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Generalized pustular psoriasis (GPP) is a severe subtype of psoriasis char-
acterized by epidermal neutrophil infiltration, often presenting as acute,
potentially life-threatening flares. However, the characterization of the
immune micro-environment in GPP lesions remains largely unknown. Here, we
use single-cell RNA profiling to interrogate the transcriptomes of 60,000
single cells from GPP lesional skin (n=13) and healthy adult skin (n=4),
combined with spatial transcriptomics. We identify a neutrophil subset lacking
CASPS8 expression but exhibiting elevated levels of inflammatory pathway
genes, including RIPK1, NFKB1, IL1B, CXCL1, and CXCL8 in GPP flares, illustrating
neutrophil transition from pre-inflammatory to a pro-inflammatory state, and
activation of a communication network between /IL36G+ keratinocytes and
neutrophils in GPP lesions, with TNFSF15 (TL1A) released from neutrophils
exaggerating the inflammatory crosstalk. We further demonstrate that fibro-
blasts and capillary endothelial cells function as central communication hubs
in GPP, through dynamic receptor-ligand interactions with several spatially
proximate immune cells, including T cells, neutrophils, and macrophages. In
this work, we provide an in-depth view of immune cell participation and
highlight the role of neutrophil-keratinocyte crosstalk in GPP pathogenesis.

Generalized pustular psoriasis (GPP) is a rare, severe subtype of
psoriasis characterized by potentially life-threatening autoin-
flammatory episodes involving the widespread formation of sterile
neutrophil-rich pustules in the epidermis’. GPP pathogenesis involves
the interactions of inborn errors of the innate immune system with

environmental triggers, leading to uncontrolled activation of inflam-
matory pathways and intercellular networks, which are only partially
understood to date, and remain a topic of debate’. Deregulated innate
immune skin and systemic responses driven by hyperactivation of
neutrophils have long been postulated to be a canonical feature of
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GPP', On the other hand, the involvement of CD4" T cells and the IL-
23/IL-17 axis, which play a crucial role in plaque psoriasis, has also been
implicated in GPP pathogenesis*. To date, the above-mentioned
understanding of GPP pathogenesis largely depends on immunobhis-
tochemistry and global gene analyses”®, primarily focusing on a limited
number of cellular contributors, including neutrophils, keratinocytes,
and IL-17-producing CD4+ (Th17) cells’. In contrast, the potential
pathogenic contributions of other cell populations have received
limited attention, largely due to the lack of detailed genetic and
molecular profiling of individual cells to delineate their roles in
pathogenesis.

Research conducted over the past decade revealed that aberrant
activation of IL-36 signaling, promoting proinflammatory responses in
keratinocytes as a central driver of GPP pathogenesis'®", which laid the
groundwork for the development of targeted therapies, such as the
anti-IL-36 receptor blocker, spesolimab'>®, Intriguingly, IL-36 cyto-
kines (IL-36a, IL-36B, and IL-36y) are initially expressed as inactive
precursors that require activation by neutrophil granule-derived
proteases'. After activation, IL-36 signaling proceeds via a complex
of IL-36 receptor and IL-1R accessory protein, propagating inflamma-
tory responses in keratinocytes®. The signaling cascade subsequently
induces the production of numerous cytokines, such as IL-1f, IL-17A,
IL-23, and TNF-q, as well as chemokines like CXCL1 and CXCLS8, which
collectively establish a chemokine gradient that drives a substantial
influx of dermal neutrophils into the epidermis'®. Of note, we pre-
viously demonstrated that IL-36-dependent amplification of inflam-
matory responses occurs primarily within the supraspinous layer of
the psoriatic epidermis'®, aligning with the observed phenotype of
neutrophil accumulation manifesting as pustules, predominantly in
the corneum of GPP epidermis”. Yet, the detailed mechanisms driving
cellular interactions at this specific disease site remain to be
elucidated.

Recent clinical and preclinical studies have implicated the con-
tribution of pro-inflammatory fibroblasts in psoriasis lesions'**®, Thus,
we questioned whether fibroblasts also play a crucial role in GPP
pathogenesis. Notably, while the well-established feedback loop
between keratinocytes and neutrophil recruitment explains much of
the inflammatory process, it does not fully clarify how neutrophils
initially accumulate in GPP lesions, especially given the absence of
microvasculature within the epidermis. Here, we provide a compre-
hensive view of GPP immunopathogenesis by employing single-cell
RNA-sequencing (scRNA-seq) on biopsy samples from GPP and healthy
control skin, combined with spatial transcriptomics to provide robust
validation of cell-cell interactions. Our findings implicate how
neutrophil-keratinocyte interactions, mediated through TNFSF15
(TL1A) signaling, contribute to disease progression and suggest this
pathway as a potential target for future therapeutic interventions.
Furthermore, we identify several cell subtypes, including CASPS- neu-
trophils and SFRP2+ fibroblasts, which are implicated in the initial
recruitment of neutrophils to GPP lesions.

Results

Census of scRNA-seq and spatial-seq reveals diverse cell types
and their spatial locations in GPP skin

To elucidate the cellular heterogeneity and cell state of healthy and
GPP, we performed scRNA-seq on archived FFPE biopsies of 4 healthy
and 13 clinically and histologically confirmed GPP patients (Supple-
mentary Fig. 1A). After quality control, we collected a total of 59,886
cells and identified 18 clusters, which we annotated into 11 distinct
primary cell types: keratinocytes (basal, differentiated, keratinized),
eccrine cells, endothelial cells, fibroblasts, mast cells, melanocytes,
myeloid cells, pericytes, and T cells, across the two groups (Fig. 1A and
Supplementary Fig. 1B). Cluster annotation was corroborated by
canonical lineage-specific genes published in previous skin disease
scRNA-seq studies'® (Fig. 1B and Supplementary Fig. 1C). Within

myeloid and T cell clusters, cells from GPP versus healthy samples had
distinct distributions (Fig. 1C), suggesting dynamic cellular changes in
the disease state. Among major cell types, myeloid cells were pre-
dominantly derived from GPP lesions (Fig. 1D and Supplementary
Fig. 1D). Furthermore, analysis of absolute abundance per sample
revealed increased numbers of myeloid cells rather than T cells in GPP
lesions (Fig. 1E), consistent with a shift towards innate immune
mechanisms in GPP'. Strikingly, ligand-receptor analyses undertaken
with CellChat®® demonstrated a widespread up-regulation in the
number of cell-cell interactions originating from fibroblasts to several
immune cell types (Fig. 1F), underscoring an important role of fibro-
blasts in recruiting immune cells into GPP lesions.

To explore the spatial organization of the identified cell types in
GPP lesions, we performed spatial-seq using the Xenium platform on
five skin samples (two healthy donors and three GPP patients). By
deconvoluting RNA expression in each spot with the scRNA-seq gene
expression profiles of the major cell types, we identified the cell type
composition in each capture spot (Fig. 1G and Supplementary Fig. 2).
Intriguingly, consistent with our previous findings in psoriasis'®, we
observed that IL-36 signaling was abundantly activated in the upper
layers of epidermis.

