:30,000; P3566, Invit-
rogen) and propidium iodide (1:1500; H3570, Invitrogen). Images
were acquired every 2 h for 24 h using a Lionheart FX automated
microscope (BioTek) and analyzed with Gen5 software. Membrane
integrity was quantified as the ratio of propidium iodide-positive to
Hoechst-positive cells.

ATP production assay

Keratinocyte ATP levels were quantified using the CellTiter-Glo 2.0
Assay (G9242, Promega). Keratinocytes were plated in 12-well dishes,
treated asindicated and assayed 24 hlater by adding an equal volume
of CellTiter-Glo reagent. After al0 minincubationat room temperature
(22°C (range 20-25 °C)) to ensure lysis and signal stabilization, lumi-
nescence was measured on a microplate reader. Values were normal-
ized to untreated controls and used as areadout of metabolic activity.

Flow cytometry

The cells obtained through suction blister skin sampling were treated
with Fcreceptor blocking solution Human TruStain FcX (422302, Bio-
legend) and stained with the following dye and fluorescent antibodies
according to the manufacturer’s instructions: Zombie NIR Fixable
Viability Kit (423106, Biolegend), PerCP anti-human CD45 (368506,
Biolegend; Clone 2D1, Monoclonal, Mouse IgG1, k), Brilliant Violet 510
anti-human CD3 (344828, Biolegend; Clone SK7, Monoclonal, Mouse
IgGl, k), Spark NIR 685 anti-human CD19 (302270, Biolegend; Clone
HIB19, Monoclonal, Mouse IgG1, k), BUV737 anti-human CD56 (612766,
BD Biosciences; Clone NCAM16.2, Monoclonal, Mouse BALB/c1gG2b,
K), Brilliant Violet 570 anti-human CD16 (302036, Biolegend; Clone
3G8, Monoclonal, Mouse IgGl, k), Spark Blue 550 anti-human CD14
(367148, Biolegend; Clone 63D3, Monoclonal, Mouse IgG1, k), PE/Fire
810 anti-human HLA-DR (307683, Biolegend; Clone L243, Monoclo-
nal, Mouse IgG2a, k) and eFluor 450 anti-human CD11c (48011642,
Invitrogen eBioscience; Clone 3.9, Monoclonal, Mouse IgGl, k). For
flow cytometry analyses for T cell chemotaxis, Zombie Violet Fixable
Viability Kit (423113, Biolegend), CD4 (344622, Biolegend; clone SK3,
Monoclonal, Mouse IgGl, and R7-20041, Cytek; clone SK3, monoclo-
nal, mouse IgGl1, k), CD8 (344742, Biolegend; clone SK1, Monoclonal,
Mouse IgGl, k), CD3 (317332, Biolegend; clone OKT3, Monoclonal,
Mouse IgGl, k), CD19 (302206, Biolegend; Clone HIB19, monoclonal,
mouse IgGl, k) and CD14 antibody (367148, Biolegend; Clone 63D3,
Monoclonal, Mouse IgGl1, k) were used antibodies according to the
manufacturer’s instructions to stain the migrated cells. For analysis

of activated CD4 T cells, Zombie NIR viability dye, CD2 (300206, Bio-
legend; Clone RPA-2.10, Monoclonal, Mouse IgGl, k), CD3 and CD4
antibodies, as mentioned above, were used for surface staining, and
intracellular staining was performed using BD Cytofix/Cytoperm Fixa-
tion/Permeabilization Kit (554714, BD Biosciences) and Pacific Blue or
PE/Dazzle 594 anti-human/mouse Granzyme B Recombinant Antibody
(372216 and 372218, Biolegend; Clone QA16A02, Monoclonal, Mouse
IgGl, k) according to the manufacturer’s instructions. Cultured DCs
were detached using ice-cold PBS, and prepared and stained with Fc
receptor blocking solution, live dead zombie green (423111, Bioleg-
end), CD11b (101226, Biolegend; Clone M1/70, Monoclonal, RatIgG2b,
K), CD11c (301608, Biolegend; Clone 3.9, Monoclonal, Mouse IgG1,
K), CD14 (367148, Biolegend; Clone 63D3, Monoclonal, Mouse IgGl,
k), HLA-DR (562804, BD; Clone L243, Monoclonal, Mouse IgG2a, k),
CD83 (BD, 612823; Clone HB15e, Monoclonal, Mouse IgGl1, k), CD86
(305442, Biolegend; Clone IT2.2, Monoclonal, Mouse IgG2b, k) and
CD80 (563315, BD Biosciences; Clone L307.4, Monoclonal, Mouse IgG1,
K). An Aurora cytometer from Cytex Biosciences was used for sample
analysis, and FlowJo Software (v.10.9.0) was used for data processing.
Allantibodies and reagents were tested and validated per the respective
producers; informationis available at biolegend.com, bdbiosciences.
com, cytekbio.com and thermofisher.com.