Single-cell RNA sequencing defines unique myeloid subtypes in
GPP skin

Myeloid cells were the most prominent cell type in GPP lesions as
defined by our scRNA-seq data. To address myeloid contribution to the
disease process in GPP, we initially homed in on myeloid subtypes. We
subclustered the myeloid cells into eleven sub-clusters (Fig. 2A) and
identified nine subpopulations: MRCI+CXCL12+ Macrophage (Mac),
MRCI+CCL18+ Mac, ILIB+ Mac, Neutrophil, plasmacytoid Dendritic
cells, Langerhans cells, classical type 1 Dendritic cells, classical type 2
Dendritic cell subset A (cDC2A) and classical type 2 Dendritic cell
subset B (Fig. 2B, C). Analysis of disease composition revealed a stark
contrast, with MRCI+CXCL12+ macrophages being less prevalent in
GPP, while MRC1+CCL18+ macrophages and /L1B+ macrophages were
increased (Fig. 2D-F), pointing to a marked shift among these three
macrophage subtypes in GPP. To corroborate this, we found that /L1B
and TLR2 were predominantly expressed by /L1B+ macrophages, dis-
tinguishing them as MI-like macrophages from the other M2-like
macrophage subtypes (Supplementary Fig. 3B). We also performed
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
of the identified signature genes in the /LIB+ Mac and found enrich-
ment for pathways associated with lysosomes and bacterial killing
(Supplementary Fig. 3C), consistent with macrophage activation via
Toll-like receptors?. Given the well-established observation that the
elevated ratio of classically activated inflammatory macrophages (M1)
to anti-inflammatory macrophages (M2) is a hallmark of inflammatory
skin disease?, we sought to evaluate the relationship between M1/M2
polarization and the underlying pathophysiology of GPP. Indeed,
increased gene expression signatures of MI-differentiation and
reduced module score of M2-differentiation distinguished GPP mac-
rophages from healthy skin (Fig. 2G). To further explore the differ-
entiation process of macrophages, we performed pseudotime analysis
on the three sub-clusters using Monocle” with the pseudotime
assigned from MRCI+CXCL12+ Mac (Control, early state) to /L1B+ Mac
(GPP, late state) (Fig. 2H-J). Previously reported principal MI-
differentiation markers, including LYZ, FOS, TLR2, and ILIB™*, were
highly enriched along the Mi-like polarization path (Fig. 2K) and dis-
played a prominent and positive correlation with the development
from control to GPP state (Fig. 2L).

Strikingly, among classical dendritic cell subsets, only cDC2A was
significantly enriched in GPP compared to healthy control (Supple-
mentary Fig. 4A). We also found that co-stimulatory molecules CD40,
CD80 and CD83 were primarily expressed by cDC2A (Supplementary
Fig. 4B), indicating that cDC2A may be responsible for T cell activation
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Fig. 1| Census of scRNA-seq and spatial-seq reveal diverse cell types and their
spatial locations in GPP skin. A UMAP plot showing 59,886 cells colored by cell
types. B Dot plot showing representative marker genes for each cell type. The color
scale represents the scaled expression average of each gene. The size of the dot
represents the percentage of cells expressing each gene. C UMAP plot showing all
cells colored by disease conditions. GPP generalized pustular psoriasis. D Bar charts
showing proportion of main cell types in different disease conditions. E Cell
number of myeloid cells (left) and T cells (right) in disease conditions. Every dot

represents a sample; Control (n=4) and GPP (n =13). Box plots show the median
(center line), interquartile range (box), and 1.5x interquartile range (whiskers).

F Heatmap depicting the number of ligand-receptor interactions between cell
types. Red represents an increase in the GPP group. Blue represents a decrease in
the GPP group. G Representative spatial transcriptomics plots of GPP lesional skin,
with corresponding cluster annotation. The statistical significance was determined
by two-tailed unpaired Student’s ¢ test (E).

and expansion in GPP lesions. Furthermore, cDC2A expressed a high
level of interferon and JAK-STAT signaling (Supplementary Fig. 4C)*°,

Functional heterogeneity of neutrophils highlights the involve-
ment of CASP8 subset in GPP inflammation
A distinct pattern of pathway enrichment was observed for each
myeloid sub-cluster, with significant enrichment of inflammatory
pathways in neutrophils (Supplementary Fig. 3A), aligning with the
hyperactivation of neutrophils as a key driver of GPP pathogenesis'.
While neutrophil infiltration is a hallmark of pathology, as demon-
strated by immunofluorescent staining (Fig. 3L), the understanding of
dynamic changes in cell states remains limited'®, inspiring us to
examine neutrophil heterogeneity in GPP.

KEGG analysis and Gene set enrichment analysis (GSEA) of dif-
ferentially expressed genes (DEGs) in GPP versus Control samples
showed dramatic up-regulation of several inflammation signaling

pathways associated with neutrophil activation (Supplementary
Fig. 5A, B). The top distinguishing genes represented in these enrich-
ment terms included interleukin-1 signaling (/LIB and ILIRN), neu-
trophil chemotaxis (CXCLS8), and transcriptional factor (FOS and
NFKBIA) (Supplementary Fig. 5C, D). These findings, along with a
higher enrichment score of “TNFA_SIGNALING_VIA NFKB”,
“MTORCI_SIGNALING” and “OXIDATIVE_PHOSPHORYLATION” in GPP
lesions (Supplementary Fig. SE), suggest that neutrophils broadly
underlie inflammatory responses in GPP pathology.

To probe the molecular shifts of neutrophils in GPP lesions, we
sub-clustered all neutrophils and annotated the sub-clusters as
CXCL8 +,S100A12+ and CASPS8+ neutrophils (Fig. 3A, B) based on their
characteristic marker gene expression (Fig. 3E). Strikingly, CXCL8+
neutrophils, exclusively found in GPP lesions, were distinct from
CASPS8+ neutrophils found in healthy samples (Fig. 3C), with immu-
nofluorescence images further validating the absence of CASPS+
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Fig. 2 | Single-cell RNA sequencing defines unique myeloid subtypes in

GPP skin. A UMAP plot showing myeloid cells colored by sub-clusters. B UMAP plot
showing myeloid cells colored by subtypes. C Dot plot showing the top marker
genes for each myeloid cell subtype. The color scale represents the scaled
expression of each gene. The size of the dot represents the percentage of cells
expressing the gene of interest. D UMAP plot showing myeloid cells colored by
disease conditions. E Bar charts showing proportion of myeloid cell subtypes in
different disease conditions. F Cell percentage of /LIB+ Mac (left), MRCI+CCL18+
Mac (middle) and MRCI+CXCL12+ Mac (right) in disease conditions. Every dot
represents a sample; Control (n=4) and GPP (n =13). Box plots show the median
(center line), interquartile range (box), and 1.5 interquartile range (whiskers).

G Box plot showing the M1 and M2 differentiation module scores in the

0.0 25 50 7.5 100 12.5
Pseudo-time

macrophages (containing /L1B+, MRCI+CCL18+, and MRCI+CXCLI12+ Mac), split by
the disease conditions. Each dot represents the module score in a single cell. In the
box plot, the centerlines denote median values (50th percentile); the bounds of the
boxes represent the first and third quartiles (25th and 75th percentiles); the whis-
kers indicate the smallest and largest values within 1.5x the interquartile range.

H Pseudotime trajectory colored by the pseudotime of three macrophage sub-
types. I Pseudotime trajectory colored by the disease condition of three macro-
phage subtypes. J Pseudotime trajectory colored by the subtype identity of three
macrophage subtypes. Expression of transcriptional signature plotted over pseu-
dotime, colored by subtypes (K) or disease conditions (L). The statistical sig-
nificance was determined by two-tailed unpaired Student’s ¢ test (F) and Wilcoxon
signed-rank test (G).
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Fig. 3 | Functional heterogeneity of neutrophils highlights the involvement of
CASPS subset in GPP inflammation. A UMAP plot showing neutrophils colored by
sub-clusters. B UMAP plot showing neutrophils colored by subtypes. C UMAP plot
showing neutrophils colored by disease conditions. D Dot plot showing the top ten
Gene Ontology pathways enriched for differentially expressed genes in each neu-
trophil subtype. Gene Ontology pathway enrichment was performed using a
hypergeometric test, and p-values were adjusted for multiple testing using the
Benjamini-Hochberg method. E Violin plot showing the expression of genes split
by neutrophil subtypes. F Individual cell AUC score overlay for TNFA_SIGNA-
LING_VIA_NFKB and INFLAMMATORY_RESPONSE activity in neutrophil subtypes.

G Heatmap showing the expression of genes split by subtype. H Pseudotime tra-
jectory colored by the sub-clusters of neutrophils. I Boxplots showing neutrophil
sub-clusters ordered by pseudotime; data are median (interquartile range, mini-
mum-maximum). Each dot represents the pseudotime in a single cell. J Bar plot
showing the top ten Gene Ontology pathways enriched for the up-regulated genes
in neutrophil sub-cluster O and 5. Gene Ontology pathway enrichment was per-
formed using a hypergeometric test. K Heatmap showing the five expression pat-
terns of top twenty variable genes along the pseudotime of the neutrophils.

L Immunofluorescence showing the colocalization of CASPASE-8 and MPO in
healthy control and GPP skin tissues. Images shown are representative of n=3.

neutrophils in GPP samples (Fig. 3L). To investigate the mechanisms
driving this shift, we analyzed enriched Gene Ontology (GO) biological
processes and calculated the hallmark score of canonical pathways
across individual sub-clusters, highlighting the regulation of cell death

and inflammation as the most prominent program specifically exhib-
ited in CXCL8+ neutrophils (Fig. 3D, F). Previous studies have estab-
lished a pathogenic role of neutrophils in psoriasis via releasing pro-
inflammatory mediators and neutrophil extracellular traps (NETs). In
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addition, NET formation involves a programmed cell death of
neutrophils®®?, consistent with the phenotype of CXCL8+ neutrophils
in our data. In contrast, CASP8+ neutrophils dominantly originated
from healthy samples (Fig. 3E) and demonstrated an inactive inflam-
matory response (Fig. 3F).

Our results thus far raised the hypothesis that the transition of
neutrophils in GPP pathology from a pre-inflammation to a pro-
inflammatory state depends on turning off CASPS. To corroborate this,
we performed pseudotime analysis to clarify the development of
CXCL8+ neutrophil phenotypes. Neutrophil clusters followed a
branching trajectory from CASP8+ to CXCL8+ neutrophils (Supple-
mentary Fig. 6A-C), culminating in two distinct endpoints, sub-cluster
0 and 5, both belonging to the CXCL8+ neutrophil subset (Fig. 3H, I).
Sub-cluster 5 was predominantly positioned in the middle-late stage
rather than the terminal stage (Fig. 31). To identify the potential cyto-
kines that drive this differentiation, we split the variable genes along
the pseudotime into five expression patterns, characterized by upre-
gulated expression of CXCLS8, ILIRN, IL1IB, and PTGS2 in the middle-to-
late stage of pseudotime (Fig. 3K), where sub-cluster five was posi-
tioned. GO analysis of the top-listed genes in cluster 5 implicated
dramatic alterations in immune processes linked to the activation
status of the neutrophils (Fig. 3J). Intriguingly, key molecules involved
in necroptosis signaling and necroptosis-related inflammation®**,
including /L1B, MLKL, NFKBIZ, FOS, and RIPK1, were all expressed in a
higher percentage of cells in sub-cluster 5 compared to sub-clusters O
(Supplementary Fig. 6D), indicating the role of sub-cluster 5 in sup-
porting CXCL8+ neutrophil phenotype. In addition, CytoTRACE
analysis* suggested that the CASP8+ sub-cluster represented a less
differentiated state, and CXCL8+ neutrophils represented the most
differentiated state (Supplementary Fig. 6E, F).

T cells exhibit both cytotoxicity and inflammatory responses
Pathogenic T helper type 17 cells (Th17) have long been regarded as an
important player in orchestrating GPP pathology®. However, a recent
scRNA-seq study on PBMCs proposed cytotoxic T as a potential con-
tributor to GPP pathogenesis®. To define the exact role of T cell sub-
types in GPP lesions, we performed sub-clustering of T cells and
annotated the sub-clusters using canonical T cell lineage markers
(Fig. 4A). We identified six lymphocyte subtypes: ETS1+CD4+ cells, Th17,
cytotoxic T cells (Tc), regulatory T cells (Treg), CD4+ effector memory
T cells (CD4+ Tem) and natural killer cells (NK) (Fig. 4B). Analysis of sub-
cluster composition between the two groups revealed a significantly
increased proportion of Th17 cells, along with a notable rise in Tc cells,
in GPP (Fig. 4C, D, I and Supplementary Fig. 7A), indicating dual con-
tribution of T cells to GPP inflammation. As expected, GSEA further
showed a significant upregulation of leukocyte differentiation signaling
in GPP Th17 cells compared to the control groups (Fig. 4E). Consistently,
type 17 immune genes such as ILI7RB, 122, CCR6, and IL26 were highly
ranked among the upregulated genes in GPP (Fig. 4F), although we were
not able to detect increased expression of IL17A or IL17F. Furthermore,
expression of key transcriptional factors during Thi7 differentiation*
and module score on Th17 differentiation pathway were both elevated in
Thi7 cells from GPP lesions (Fig. 4G, H).

As another potential function of T cells in GPP pathogenesis, we
observed higher expression of GZMB, CCL5, NKG7, and PRFI in cyto-
toxic T cells from GPP compared to healthy controls (Supplementary
Fig. 7B). The module score aggregating the expression of cytotoxic
genes was significantly higher in GPP lesions (Supplementary Fig. 7C).

SFRP2+ fibroblasts promote myeloid cell chemotaxis into GPP
lesions

Fibroblasts (FBs) are one of the most frequent cell types in GPP lesions,
as defined by our scRNA-seq data. To characterize the difference
between GPP and healthy FBs. We totally identified 10 clusters
(Fig. 5A), which were annotated into five main FB subtypes based on

previously published marker genes', including SFRP2+, TYMP+,
S100A9+, LSP1+, and SFRP4+FBs (Fig. 5B, D). Strikingly, GPP FBs were
mostly distinct from control FBs by dimensionality reduction using
UMAP (Fig. 5C), representing a marked transcriptomic shift in GPP
lesions. To characterize the potential functions of FB subtypes, we
conducted gene set variation analysis (GSVA) for each FB cluster based
on each cluster’s gene expression pattern. We observed significant
enrichment of inflammatory pathways in SI00A9+ and SFRP2+FBs
(Supplementary Fig. 8B). Additionally, spatial mapping and immuno-
fluorescence confirmed the presence of SIO0A9+ and SFRP2+FBs in
GPP lesions (Supplementary Fig. 8D, F). Intriguingly, SIOOA9 + FBs
drove intercellular interaction with keratinocytes and myeloid cells in
GPP lesions (Supplementary Fig. 9A, B). Although S100A9 + FBs were
derived exclusively from GPP lesions (Fig. S5E), differential expression
analysis (GPP vs control) showed that the majority of the changes were
observed in SFRP2 + FBs (Supplementary Fig. 8C), identifying SFRP2 +
FBs as primary responders to GPP pathogenesis.