Bulk RNA-seq

Total RNA was extracted from frozen samples in RLT buffer using the
RNeasy Mini Plus Kit (QIAGEN). To eliminate residual genomic DNA, the
RNA was treated with RNase-free DNase I for 15 min at room tempera-
ture. RNA-seq libraries were constructed using an optimized CellSeq2
protocol for bulk RNA libraries®. Each library was prepared by pooling
24 samples, with 50 ng of input RNA per sample. Library construction
primers are provided in Supplementary Data 1.

The RNA libraries were sequenced on the NovaSeq 6000 plat-
form. Raw FASTQ files were processed using the following pipeline,
https://github.com/shuo-shan/viafoundry-celseq2-bulk-pipeline,
with a modified GRCh38 genome as the reference (details in Supple-
mentary Information), to generate the final count matrices that were
then analyzed in R (v.4.3.3). When required, batch effects owing to
sequencing run and inter-donor variability were adjusted using the
ComBat-seq® function from the sva package. Differential expression
analysis was performed using DESeq2 (ref. 49), with a design formula
inwhich stimulation was encoded as the condition factor. Genes were
considered differentially expressed if they met all the following crite-
ria: mean normalized expression (baseMean) > 10, P value < 0.05 and
absolute log,(fold change) > 1.

Spatial genomics gene positioning system (GenePS)

A custom seqFISH panel containing 521 genes, including 21 genes to be
imaged one-at-a-time, was designed with Spatial Genomics (Primary
ProbeKit, v500; no. 30021131). Fresh-frozen human skin biopsy sam-
ples obtained at UMass Memorial Hospital under protocol H00021295
were cryo-sectioned 10 um thick and mounted on specialized cover-
slips (10200003, Spatial Genomics). Immediately after collection,
the sections were fixed with freshly prepared 4% paraformaldehyde
(28908, Thermo Scientific) in 1x PBS for 15 min at room temperature.
Following fixation, the sections were washed three times with 1x PBS
for 5 min each and dehydrated in 70% ethanol for 30 s at room tem-
perature. After air drying, the sections were stored at -80 °C until
further preparation for seqFISH experiments. Tissue processing was
performed in accordance with Spatial Genomics’ Sample Processing
for RNA Profiling Guide (ASY-053).

Tissue sections were imaged using the Gene Positioning System
(GenePS; Spatial Genomics), an automated platform forimage acquisi-
tion, reagent delivery and data processing. The system was loaded with
the sample, decode plate and buffers following the GenePS Instrument
User Guide (INS-205) and guided by on-screeninstructions. Regions of

Nature Immunology


http://www.nature.com/natureimmunology
https://www.biolegend.com/
https://www.bdbiosciences.com/en-ca
https://www.bdbiosciences.com/en-ca
https://cytekbio.com/
https://www.thermofisher.com/ca/en/home.html
https://github.com/shuo-shan/viafoundry-celseq2-bulk-pipeline

Article

https://doi.org/10.1038/s41590-026-02502-w

interest within human skin sections were selected using DAPI-stained
nuclei imaged with a x10 air objective. Once regions of interest were
selected, the automated imaging workflow was initiated, using a x60
oil objective with standard image acquisition settings and capturing
either three or six z-planes at a z-step size of 1.5 pm. The experimental
protocol included iterative rounds of decode probe hybridization,
imaging and signal removal, continuing until all hybridization rounds
were completed.

Rawimage files were aligned across hybridization rounds and pro-
cessed directly onthe GenePS instrument to localize RNA signals. Sub-
sequent analysis using Spatial Genomics’ Navigator software enabled
transcript decodingand cell segmentation. The segmentation algorithm
used machine learningto delineate nucleibased on DAPIstaining, with
segmentation boundaries expanded by 15 pixels (-1.5 um) past the nuclei
borders. RNA transcripts were decoded with amaximum allowed FDR
of 5%, and the transcripts were assigned to individual cells, generating
cell-by-gene count matrices for each region of interest. The processed
outputsincluded a cell-by-gene matrix, cell coordinates, transcript list,
DAPlimage and segmentation mask, providing high-resolution spatial
and transcriptional data for downstream analysis.

seqFISH+ analysis

Cell-by-gene matrices, cell coordinates and transcript locations were
used to create the Seurat* object. Cells with over 50 transcripts or
over ten transcripts at the skin surface were retained. IntegrateLayers
-RPCAwas used forintegration on the top 30 PCs, followed by UMAP
and clustering (FindNeighbors/FindClusters). Cells were first grouped
into major lineages, followed by subtype reclustering. Doublet clus-
ters, identified by inappropriate marker co-expression, were removed
before final clustering of lymphoid and myeloid compartments.

To order MC_CD14 cells along the MMP9 transition, the top 100
variable features were selected by FindVariableFeatures and then
used for PCA. The top five PCs were used for CCAlntegration and the
following DiffusionMap®®. The first diffusion component defined the
transition. For heatmaps, MC_CD14 cells were divided into 30 equal
bins, and mean expression per bin was calculated. Expression values
were scaled per gene across all bins and reference cell types.

Spatial images were generated using software Spatial Genomics
Navigator Lite.

Differential expression analysis was performed using the
Model-based Analysis of Single-cell Transcriptomics (MAST)
framework®*, with default parameters wrapped by Seurat. Differential
analysis along the CD14* myeloid cell transition axis was performed
using tradeSeq® with cellWeights =1.

Colocalizationand visualization functions are packed in the scSpa-
tial R package available on GitHub (https://github.com/garber-lab/scS-
patial). The colocalization strength of each query cell withinareference
cell type was calculated using the createField function (with s.d. =400
pixels) and the getValuelnField with default parameters. The summation
of colocalization strengths of all query cells was used to represent the
colocalization score betweentwo cell types. For the heatmap, colocaliza-
tionscores were scaled so that thetotal score of all cells in the sample was
zero, and the score of the query cell type itself was set to 100. Heatmap
visualizationand clustering were performed using the ComplexHeatmap
R package®**®. See the Supplementary Information and Methods for
more details on colocalization analysis. Gene expression trends along
colocalizationscores or distances were assessed using the FeaturePlot.
cont.rollmean function, withwindow.prop=1.

The chemokine expression levels around a given CD14" cell were
summed within a radius of 400 pixels (41.2 um). Local expression of
chemokines asafunction of CD14" cells transition score was visualized
with geom_smooth (method = “loess”, span = 0.2).

The smoothed expression level of TNF and IFNG over spa-
tial embedding was visualized with ImageFeaturePlot.contour
(sigma =400, threshold = 0.9, n_levels = 6).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data associated with this study are present in the paper or the Sup-
plementary Information. The scRNA-seq, spatial transcriptomics,
proteomics and bulk RNA-seq dataare available through the Arthritis,
Autoimmune and Related Diseases Knowledge (ARK) Portal (http://
arkportal.synapse.org) under https://doi.org/10.7303/syn71964948.1.
The ARK Portal hosts data generated by a network of research teams
working collaboratively to deepen the understanding of Arthritis and
Autoimmune and Related Diseases. It was established by the National
Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS)
andincludes data from the Accelerating Medicines Partnership (AMP)
RA/SLE program. The specific dataused in this publication are available
as a controlled-access dataset. Researchers seeking to use these data
must submit adetailed intended data use statement and acompleted
and signed data use certificate. These access requirements ensure
responsible and ethical data sharing within the research community.
Instructions for access are available at https://help.arkportal.org/help/
data-use-certificate#DataUse&Acknowledgement-Acknowledgement.
Asubset of the data that is available for browsing at https://CD14pho-
tosensitivity.umassmed.edu. Source dataare provided with this paper.

Code availability

Functions used for analysis of the scRNA-seq data and seqFISH data
areavailable on GitHub in open-source packages: https://github.com/
garber-lab/addons and https://github.com/garber-lab/scspatial. An
interactive data portal is available for browsing the data, with access
instructions at https://github.com/garber-lab/SkinOmicsExplorer. All
data, code and materials will be made available upon request.
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Extended Data Fig. 1| Keratinocyte and lymphocyte subtypes
characterization and molecular signatures. (a) Schematic overview of the
study. Suction blister biopsies were collected from lesional (L) and non-

lesional (NL) skin of patients with dermatomyositis (DM), cutaneous lupus
erythematosus (CLE), psoriasis (Pso), vitiligo (Vit), and from healthy controls
(HC). Cellsinthe blister biopsies were used forinDrop scRNA-seq, and the blister
fluid was used for proteomics NUcleic acid Linked Immuno-Sandwich Assay
(NULISA™). Punch biopsies were collected for spatial transcriptomics sequential
Fluorescence In Situ Hybridization (seqFISH). Elements Created in BioRender.
Afshari, K. (2026) https://BioRender.com/bfzhnla. (b) Pseudo bulk expression