To further characterize the functions of GPP-associated SFRP2 + FBs,
we performed analysis of DEGs and upregulated canonical pathways.
These upregulated genes included chemokines (CCL2, CXCL1, and
CXCL2), pro-inflammatory cytokines (/L6) and key transcriptional factors
of inflammation signaling (CEBPB, FOS, JUNB, STATI1, NFKBI, and IRFI)
(Fig. SF and Supplementary Fig. 8E). As expected, SFRP2+FBs showed
functions associated with IL-17 signaling and TNF signaling (Fig. 5G). The
overexpression of specific chemokines in SFRP2 +FBs raised the possi-
bility that SFRP2+FBs may be a key orchestrator in recruiting myeloid
cells®*, We, therefore, conducted receptor-ligand analyses using Cell-
Chat to infer communication between SFRP2+FBs and myeloid cell
subtypes. Indeed, the ligand-receptor analyses showed an enhanced
CXCL signal interaction from SFRP2+FBs to neutrophils in the GPP
group (Fig. 5H, I). Furthermore, we confirmed this potential chemotaxis
effect of SFRP2+ fibroblasts on neutrophils through spatial tran-
scriptomics analysis, in which co-localization of SFRP2 + CXCL1 + FBs and
MPO+ neutrophils was robustly detected in the upper dermis of GPP
lesion (Supplementary Fig. 8F). Similarly, NicheNet analysis predicted an
interaction between the ligand (originating from SFRP2+FBs) and
respective receptor on MRCI+ Macrophage in GPP, which showed an
increased CSFI level in GPP SFRP2+FBs (Supplementary Fig. 8G, H).
Combined with the well-established role of CSF-1 in promoting macro-
phage maturation®, these observations suggest that SFRP2 + FBs facil-
itate neutrophil infiltration and macrophage activation in GPP lesions.

To address endothelial contribution to inflammatory chemotaxis
into GPP lesions, we assessed the contribution of endothelial cells in
immune cell infiltration. We subclustered endothelial cells and identified
five subsets based on published scRNA-seq studies on vasculature®*,
including Venules-1 (SELE+/ACKRI+), Capillaries-1 (SPARC+/PLVAP+),
Venules-2 (VWF+/CLU+), Capillaries-2 (STAB2+/SNCG+), and Arterioles
(GJA4+/SEMA3G) (Supplementary Fig. 10A-D). While both Venules-1 and
Capillaries-1 were nearly completely derived from GPP lesional skin
(Supplementary Fig. 10E), upregulation of leukocyte chemotaxis (CCL2I)
was observed in GPP Capillaries-2 cells (Supplementary Fig. 10F), facil-
itating the migration of T cells towards sites of skin inflammation. To
validate the spatial specificity of these responses, we demonstrated that
infiltrating T cells were surrounded by CCL21+STAB+ capillary cells in
GPP lesions, whereas healthy skin lacked co-expression of CCL21 and
STAB in the dermis (Supplementary Fig. 10G). Collectively, the hetero-
geneity observed in GPP SFRP2+ fibroblasts and Capillaries-2 cells, par-
ticularly their involvement in chemotaxis and macrophage activation,
likely contributes to the aforementioned inflammatory responses driven
by myeloid cells and T cells.

IL-36 amplifies inflammation response in the supraspinous epi-
dermis of GPP lesions

Keratinocytes (KCs) constituted the majority of cells sequenced in GPP
lesions (Fig. 1A). To delineate molecular changes of epidermal
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Fig. 5 | SFRP2+ fibroblasts promote myeloid cell chemotaxis into GPP lesions.
A UMAP plot showing fibroblasts colored by sub-clusters. B UMAP plot showing

fibroblasts colored by subtypes. C UMAP plot showing fibroblasts colored by dis-
ease conditions. D Violin plot showing the expression of genes split by fibroblast
subtypes. E Bar charts showing the proportion of fibroblast subtypes in different
disease conditions. F Volcano plot showing the differential expressed genes com-
paring GPP to control in SFRP2+ fibroblasts. P-value was calculated by two-sided

Wilcoxon rank-sum test with Bonferroni correction. G Dot plot showing the top ten
canonical pathways enriched using the differentially expressed genes comparing
GPP to control in SFRP2+ fibroblasts. KEGG pathway enrichment was performed
using a hypergeometric test. H Heatmap depicting the number of ligand-receptor
interactions between myeloid cell subtypes and SFRP2+ fibroblasts. Red represents
anincrease in the GPP group. Blue represents a decrease in the GPP group. I Cellular
interactions of CXCL1 signaling pathway in control and GPP group.

pathology, we subclustered KCs into 12 clusters and annotated cycling,
basal, spinous, and supraspinous KCs based on marker gene expres-
sion (Fig. 6A-D). GPP-dominated subclusters corresponded to sub-
populations within cycling and supraspinous KCs (Fig. 6E).

Intriguingly, several risk genes of GPP, including /LIRL2, ILIRN, IL36RN,
IL36A, IL36G, and CARD14"", were constitutively expressed in supras-
pinous KCs (Supplementary Fig. 11B, C), pointing to a role of supras-
pinous KCs in driving GPP pathology. Consistent with this, spatial
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Fig. 6 | IL-36 amplifies inflammation response in the supraspinous epidermis of
GPP lesions. A UMAP plot showing keratinocytes colored by sub-clusters. B UMAP
plot showing keratinocytes colored by subtypes. C UMAP plot showing keratino-
cytes colored by disease conditions. D Heatmap showing marker genes with the
highest fold change for each keratinocyte subtype. The color scale represents the
scaled expression of each gene. E Bar charts showing proportion of keratinocyte
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G Dot plot showing the top differentially expressed genes comparing GPP to
control in the spinous (left) and supraspinous (right) keratinocytes. H UMAP plot
showing keratinocytes of interest, colored by original subtypes. I Feature plots
showing expression of /L36G in keratinocytes of interest. J UMAP plot showing
keratinocytes of interest, colored by reannotated subtypes. K UMAP plot showing
keratinocytes of interest, colored by disease conditions. L Individual cell AUC score
overlay for INFLAMMATORY_RESPONSE activity in keratinocyte reannotated sub-
types. The statistical significance was determined by Wilcoxon signed-rank test (L).

mapping of two representative genes of chemotaxis, CXCL1 and CXCL2,
illustrated their up-regulation in GPP and localized distribution in the
supraspinous layer of the epidermis (Supplementary Fig. 8F).

To investigate the key upstream regulators of activated KCs, we
applied cytokine response signatures previously conducted by our
group, containing genes induced by the stimulation of primary human
KCs with a panel of cytokines, such as IL-36y, IL-17A, and IL-1f, to
calculate the module score for each cytokine. GPP lesions showed
increased scores for IL-36y, IL-17A, and IL-13 responses in spinous and
supraspinous subtypes compared with healthy skin, with the highest
responses observed in supraspinous KCs (Fig. 6F).

Next, we performed differential gene expression analysis
between GPP and healthy control within spinous and supraspinous
KCs to identify top distinguishing transcripts (Fig. 6G). Expression of
genes associated with keratinocyte activation (SIO0A7, S1I00AS,
S100A9, KRT6A, KRT6B, and KRT6C) was markedly elevated in spi-
nous and supraspinous layers of GPP. Moreover, IL-36-induced
genes, including IL36G, ILIRN, and IL36RN, were likewise upregulated

in both KC subsets, in line with previous GPP studies’'. In addition,
we assessed enriched pathways between two groups within each
epidermal layer and identified the IL-17 signaling pathway as the top
mediator in cycling, spinous, and supraspinous KCs (Supplementary
Fig. 11D-G).

IL-36 is a member of the IL-1 family of cytokines, which plays
important roles in the pathogenesis of GPP™. Given the prominence of
spinous and supraspinous KCs in response to IL-36, we sought to
define heterogeneity within these subsets. We re-clustered spinous
and supraspinous KCs and annotated four KC subpopulations: /L36G-
spinous, /L36G+ spinous, IL36G- supraspinous, and /L36G+ supraspi-
nous (Fig. 6H-J). Strikingly, the majority of /L36G+ spinous and
supraspinous keratinocytes were derived from GPP samples (Fig. 6K).
Furthermore, a striking increase from spinous to supraspinous KCs
was also observed for “INFLAMMATORY RESPONSE,” with /L36G+
supraspinous KCs exhibiting the highest levels on average (Fig. 6L),
confirming that /L36G+ supraspinous KCs may broadly underlie the
epidermal pathology in GPP-associated inflammation.
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Considering that active IL-36 isoforms bind to the IL-36 receptor
on keratinocytes (KCs) and drive the expression of proinflammatory
mediators, including IL-36 itself", we hypothesized that /L36G- KCs
represent a transient state rather than an exact cell subtype. These
cells may be further induced to differentiate into /L36G + KCs upon
exposure to inflammatory stimuli such as TNF and IL-17". To explore
the upstream transcriptional regulation driving the emergence of

IL36G* spinous KCs, we performed Ingenuity Pathway Analysis (IPA)
based on the transcriptomic differences between /L36G- and /IL36G+
spinous subsets. Our analysis demonstrated an enrichment for SP1,
MYC, KLF4, STAT4, and RELA as top-ranked transcriptional factor
genes in IL36G+ spinous (Supplementary Fig. 12A).

In addition, we conducted pseudotime trajectory analysis to
reconstruct the developmental path of spinous KCs (Supplementary
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Fig. 7 | Ligand-receptor interaction analysis between the IL-36y-expressing
keratinocytes and neutrophils in GPP skin. A Cell-cell interaction number ana-
lysis among /L36G- Spinous, IL36G+ Spinous, IL36G- Supraspinous, /L36G+ Supras-
pinous, and neutrophils in control and GPP group. B The incoming and outgoing
signaling strength of different subtypes in control and GPP group. C The significant
signaling pathways were ranked based on their differences in overall information
flow within the inferred networks between control and GPP group. D Cellular
interactions of VEGI signaling pathway in GPP group. E Signal pair interactions from
neutrophils to keratinocyte subtypes identified with CellChat analysis in GPP group.
F Feature plots showing expression of TNFSFI15 in myeloid cells. G Spatial tran-
scriptome image of lesional sections showing the co-localization of /L36G +
TNFRSF25+ differentiated keratinocytes and TNFSFIS + MPO+ neutrophils. The pink

frame represents differentiated keratinocyte. The green frame represents myeloid
cell. The size bar represents 500 um (left, zoom out) or 100 um (right, zoom in).
H Schematic of the experimental design for the in vitro coculture assay. Created in
BioRender. Jiang, R. (2025) https://BioRender.com/Icyuhhl<https://urldefense.
com/v3/_https://BioRender.com/Icyuhhl_;!'NnSTv5QBqPjS9UMK!
JEO9XaAu3GlendKkUtPBIL_enDqU_76AI1307YLCYnUt2IDpHO_kWRIX-Yn_
MOxHteCCZv_1plokWETudQJQZeRZYkw$>. I qRT-PCR of inflammatory genes in
primary keratinocytes after co-culture with neutrophils (n =3 biologically inde-
pendent samples; one-way ANOVA; mean + SEM). J qRT-PCR of inflammatory genes
in WT/IL36G KO N/TERTSs after co-culture with neutrophils (n =3 biologically
independent samples; one-way ANOVA; mean + SEM).

Fig. 12B-D). Interestingly, during the transition from healthy to GPP-
associated spinous KCs, a distinct population of IL36G- spinous cells
(State 3) persisted, even within the inflammatory milieu of GPP lesions
(Supplementary Fig. 12C, D). In contrast, IL36G+ spinous cells were
largely confined to a separate trajectory branch (State 1), suggesting
that these two subpopulations (State 1 and 3) from GPP lesions may
follow divergent developmental paths despite being exposed to the
same proinflammatory environment. Intriguingly, state 1 exhibited
markedly elevated expression of both differentiation markers (FLG
and IVL) and pro-inflammatory markers (SI00A7A and IL36G) com-
pared to other states, underscoring the potential role of /L36G+ spi-
nous cells in epidermal maturation and inflammatory responses
(Supplementary Fig. 12E, F). These findings suggest that State 1, rather
than State 3, plays an indispensable role in the pathogenesis of GPP.

Ligand-receptor interaction analysis between the IL-36y-
expressing keratinocytes and neutrophils in GPP skin

While the synergy of IL-36y-expressing keratinocytes with neutrophils
is considered a hallmark of GPP pathophysiology, the nature of the
cellular interactions remains largely unknown. To address this gap, we
analyzed cell-cell communication between putative pathogenic kera-
tinocytes and neutrophils in GPP skin. Generally, CellChat network
analysis revealed a dominant communication between IL36G+ spinous,
IL36G+ supraspinous, and neutrophils in GPP (Fig. 7A, B). In addition,
several signal pathways were markedly upregulated in GPP lesions,
including IFN-I, IGF, CSF, VEGI, and CXCL signaling (Fig. 7C). Intrigu-
ingly, network analysis of GPP lesions revealed an unreported VEGI
signaling between neutrophils to /L36G+ spinous KCs (Fig. 7D). To
corroborate this further, we detected an enhanced TLI1A (encoded by
TNFSF15)-DR3 (encoded by TNFRSF25) interaction from neutrophils to
IL36G+ spinous KCs (Fig. 7E).

TNFSF15, and its protein ligand TL1A, is a member of the tumor
necrosis factor family. TL1IA competitively binds to DR3, providing a
stimulatory signal for downstream inflammation response implicated
in several autoimmune diseases, including rheumatoid arthritis,
inflammatory bowel diseases, and psoriasis*>. In contrast to previous
studies demonstrating macrophages’ ability to express TLIA*, we
found that TNFSF15 was primarily derived from neutrophils rather than
other myeloid cell subsets in GPP lesions (Fig. 7F). Furthermore, the
close proximity of TNFSFI5+ MPO+ neutrophils to IL36G + TNFRSF25+
keratinocytes was identified in the spinous layer of the epidermis,
rather than in the supraspinous layer, as simultaneously revealed by
both spatial-seq mapping (Fig. 7G) and immunohistochemistry stain-
ing (Supplementary Fig. 13A). As expected, immunofluorescent stain-
ing on TL1A + MPO+ cells complemented the expression of TLIA in
neutrophils during GPP pathogenesis (Supplementary Fig. 13B).
Notably, serum levels of TL1A protein were also specifically elevated in
patients with GPP, rather than psoriasis vulgaris patients (Supple-
mentary Fig. 13D), suggesting that TL1A signal might be a specific
pathogenic signal in GPP. Collectively, these results indicate that
neutrophils may contribute to keratinocyte inflammatory response
through TLI1A signal in GPP skin.