heatmap of marker genes for main cell types and keratinocyte subtypes in sScRNA-

seq of blister biopsies. (c) Pseudo bulk expression heatmap of type linterferon

(IFN-I)-responsive genes in lesional (L) and non-lesional (NL) skin across
diseases. (d) Box plots of protein levels (NPQ) in blister fluids across diseases and
skins. Two-sided t-test was used for pairwise comparisons. (e) Box plots showing
percentage of activated keratinocyte (KC_activated) within all keratinocytes
(KC) per sample across skin conditions. Statistical significance was assessed
using scCODA, with KC_suprabasal as the reference cell type. (f) Pseudo bulk
expression heatmap of canonical marker genes for lymphocyte subsets. (g) Box
plots showing percentage of lymphocyte subtypes per sample across conditions.
Statistical significance was assessed using scCODA, with KC_suprabasal as the
reference cell type. Box plot definition (all panels): center line, median; box,
25th-75th percentiles; whiskers, most extreme values within 1.5xIQR; points
beyond whiskers, outliers.
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Extended Data Fig. 2 | Cross-validation of myeloid subset composition and
IFNB1 expression across scCRNA-seq datasets in photosensitive skin diseases.
(a) Pseudo bulk expression of macrophage and dendritic cell defining marker
genes in scCRNA-seq of blister biopsies. (b) Box plots showing percentage of
myeloid subsets within all myeloid cells (MC) per sample, across skin conditions.
Each dot represents a sample. Statistical significance was assessed using
scCODA, with KC_suprabasal as the reference cell type. (c) Violin plot showing the
expression of IRF7 inimmune subsets, keratinocytes and melanocytes detected
inblister biopsies. Each dot represents a single cell. (d) Pseudo bulk expression

Migratory

MC_CD14

heatmap of myeloid cell marker genes across myeloid subsets in punch biopsies
obtained from lesional skin of lupus (GSE179633). (e) Violin plot showing the
expression of IFNB1from myeloid subsets detected in blister biopsies. Each
dotrepresents asingle cell. (f) Pseudo bulk expression heatmap of myeloid cell
marker genes across myeloid subsets in scRNA-seq of punch biopsies obtained
from lesional skin of DM. (g) Violin plot showing the expression of IFNB1 from
myeloid subsets detected in DM punch biopsies. Each dot represents a single cell.
Box plot definition (all panels): center line, median; box, 25th-75th percentiles;
whiskers, most extreme values within 1.5xIQR; points beyond whiskers, outliers.

Nature Immunology


http://www.nature.com/natureimmunology
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE179633

Article

https://doi.org/10.1038/s41590-026-02502-w

a Pericyte
. Pericyte_activated
c
EC -% _
EC_immune_interactive £ high
EC_proliferating E
Pericyte ;5
Pericyte_activated €
s
SMC < low
MC R S s
OLO N
S d‘ YQQ\ %O Q Q‘? [¢)
EC_immune_interactive
b FB_ITGA6
s FB_G0S2
FB_mesenchymal s
FB_proInf_deep FB_proInf_sup g high
FB_proInf_deep S
FB_RAMP1 E i
FB_ITGA6 £
FB_GOS2 £ low
&
FB_prolnf_sup R R R N T R NI I
¥ Y OUOUY o N F P 7 O K E AR e PP P S F S
9 FEFFEGPR O @ FLE G CFFF oL Ko
FB_RAMP1
FB_mesenchymal
KC_basal
[+ KC_outer_sheath_2 KC_cycle
KC_spinous §

- KC_outer_sheath_1
KC_bulge

KC_granular_deep
KC_granular_sup
KC_inner_sheath
KC_outer_sheath_1
KC_outer_sheath_2
KC_bulge

KC_eccrine_ductal

KC_granular_deep_2:

KC_basal

log-normalized expressi

KG_granular_deep.. KC_eccrine_glandular ——— Bie T S TS f_q RO N
L2 6 O R P U P R S SR S o P S F
KC._spinous ~cyele CEFEESEELLEE °°e€02@“%§0‘*«éo°&° BLERE 2®

KC_spinous_1

Treg

CD4
CD4_CXCL13
CD4_CCL17
Treg

CcD8

Tel7

CD4_CCL17

CD4 /i

CLE sample 2
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Extended Data Fig. 4 | Spatial transcriptomics reveals transcriptional and
spatial continuum along the LYVE1 to MMP9 transition. (a) Spatial embeddings
of seqFISH data showing CD14" cells colored by their first diffusion componentin
lesional tissue sections from the DLE and vitiligo samples. Data are representative
of n=13tissue sections derived from 7 punch biopsies (7 patients) with similar
results. (b) Heatmap of differentially genes expressed in CD14" cells ordered by
the first diffusion component (transition) (p < 0.01, tradeSeq) and aggregated
into 30 bins (193 cells per bin). (c) Pseudo bulk expression heatmap of cytotoxic
and Thlmarkersin different CD4 cell populations of the scRNA-seq data from
blister biopsies. (d) Spatial embedding of seqFISH DM samples highlighting
cytotoxic CD4_CXCL13 celllocalization. Data are representative of n =13 tissue

sections derived from 7 punch biopsies (7 patients) with similar results. (e)
Representative spatial embedding illustrating radius used in colocalization
analysis. (f) Scatter plot showing minimum distance in um from a CD14" cell to
asuperficial proinflammatory fibroblast (x-axis) or to a deep pro inflammatory
fibroblast (y-axis) colored by their projection onto the first diffusion component;
marginal plots show mean of the first diffusion component of CD14" cells
projected onto the x-axis (bottom) or the y-axis (left). (g) High-resolution image
of CLE sample 2 showing zoom-ins of a dermalimmune aggregate. Key cell types
aredisplayed, with overlaid transcripts for LYVEL (blue) and MMP9 (yellow).
Data are representative of n = 13 tissue sections derived from 7 punch biopsies
(7 patients) with similar results.
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Extended Data Fig. 6 | UVB photoprovocation and interferon blockade with
spatial immune cell profiling. (a) Schematic of the UVB photoprovocation
protocol. Minimal erythema dose (MED) was determined for each subject,
followed by exposure of non-lesional, photoprotected lower back skin to1.5x
MED UVB. Suction blister biopsies were collected 24 hours later from both
irradiated and unirradiated sites. Created in BioRender. Afshari, K. (2026)
https://BioRender.com/1d40uqa. (b) FACS gating strategy to quantify CD14"

cellsand myeloid cells in samples from non-lesional skin of a CLE patient. (c)
Schematic of anifrolumab intervention experiment. A patient with cutaneous
lupus erythematosus (CLE) underwent UVB provocation before and after three
monthly IV infusions of anifrolumab (anti-IFNARI monoclonal antibody).
Created in BioRender. Afshari, K. (2026) https://BioRender.com/7kévkth.

(d-f) Spatial embeddings highlight relevant cell types in seqFISH data of the
anifrolumab intervention experiment.
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Fibroblast Transcriptomics

Extended Data Fig. 7 | See next page for caption.
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Extended DataFig. 7| Typel interferon-licensed keratinocytes activate
monocyte-derived dendritic cells (moDCs) and induce fibroblast-derived
chemokine programs. (a) Keratinocyte-moDC co-culture system. N/

TERT2G keratinocytes were treated with UVB (50 or 100 mJ/cm?) +IFN-$3,

and their supernatants were applied to monocyte-derived dendritic cells
(moDCs). Created in BioRender. Afshari, K. (2026) https://BioRender.com/
d27g462 (b) Left: Gating strategy for flow cytometric analysis of moDCs. Right:
Quantification of CD80 and HLA-DR expression in moDCs incubated with
keratinocyte supernatants or directly stimulated with interferon-f3 (IFN-B) or
lipopolysaccharide (LPS). Data are presented as mean + SEM and were analyzed
using one-way ANOVA followed by Bonferroni-corrected multiple comparisons.
Each dot represents oneindependent donor (n =6 donors). (c) Heatmap of
selected inflammatory genes expression in bulk RNA-seq of moDCs stimulated
with keratinocyte supernatants under the indicated UVB and interferon-3 (IFN-3)
conditions, or directly treated with IFN-3 or lipopolysaccharide (LPS); colors
are normalized expression scaled by gene (row) (n = 5donors per group).

(d) Heatmap of gene expressionin blister biopsy scRNA-seq data aggregated by

cell subtypes (top) or skin conditions (bottom). Colors are scaled by gene (row).
(e) Heatmap of differentially abundant proteins expression (NPQ) (p < 0.05)

in KC supernatants; colors scaled by protein (row) Data were derived from 4
independent donors; not all donors contributed to every condition. (f) Cytokine
concentration in keratinocyte supernatants, measured using OLINK proximity
extension assay. Data were analyzed using one-way ANOVA followed by Tukey’s
multiple comparison test. Each dot represents one independent donor. Data
were derived from 4 independent donors; not all donors contributed to every
condition. (g) Bar plots of chemokine expressionin fibroblasts treated with
conditioned-keratinocyte supernatants, and direct IFN-(, IL-1ac or TNF-a[-]
Datawere derived from 4 independent donors; not all donors contributed to
every condition[-] (h) Schematic representation of events leading to CD14+
cellactivation, chemotaxis, state switch and contribution to heightened
inflammation in Typelinterferon-rich environments supported by this study.
*Chemotaxis by T cellsincluding both CD4 and CD8 T cells. Box plot definition
(all panels): center line, median; box, 25th-75th percentiles; whiskers, most
extreme values within 1.5xIQR; points beyond whiskers, outliers.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 000F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  xCELLigence Real-Time Cell Analysis technology (Agilent), with manufacturer-provided analysis software, was used for impedance-based
cytotoxicity assays. Imaging data were acquired using the Lionheart FX automated microscope (BioTek) and analyzed using Gen5 software
(BioTek). Spatial transcriptomics image decoding and cell segmentation were performed using Spatial Genomics’ Navigator software, with
visualization performed using Navigator Lite. Proteomic data were acquired and processed using Olink NPX™ Signature software and NULISA
output generated by the ARGO system. Flow cytometry data were analyzed using FlowJo v10.