To determine whether TLIA signals act directly on keratinocytes
to potentiate the inflammatory response, we conducted an in vitro
assay using sorted neutrophils from healthy donors. These neutrophils
were first stimulated with phorbol 12-myristate 13-acetate (PMA) to
activate them for processing full-length IL-36y protein' and then co-
cultured with human primary keratinocytes or N/TERT cells, an
immortalized keratinocyte line** (Fig. 7H). Firstly, full-length IL-36y
protein (inactive form) was added to the culture system for primary
keratinocytes to reflect the participation of neutrophil proteases in
cleaving pro-IL-36y into the mature form in this model system. Intri-
guingly, in our preliminary experiments, untreated neutrophils
remained quiescent and failed to induce a robust inflammatory
response in keratinocytes, whereas PMA-stimulated neutrophils eli-
cited pronounced inflammatory activation (Supplementary Fig. 13C).
Based on these findings, we employed PMA-treated neutrophils in
subsequent assays to assess the efficacy of TL1A blockade in vitro and
observed that high-dose inhibition of TLIA effectively attenuated the
keratinocyte inflammatory response (Fig. 7I). Next, to elucidate the
crucial role of /L36G+KCs, we used CRISPR-Cas9 to knock out /L36G in
N/TERT cells, which were primed with IL-36y (aa 18-169) and IL-1B for
8 h to induce the new production of pro-IL-36y. After the medium was
replaced, N/TERT cells were cocultured with PMA-preactivated neu-
trophils. Consistent with the primary keratinocyte phenotype, we
observed notably lower expression of antimicrobial and proin-
flammatory genes in the WT group after TLIA blockade. In contrast,
when keratinocytes lost the expression of /L36G, no additional inhibi-
tion on proinflammation genes was observed (Fig. 7)), underscoring
that IL-36y expressing keratinocyte-neutrophil communication relies
on TLIA signaling.

Discussion
Collectively, through a combination of scRNA-Seq, spatial tran-
scriptomics, and function experiment validation, our data describe the
cellular composition and architecture of GPP pathogenesis at unpre-
cedented resolution. While previous studies utilized scRNA-seq ana-
lysis of PBMCs from whole blood of GPP patients®, they included only
two GPP patients and lacked insights into the spatial compartments
where cell-cell interactions occur at the disease site. Our data bridge
the gap in understanding the neutrophil-keratinocyte signal interac-
tion network in GPP pathogenesis, demonstrating an amplified com-
munication between /L36G+ keratinocytes and neutrophils in GPP
lesions, with TNFSF15 (TL1A) released from neutrophils intensifying
the inflammatory crosstalk. We further identify that stromal subtype
enriched in GPP lesional skin, SFRP2+ fibroblasts, and capillary endo-
thelial cells impact other spatially proximate cell types, including
neutrophils, macrophage, and T cells, via the production of CXCLI,
CXCL2, CCL2, CSF1, and CCL21 (Fig. 5F and Supplementary Figs. 8F,
10F), underscoring the underappreciated contribution of stromal cells
to shape and perpetuate the immune cells infiltration.

While the contribution of neutrophils to GPP has been appre-
ciated for a long time, the precise cellular heterogeneity in neutrophils
is unclear. Our studies pinpoint the precise clarification of the
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transition process from CASP8+ to CASPS- neutrophils, highlighting
another key pathologic characteristic in GPP. Caspase-8 has histori-
cally been considered to promote cell apoptosis*, but recent obser-
vations have also provided abundant evidence for its role in preventing
necroptosis, an inflammatory form of cell death, particularly through
enzymatically degrading crucial necroptosis mediators, including
RIPK1 and RIPK330*, therefore restraining the downstream inflam-
mation pathway. Here, our single cell and spatial transcriptomics data
suggested a substantial heterogeneity across neutrophil subtypes,
characterized by a gradual loss of CASP8 and interferon receptor
(IFNARI), combined with upregulation of necroptosis mediators
(RIPK1), transcription factors (NVFKBI and FOS), and proinflammatory
cytokines (ILIB and CXCLI) as CASP8+ neutrophils transition into
CXCL8+ neutrophils (Fig. 3G), in line with previously report that
Caspase-8 inhibition induced chemokine production and neutrophil
recruitment®’.

Neutrophils have long been recognized as enzymatic machines
that process precursor IL-36, predominantly secreted by keratino-
cytes, through the action of granule-derived proteases such as elas-
tase, cathepsin G, and proteinase 3'**%, underlying basic crosstalk
between keratinocytes and neutrophils. Of note, our results further
identify neutrophils as an underestimated source of pro-inflammatory
cytokines in GPP, particularly through the release of TLIA signals.
Unexpectedly, contrary to the prior understanding that TL1A is pri-
marily produced by macrophages and dendritic cells upon Toll-like
receptor activation***°, our findings indicate that in GPP lesions, TLIA
is predominantly derived from neutrophils, rather than other myeloid
cell subsets (Fig. 7F), underscoring a unique role of neutrophils in
driving the inflammatory response in GPP.

Recent clinical trials have demonstrated the efficacy of mono-
clonal antibodies targeting TLIA as a potential therapeutic approach
for treating patients with autoimmune diseases’®. Mechanistically,
TLI1A binds to its receptor DR3, activating downstream pathways such
as MAPK, NF-kB, and caspase-8, thereby modulating innate and
adaptive immune responses’™?. To date, DR3 is reported to be
expressed on lymphoid lineage, especially activated lymphocytes, in
which TLI1A acts as a co-stimulator that increases IL-2 responsiveness
and secretion of proinflammatory cytokines™. In contrast, our data
demonstrated constitutive cutaneous expression of TLIA and DR3 in
GPP epidermis, especially within the spinous layer (Supplementary
Fig. 13A), consistent with similar findings in psoriatic skin lesions**.
Aligned with this, we observe obvious TL1A to DR3 ligand-receptor
interactions between /L36G+ spinous KCs and neutrophils in our
single-cell and spatial-seq data. Considering that TLIA triggers the
recruitment of downstream adapter proteins such as TRAF and RIPK1
to the membrane complex, subsequently activating the transcription
factor NF-kB*, the TL1A-DR3 axis indirectly amplifies this autocrine
inflammatory loop between keratinocytes and neutrophils. Thus, it is
tempting to speculate that targeting TL1A could serve as a potential
strategy to regulate the neutrophil-keratinocyte crosstalk and mitigate
the manifestations of GPP.

The data presented here also implicate keratinocyte populations
in GPP pathogenesis. Particularly, the contribution of keratinocytes to
psoriasis has been appreciated for a long time*. Likewise, in accor-
dance with our previous finding in psoriasis'®, we also demonstrate
that the strongest downstream responses to IL-17A, IL-13, and IL-36 in
GPP KCs occur in their supraspinous compartment. Interestingly, the
seemingly paradoxical observation of a strong inflammatory response
phenotype in supraspinous KCs alongside TL1A-DR3 interactions
within spinous KCs suggests the intriguing possibility that interactions
between /L36G+ spinous KCs and neutrophils may serve as the pre-
liminary and foundational step in pro-inflammatory keratinocyte dif-
ferentiation during GPP pathogenesis. This hypothesis offers a
dynamic perspective on the interaction between keratinocytes and
neutrophils in GPP, suggesting that spinous rather than supraspinous

keratinocytes act as the initial responders activated by neutrophils,
ultimately acquiring the capacity to recruit neutrophils following
terminal differentiation. Indeed, additional research is required to
validate this process in greater detail.

In sum, the data presented here identify a cell-cell interaction
network—particularly between keratinocytes and neutrophils—in the
pathogenesis of GPP. Our study has several limitations. First, while we
focused primarily on GPP, other neutrophilic dermatoses, including
Sweet’s Syndrome”’, were not included in our analysis. Incorporating
these conditions in future investigations may provide broader insight
into the shared and distinct mechanisms underlying neutrophil-driven
skin inflammation. Second, although GPP is well known for its asso-
ciation with IL36RN mutations in keratinocytes®™, the current study
primarily focused on the shared pathogenic mechanisms of GPP,
irrespective of IL36RN mutation status. Future investigations may help
delineate distinct and precise molecular pathways in patients with and
without IL36RN mutations. Third, the interaction between /L36G+
spinous KCs and neutrophils via the TLIA-DR3 signaling axis, as
observed at the scRNA-seq level, was validated by comparing the
inflammatory responses between /L36G knockout and wild-type kera-
tinocytes (Fig. 7J). However, this approach may not fully recapitulate
the specific behavior of IL36G+ spinous keratinocytes. Further valida-
tion using targeted methods such as IL36G-specific siRNA knockdown
should be considered to strengthen this hypothesis. Finally, although
we validated the crosstalk between neutrophils and keratinocytes
through co-culture experiments in this study, other predicted cell-cell
interactions, such as those between SFRP2" fibroblasts and neu-
trophils/macrophages, remain to be experimentally confirmed. Future
co-culture studies using fibroblasts and neutrophils/macrophages
derived from GPP lesions and healthy controls may help to further
elucidate these GPP-specific pathogenic mechanisms.

Methods

Human sample acquisition

Thirteen patients with GPP (Table S1) and 4 healthy controls were
recruited for this study. The study was approved by the University of
Michigan Institutional Review Board (IRB), and all patients provided
written informed consent. Skin biopsies (6-mm punch) were collected
from lesional or healthy areas. The study was conducted according to
the Declaration of Helsinki Principles.

Single-cell RNA-seq library preparation, sequencing, and
alignment
Tissue dissociation and library construction were prepared by the
University of Michigan Advanced Genomics Core on the 10X Chro-
mium system per the manufacturer’s instructions. Briefly, three 50 um
FFPE tissue scrolls were placed into a GentleMACS C-tube (Miltenyi
Biotech) and processed using the GentleMACS Octo Dissociator. The
scrolls were deparaffinized, washed, and then enzymatically dis-
sociated into a single-cell suspension using Liberase TH.

Library preparation was performed on the 10X Chromium plat-
form using Next GEM chemistry. Sequencing was conducted on the
Illumina NovaSeq X to generate 150 bp paired-end reads.

Cell clustering and cell type annotation

The Seurat R package (v5.0.1) was employed for cell clustering on the
combined matrix*®. Cells containing fewer than 200 features or more
than 10% mitochondrial gene expression were filtered as low-quality
cells. The NormalizeData function, with default parameters, was uti-
lized to normalize expression levels across individual cells. Highly
variable genes were subsequently identified using the FindVaria-
bleFeatures function with default settings. The dataset was scaled and
centered using the ScaleData function. Principal component analysis
was conducted on the highly variable genes, using the first 20 principal
components for clustering and UMAP dimensionality reduction. Cell
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clusters were determined using the FindNeighbors and FindClusters
functions, with a resolution of 0.5. Marker genes for each cluster were
identified through the FindAlIMarkers function. Cell type annotations
were assigned by cross-referencing the cluster marker genes with
known canonical cell type signature genes.

Cell type sub-clustering

Sub-clustering was conducted for the most abundant cell types using
the same functions described previously. Sub-clusters that were
defined dominantly by mitochondrial gene expression, indicating low
quality, were removed from further analysis. Subtypes were annotated
by cross-referencing the marker genes of sub-clusters with canonical
subtype signature genes. To investigate the characteristic differences
among cell clusters, the “FindAllMarkers” function in the Seurat
package was applied to identify DEGs in individual clusters using the
Wilcoxon rank-sum test. Genes with p_val <0.05 and avg_log2FC >1
were considered upregulated, while genes with p val<0.05 and
avg log2FC < -1 were classified as downregulated. GO and KEGG
pathway enrichment analyses were conducted using the clusterProfiler
package (v4.8.3). GSEA for DEGs was performed using the fgsea
package (v1.26.0). IPA was applied to the DEGs to determine the
potential upstream regulators. The upstream regulators with an acti-
vation z-score >2 were considered significant.

Calculation of enrichment score

The “AddModuleScore” function was used to calculate module scores
for different functions. Specifically, the cytotoxicity score was defined
as the average expression of GZMA, GZMB, GZMH, NKG7, CCLS, GNLY,
CST7, TCF7, IFNG, and RPF1. The Th17 differentiation score was defined
as the average expression of IL17A, IL17F, IL22, [L26, RORA, RORC, CCR6,
IL23R, and STAT3. The M1 differentiation score was defined as the
average expression of /L1B, CCL1, CXCL9, CXCLI1O, LYZ, TLR2, TLR4,
ROS1, NOS2, NFKB1, NFKB2, RELA, FOS, and STATI. The M2 differ-
entiation score was defined as the average expression of /L10, CXCL12,
CCL1I8, CD163, MRC1, CD209, IGF1, EGF, FCGR3A, ARGI, CCL17, and
CCL22°,

To describe the function features of cell subtypes, we gained the
gene sets of 50 hallmarks from the MSigDB database®. The score of
above-mentioned pathways was calculated using GSVA package
(V1.48.3)%%, and AUCell package (V1.22.0)*’. Wilcoxon rank test was
used to perform significance tests using the ggpubr package (V0.6.0).

Integration with KC cytokine signatures

We used RNA-seq-based KC cytokine response signatures for the fol-
lowing cytokines: IL-17A (10 ng/mL), IL-1$ (10 ng/mL), or IL-36 (10 ng/
mL)**. Briefly, primary human KCs from 50 donors were treated with a
panel of cytokines as above for 8 h and harvested for RNA isolation.
Bulk RNA-seq was performed on the Illumina NovaSeq 6000 sequen-
cer with the assistance of the University of Michigan Advanced
Genomics Core. For each stimulation condition versus unstimulated
controls, differential expression analysis was performed using
DESeq2%. DEGs (two-fold increase; false discovery rate, <0.05) were
used to construct response signatures for each cytokine.

Cell-cell interaction inference

The ligand-receptor (LR) interaction analysis was first performed
through CellChat (v1.6.1)°°. The primary analysis focused on interac-
tions between myeloid cell subtypes and fibroblast subtypes, as well as
between neutrophils and keratinocyte subtypes. A separate run was
performed for each sample group, and the number of significant
interactions was calculated for each cell type pair. In addition, the
cellular interaction was further confirmed by NicheNet (v2.0.6) pack-
age to analyze the different LR pairs between GPP and healthy control
group®. For example, in the Supplementary Fig. 8G, fibroblast sub-
types were defined as “sender” cells, and MRCI1+ macrophages were

defined as “receiver” cells. Results were generated using the “niche-
net_seruatobj_aggregate” function.