Data analysis Statistical analyses were performed using RStudio and GraphPad Prism v10. Figures were generated using Adobe Illustrator and BioRender.

Functions used for analysis of the scRNA-seq data and seqFISH data are available on GitHub in open-source packages: https://github.com/
garber-lab/addons; https://github.com/garber-lab/scspatial.

Some package were updated during the project for compatibility of the new packages.
Cell Ranger (10x Genomics)

STAR (v2.5.3)

ESAT (v0.1)

tradeSeq (1.20.0)

tidyverse (v2.0.0)

ggridges (v0.5.7)

Seurat (v5.3.0)

dplyr (v1.1.4)

cowplot (v1.2.0)
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shiny (v1.11.1)
ComplexHeatmap (v2.24.1)
DESeq2 (v1.48.2)
OlinkAnalyze (v4.3.2)
ggplot2 (v3.4.0 and v4.0.0)
scCODA (v0.1.9)
scDblFinder (v1.19.6)
DoubletFinder (v2.0.4)
destiny (v3.18.0)

sva (v3.48.0)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data associated with this study are present in the paper or the Supplementary Materials. Data are deposited in the ARK portal (ID: syn64570520) as required by
the funding agency from which it will be available. An interactive data portal is available for browsing the data, with access instructions at https://github.com/
garber-lab/SkinOmicsExplorer. All Data, code, and materials will be made available upon request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex was recorded and reported (Table 1). Sex-based analyses were not performed due to limited sample size

Reporting on race, ethnicity, or | Participant demographic and clinical characteristics, including age and diagnosisare summarized in Table 1.
other socially relevant

groupings

Population characteristics Race and ethnicity data were collected for descriptive purposes only and were not used as variables in downstream analyses.

Recruitment Recruitment procedures and eligibility criteria are described in the Methods. Briefly Under the supervision of Institutional
Review Board—approved protocol (H00021295, and H-14848) at the University of Massachusetts Medical School patients
were recruited for UV photo provocation, skin biopsies and PBMC acquisition.

Ethics oversight The study was approved by the Institutional Review Board of UMass Chan Medical School. De-identified samples were used

in accordance with institutional guidelines.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size For inDrop scRNA-seq, sample size adequacy was assessed by performing differential expression (DE) analyses on vitiligo patient subsets of
increasing size, and identifying the minimum number of patients required to obtain stable DE results.

Sample size of seqFISH experiment was low due to the limited funding. Therefore no statistical test was done comparing across diseases.

Data exclusions  In the experiment comparing multiple stimulations on fibroblasts using bulk RNA-seq, one IFNy-stimulated replicate showed no induction of
canonical IFNy-responsive genes and clustered with unstimulated controls by PCA and hierarchical clustering. We therefore considered it a
failed stimulation and excluded it from differential expression analyses. All exclusion criteria were based on biological response signatures
rather than differential expression outcomes.
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Replication All attempts at replication were successful.

Randomization  Randomization was not applicable to most aspects of this study due to its observational and paired experimental design.

For human tissue analyses, samples were obtained based on clinical diagnosis, and comparisons were performed either between disease
groups or using paired lesional and non-lesional samples from the same individual, thereby controlling for inter-individual variability.

In in vivo UVB photoprovocation experiments, irradiated and untreated control sites were selected on the same individual, allowing within-
subject comparisons. UVB doses were determined based on each subject’s minimal erythema dose rather than random assignment.

In vitro experiments were performed using predefined treatment conditions applied uniformly across biological replicates. Where applicable,
samples were processed in parallel to minimize batch effects.

Blinding Library preparation for inDrop scRNA-seq was blinded in library preparation part, using patient ID and library ID that did not reveal disease
information.

For computational analyses, group identities were known during analysis, but objective, predefined criteria were used for quality control and
clustering, with algorithm performance assessed independently of disease labels. Patient and sample identifiers were used for evaluating
sample integration, while disease labels were required and applied in downstream analyses, including differential expression and cell-type
proportion analysis.

For in vivo UVB photoprovocation and histological analyses, samples were evaluated using standardized protocols. Given the nature of the
experimental design and the clear anatomical distinction between irradiated and non-irradiated sites, blinding was not feasible.

For in vitro experiments, samples were processed and analyzed using standardized protocols, and outcomes were quantitatively assessed
using flow cytometry, transcriptomic, or proteomic readouts.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Plants

Antibodies

Antibodies used The cells obtained through suction blister skin sampling were treated with Fc receptor blocking solution Human TruStain FcX
(Biolegend, #422302) and stained with the following dye and fluorescent antibodies according to the manufacturer's instructions:
Zombie NIR™ Fixable Viability Kit (Biolegend, #423106), PerCP anti-human CD45 (Biolegend #368506, Clone 2D1, Monoclonal, Mouse
1gG1, k), Brilliant Violet 510™ anti-human CD3 (Biolegend, #344828, Clone SK7, Monoclonal, Mouse 1gG1, k), Spark NIR™ 685 anti-
human CD19 (Biolegend, #302270, Clone HIB19, Monoclonal, Mouse 1gG1, k), BUV737 anti-Human CD56 (BD Biosciences, #612766,
Clone NCAM16.2, Monoclonal , Mouse BALB/c 1gG2b, ), Brilliant Violet™ 570 anti-human CD16 (Biolegend, #302036, Clone 3G8,
Monoclonal, Mouse IgG1, k), Spark Blue™ 550 anti-human CD14 (Biolegend, #367148, Clone 63D3, Monoclonal, Mouse 1gG1, « ), PE/
Fire™ 810 anti-human HLA-DR (Biolegend, #307683 , Clone L243, Monoclonal, Mouse 1gG2a, k), eFluor™ 450 anti-human CD11c
( Invitrogen eBioscience #48011642, Clone 3.9, Monoclonal, Mouse 1gG1, k).

For flow cytometry analyses for T cell chemotaxis Zombie Violet™ Fixable Viability Kit (Biolegend, #423113), CD4 (Biolegend #
344622, clone SK3, Monoclonal, Mouse 1gG1, and, Cytek # R7-20041, clone SK3, monoclonal, mouse 1gG1, k), CD8 (Biolegend #
344742, clone SK1, Monoclonal, Mouse 1gG1, k ), CD3 (Biolegend # 317332, clone OKT3, Monoclonal, Mouse 1gG1, k), CD19

( Biolegend #302206, Clone HIB19, monoclonal, mouse 1gG1, k) and CD14 antibody (Biolegend, #367148, Clone 63D3, Monoclonal,
Mouse 1gG1, k ) were utilized antibodies according to the manufacturer's instructions to stain the migrated cells.

For analysis of activated CD4 T cells, Zombie NIR™ viability dye, CD2 (Biolegend #300206, Clone RPA-2.10, Monoclonal, Mouse 1gG1,
k), CD3 and CD4 antibodies, as mentioned above, were used for surface staining, next intracellular staining was performed using BD
Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences #554714) and Pacific Blue™ or PE/Dazzle™ 594 anti-human/mouse
Granzyme B Recombinant Antibody (Biolegend# 372216 and # 372218, Clone QA16A02, Monoclonal, Mouse 1gG1, k) according to
the manufacturer's instructions.

Cultured DCs were detached using ice cold PBS, and prepared and stained with Fc receptor blocking solution, Live dead zombie green
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(Biolegend #423111), CD11b (Biolegend, #101226, Clone M1/70, Monoclonal, Rat IgG2b, k), CD11c (Biolegend, #301608, Clone 3.9,
Monoclonal, Mouse 1gG1, k), CD14 (Biolegend, #367148, Clone 63D3, Monoclonal, Mouse IgG1, k ), HLA-DR (BD #562804, Clone
1243, Monoclonal, Mouse 1gG2a, k), CD83 (BD #612823, Clone HB15e, Monoclonal, Mouse 1gG1, k), CD86 (Biolegend, #305442,
Clone IT2.2, Monoclonal, Mouse IgG2b, k) and CD80 (BD Biosciences #563315, Clone L307.4 , Monoclonal, Mouse 1gG1, k).

An Aurora cytometer from Cytex Biosciences was used for sample analysis, and FlowJo™ Software (Version 10.9.0) for data
processing. All antibodies and reagents were tested and validated per respective producers, information available at (biolegend.com,
bdbiosciences.com, cytekbio.com, thermofisher.com).

Validation All antibodies used in this study were commercially obtained from BioLegend, BD Biosciences, or eBioscience and were selected
based on manufacturer-provided validation for human samples and the indicated flow cytometry applications, as documented in
product datasheets. Antibodies were used according to the manufacturers’ recommended staining conditions. Specificity and
performance were further supported by appropriate experimental controls, including Fc receptor blocking, live/dead discrimination,
and reproducible detection of expected immune cell populations based on established marker expression patterns.

Eukaryotic cell lines
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Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Under the supervision of Institutional Review Board—approved protocol (H00021295, and H-14848) at the University of
Massachusetts Medical School fresh PBMCs were obtained from 12 healthy participants (#6 male and #6 female) for in vitro
experiments including T-cell activation and chemotaxis. Primary fibroblasts (under protocol #H11731) were isolated from
daintified surgically discarded pannus skin as described in the methods sections. PBMCs were isolated from de-identified,
healthy donor leukopaks (UMass Leukocyte Core) for dendritic cell differentiation and stimulation. Immortalized N/TERT2G
keratinocytes were generously provided by H. Rheinwald under a Material Transfer Agreement.