Pseudotime trajectory construction

Pseudotime trajectory analysis was performed using the Monocle
package (v2.28.0)”. Raw cell counts from the Seurat analysis were
normalized using the estimateSizeFactors and estimateDispersions
functions with default settings. Genes with an average expression
above 0.5 and present in at least 10 cells were retained for further
analysis. Variable genes were identified using the FindVariableFeatures
function. Cell ordering was determined using the orderCells function,
and the trajectory was constructed with the reduceDimension func-
tion, both applied with default parameters.

Spatial sequencing library preparation

Spatial transcriptomics was performed by embedding tissues into a
single block, followed by a 5 um section mounted onto a Xenium slide
(10X Genomics). Xenium spatial library generation and tran-
scriptomics were completed by the University of Michigan Advanced
Genomics Core, where tissue sections were hybridized with fluores-
cently labeled oligonucleotide probes targeting specific mRNAs, using
a custom-made 480 gene panel following the manufacturer’s
instructions.

Spatial sequencing data analysis

The output images and expression profiles were evaluated by
Xenium Explorer (version 3.1.1, 10x Genomics). After the Xenium run,
H&E staining was performed on the Xenium slide. For quality control
of Xenium analysis, we checked the output summary HTML file and
confirmed that the number of detected transcripts is compatible
with that in the literature reported by 10x Genomics®®. We visualized
the cell annotation and gene expression using the Xenium Explorer
software. Gene expression k-means clustering (k =10) was applied to
partition the cells into 10 distinct populations, using the UMAP
projection as a basis. These 10 clusters, defined by their top marker
genes, were annotated according to the scRNA-seq results and
overlaid on the spatial-seq data. The Xenium Explorer was used to
perform the gene expression analysis and define the co-localization
of specific cell types.

Immunohistochemical and immunofluorescence staining
Paraffin-embedded tissue sections from punch biopsies of GPP
patients and healthy controls were incubated at 60 °C for 30 min,
followed by deparaffinization and rehydration. Slides were placed in
antigen retrieval buffer and heated at 125°C for 30s in a pressure
cooker water bath. After cooling, slides were treated with 3% H202 for
5 min (only for immunohistochemical staining) and blocked using 10%
goat serum for 30 min. Overnight incubation was then performed
using anti-MPO (Thermo Fisher Scientific, cat. PA5-16672), anti-
CASPASES  (Abcam, cat. ab220171), anti-TLIA (Abcam, cat.
ab234300), anti-KRTS5 (Thermo Fisher Scientific, cat. MA5-12596), and
anti-DR3 (R&D Systems, cat. MAB943) at 4 °C. Images presented are
representative of at least three biological replicates.

Neutrophil isolation from whole human blood

Peripheral blood samples from healthy donors were collected at the
University of Michigan Hospital. The study was approved by the Uni-
versity of Michigan IRB, and all donors provided written informed
consent. Peripheral blood polymorphonuclear leukocytes were iso-
lated by centrifugation using Polymorphprep (COSMO BIO USA, cat.
AXS-1114683) according to the manufacturer’s recommendations. The
polymorphonuclear cell layer was collected, and red blood cells were
removed using RBC Lysing Buffer (Biolegend, cat. 420302). Freshly
isolated neutrophils were suspended at 1x 107/mL in PBS for a later co-
culture experiment.
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Cell culture and in vitro co-culture model

Primary keratinocytes and N/TERTs, an immortalized keratinocyte
line**, were cultured in Keratinocyte-SFM medium (Thermo Fisher
Scientific, cat. 17005-042) supplemented with 30 pg/mL bovine pitui-
tary extract, 0.2 ng/mL epidermal growth factor, and 0.3 mM calcium
chloride. Knock-out cell lines (/L36G KO) via CRISPR/Cas9 had been
generated in our previous work's.

Neutrophils were isolated as described above and seeded at a
concentration of 2x10%/mL in a 12-well plate. Neutrophils were cul-
tured in RPMI1640 medium (Gibco, cat. 11875093) supplemented with
500 nM Phorbol 12-myristate 13-acetate (Sigma, cat. 524400) to induce
NET formation before co-culture with keratinocytes. After 4 h, the
supernatant was carefully removed, and NETs and neutrophils were
collected by washing the plate with cold PBS, followed by a cen-
trifugation step (500 x g, 10 min).

Prior to co-culture with N/TERTs and neutrophils, N/TERTs were
stimulated with activated IL-36y (R&D Systems, cat. 6835-IL-010,
100 ng/mL) and IL-1B (Sino, cat. 10139-HNAE, 50 ng/mL) for 8 h to
induce an intracellular inflammatory response. After stimulation, the
supernatant was carefully removed and replaced with fresh
Keratinocyte-SFM medium without additional cytokines, followed by
culturing with PMA-treated neutrophils (2 x 10° per well) for the next
20 h. This allowed us to evaluate the effect of /L36G KO in the co-
culture system, as only wild-type cell lines were capable of producing
abundant IL-36y precursors. Concurrently, anti-TL1A (R&D Systems,
cat. 1319-TL-010, 0.4 pg/mL) was added to the culture medium to
inhibit TL1A signaling.

For the co-culture with primary keratinocytes and neutrophils,
full-length IL-36y (Sino, cat. 10124-HNAE, 100 ng/mL) was consistently
included in the culture medium to ensure an adequate supply of pre-
cursors for neutrophils to cleave. Additionally, anti-TL1A (0.04 pg/mL
or 0.4 ug/mL) was added immediately after initiating co-culture with
neutrophils (2x10° per well). This co-culture system was also sus-
tained for 20 h.

RNA extraction and qRT-PCR

After co-culture for 20 h, keratinocytes (both primary keratinocytes
and N/TERTs) were then harvested for RNA extraction. RNAs were
isolated from cell cultures using the RNeasy Plus kit (Qiagen, cat.
74136). Reversed transcription was performed using a High-Capacity
¢DNA Transcription kit (Thermo Fisher Scientific, cat. 4368813). qPCR
was performed on a 7900HT Fast Real-time PCR system (Thermo
Fisher Scientific) with TagMan Universal PCR Master Mix (Thermo
Fisher Scientific, cat. 4304437) using TagqMan primers (Thermo Fisher
Scientific, CXCL2: Hs00601975 ml; CXCL8: Hs00174103_m1; IL36G:
Hs00219742_m1; S100A8: Hs00374264 gl). RPLPO (Thermo Fisher
Scientific, H$99999902_m1) was used as an endogenous control.

Statistical data analysis

The Wilcoxon rank-sum test (two-sided) was employed for scRNA-seq
marker gene analyses and differential expression analysis. Enrichment
analysis was performed using the hypergeometric test. Group com-
parisons were conducted using Prism software (GraphPad) with a two-
tailed unpaired Student’s ¢ test for two-group comparisons and
ordinary one-way analysis of variance for comparisons across three or
more groups. Data are presented as individual data points with
means + SEM. P value of <0.05 was considered statistically significant.

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

Data availability
The scRNA-seq data generated are available in GEO under accession
number GSE309097 (GEO Accession viewer). The spatial

transcriptomics data generated for GPP samples are available in
Zenodo (GPP Xenium). The remaining data are available within the
Supplementary Information or Source data file from the correspond-
ing author on request. Source data are provided with this paper.
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