Authentication Phenotype and lineage of cell lines used int this study were verified by Bulk RNA sequencing (keratinocytes, fibroblast, DCs)
and flowcytometry (DCs, T cells).

Mycoplasma contamination None of the cell lines tested for mycoplasma contamination.

Commonly misidentified lines  None
(See ICLAC register)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.
Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied-
Authentication Describe-any-atithentication-procedtures foreach seed stock-tised-or-novel- genotype generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.




Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

X, A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

The cells obtained through suction blister skin sampling were treated with Fc receptor blocking solution Human TruStain FcX
(Biolegend, #422302) and stained with the following dye and fluorescent antibodies according to the manufacturer's
instructions: Zombie NIR™ Fixable Viability Kit (Biolegend, #423106), PerCP anti-human CD45 (Biolegend, #368506), Brilliant
Violet 510™ anti-human CD3 (Biolegend, #344828), Spark NIR™ 685 anti-human CD19 (Biolegend, #302270), BUV737 anti-
Human CD56 (BD Biosciences, #612766), Brilliant Violet™ 570 anti-human CD16 (Biolegend, #302036), Spark Blue™ 550 anti-
human CD14 (Biolegend, #367148), PE/Fire™ 810 anti-human HLA-DR (Biolegend, #307683), eFluor™ 450 anti-human CD11c
( eBioscience™ #48011642). For flow cytometry analyses for T cell chemotaxis Zombie Violet™ Fixable Viability Kit (Biolegend,
#423113), CD4 (Biolegend # 344622), CDS (Biolegend # 344742), CD3 (Biolegend # 317332), CD19 and CD14 antibodies as
mentioned above, were utilized antibodies according to the manufacturer's instructions to stain the migrated cells. For
analysis of activated CD4 T cells, Zombie NIR™ viability dye, CD2 (Biolegend #300206), CD3 and CD4 antibodies were used for
surface staining, next intracellular staining was performed using BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD
Biosciences #554714) and Pacific Blue™ or PE/Dazzle™ 594 anti-human/mouse Granzyme B Recombinant Antibody
(Biolegend# 372216 and # 372218) according to the manufacturer's instructions. Cultured DCs were detached using ice cold
PBS, and prepared and stained with Fc receptor blocking solution, Live dead zombie green (Biolegend #423111), APC/
Cyanine7 anti-mouse/human CD11b (Biolegend, #101226), PE/Cyanine?7 anti-human CD11c (Biolegend, #301608), BV421
Anti-Human HLA-DR (BD Biosciences #562804), BUV737 Anti-Human CD83 (BD Biosciences #612823), Brilliant Violet 785
CD86 (Biolegend, #305442) and BV605 Anti-Human CD80 (BD Biosciences #563315).

An Aurora cytometer from Cytex Biosciences was used for sample analysis.
FlowJo™ Software (Version 10.9.0) for data processing.

No cell sorting was performed in this study, and therefore no post-sort fractions were generated. Cell population abundance

was quantified by flow cytometry analysis of unsorted samples. Immune cell populations were identified based on sequential
gating of live, singlet immune cells using established lineage and marker combinations. Population abundance was expressed
as the percentage of each population relative to the relevant parent gated compartment. Data on cell population proportions
are presented in the Results.

For the cultured DCs, FSCA-SSCA ( cell sized events) -> Singlets based on Area and Heigh ( FSCA-FSCH) -> live cells based on
viability dye staining ( negative cells selected) -> moDCs i.e. CD14 and CD16 double positive cells -> CD40/CD80/CD83/CD86/
HLA-DR expression.

For activated CD4 T cells: FSCA-SSCA ( cell sized events) -> Singlets based on Area and Heigh ( FSCA-FSCH) -> live cells based
on viability dye staining ( negative cells selected) ->CD4 + Cells -> GZMB expression.

For Blister biopsies: FSCA-SSCA ( cell sized events) -> Singlets based on Area and Heigh ( FSCA-FSCH) -> live cells based on
viability dye staining ( negative cells selected) -> CD45+ immune cells -> non granulocytes ( Low SSCH selected) -> non T cells
( CD3 negative selected) -> non B cells ( CD19 negative) selected -> CD14 + cells selected.

For chemotaxis: FSCA-SSCA ( cell sized events) -> Singlets based on Area and Heigh ( FSCA-FSCH) -> live cells based on viability
dye staining ( negative cells selected) -> subsets analyzed based on CD45/CD3 or CD19 or CD14/ CD3 positive cells subset to
CD4 vs CD8.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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