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Rosacea is a chronic inflammatory skin disorder, whose underlying cellular and
molecular mechanisms remain obscure. Here, we generate a single-cell atlas of
facial skin from female rosacea patients and healthy individuals. Among ker-
atinocytes, a subpopulation characterized by IFNy-mediated barrier function
damage is found to be unique to rosacea lesions. Blocking IFNy signaling
alleviates rosacea-like phenotypes and skin barrier damage in mice. The
papulopustular rosacea is featured by expansion of pro-inflammatory fibro-
blasts, Schwann, endothelial and macrophage/dendritic cells. The frequencies
of type 1/17 and skin-resident memory T cells are increased, and vascular mural
cells are characterized by activation of inflammatory pathways and impaired
muscle contraction function in rosacea. Most importantly, fibroblasts are
identified as the leading cell type producing pro-inflammatory and vasodila-
tive signals in rosacea. Depletion of fibroblasts or knockdown of PTGDS, a gene
specifically upregulated in fibroblasts, blocks rosacea development in mice.
Our study provides a comprehensive understanding of the aberrant alterations
of skin-resident cell populations and identifies fibroblasts as a key determinant
in rosacea development.

Rosacea is a commonly chronic inflammatory skin disorder that mainly
affects the central face. The prevalence has been estimated to range
from less than 1 to 22% across populations worldwide'”. Rosacea is
characterized by facial erythema, telangiectasia, edema, papules, pus-
tules and recurrent flushing. According to the clinical features, it is
classified into four subtypes, including erythematotelangiectatic (ETR),

papulopustular (PPR), phymatous (PhR), and ocular rosacea, although
there may be overlaps between different subtypes*®. The pathogenesis
involves damaged skin barrier, dysregulated inflammatory responses
(perivascular or pilosebaceous infiltration), hyperactive neurovascular
reactivity (dilation), glandular hyperplasia and fibrotic changes®™, a
composition reflecting the multivariate process of this disease.
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To date, existing concepts regarding the pathophysiology of
rosacea have been obscure and mainly limited to histomorphology,
global gene analysis and immunohistochemistry due to the fact that
laboratory models are not fully representative of rosacea’’>'®, Single-
cell RNA-sequencing (scRNA-seq) has emerged as a powerful tool to
define the cellular composition (including novel or rare cell sub-
populations), cell-specific transcriptome dynamics, cell lineage tracing
and cell-cell communications in complex tissues at uniquely high
resolution”’*°. However, to our knowledge, a study regarding scRNA-
seq application for investigating the pathogenesis of rosacea has never
been reported.

Here, we report scRNA-seq analysis for 131,243 cells from 3 con-
ditions: lesional and non-lesional facial skin from female rosacea
patients, and facial skin from female healthy individuals. Via single-cell-
level resolution, we provide an atlas of the complexity and diversity of
aberrant skin-resident cell populations in rosacea. Most importantly,
by combining cell-cell communication analysis with mouse model
assays, we identify fibroblasts as a key determinant in the pathogenesis
of rosacea, suggesting an important role for mesenchymal sub-
populations in the treatment of inflammatory skin disorders.

Results

scRNA-seq atlas of cell populations in rosacea

We obtained skin biopsies from lesional and non-lesional facial skin of
9 female rosacea patients (including 3 ETR, 3 PPR and 3 PhR) and facial
skin of 3 female healthy individuals. To dissect the cellular and mole-
cular changes in rosacea, we performed scRNA-seq on these skin
biopsies from the seven conditions: facial skin from healthy individuals
(HS), non-lesional and lesional facial skin from ETR patients (ETR_N and
ETR_L), non-lesional and lesional facial skin from PPR patients (PPR_N
and PPR_L), non-lesional and lesional facial skin from PhR patients
(PhRN and PhR_L) (Fig. 1a). After quality control (“Methods”), 131,243
cells were reserved for subsequent analyses. Using the integration
methods from Seurat R package, total 28 clusters (c0-c27) were
obtained, which were distinguished by distinct marker genes (Sup-
plementary Fig. 1a). These clusters could be reproduced with cells
from each of the 21 samples, suggesting that they are robustly present
across different samples and conditions (including HS, ETR N, ETR L,
PPR N, PPR_L, PhR_N and PhR_L) (Supplementary Fig. 1b, c).

The above 28 clusters were further identified as 11 different cell
types, based on the expression of known markers, including kerati-
nocytes (KRT14", KRT10"), fibroblasts (DCN*, PDGFRA"), Schwann cells
(MPZ*, MBP"), endothelial cells (VWF*, PECAMI"), vascular mural cells
(VMCs) (ACTA2', MYLY"), T cells (CD3D*, CD3E"), macrophages/den-
dritic cells (DCs) (AIF1"), melanocytes (PMEL’), sweat gland cells
(AQP5"), B cells (CD79A"), mast cells (TPSB2")** (Supplementary
Fig. 2; Fig. 1b-d; Supplementary Data 1; Supplementary Fig. 3a-e). We
defined the relative proportion of each cell type in all samples, showing
significant alterations in cellular composition in rosacea skin com-
pared with HS (Fig. 1e; Supplementary Data 2 and 3). The immune cell
infiltrations were made up of T cells, macrophages/dendritic cells,
mast cells and B cells in the lesional skin of rosacea patients. Thereinto,
T cells were the dominant infiltrating cells, and increased in the lesional
skin of all rosacea subtypes, even in the non-lesional skin of PPR and
PhR (HS: 1.398%, ETR_N: 1.586%, ETR_L: 5.767%, PPR_N: 7.536%, PPR_L:
36.241%, PhR_N: 3.97%, PhR_L: 8.682%); macrophages/dendritic cells
were significantly increased in the lesional skin of PPR, and slightly
increased in the lesional skin of ETR and PhR (HS:1.058%, ETR_N: 0.8%,
ETR L: 1.742%, PPRN: 1.695%, PPRL: 2.03%, PhRN: 1.27%, PhR L:
1.833%); the proportions of mast cells showed no significant changes;
while B cells were mainly increased in the lesional skin of PPR (HS:
0.023%, ETR_N: 0.029%, ETR_L: 0.119%, PPR_N: 0.0365%, PPR_L: 1.749%,
PhR_N: 0.019%, PhR_L: 0.219%) (Fig. 1f; Supplementary Fig. 3f). Only
PPR skin displayed a slight increase in the proportion of fibroblasts.
Endothelial cells were obviously increased in PPR and slightly

increased in PhR (HS: 0.387%, ETR_N: 0.143%, ETR_L: 0.415%, PPR_N:
1.14%, PPR _L: 3.327%, PhR_N: 0.234%, PhR_L: 4.202%) (Fig. 1f). Due to the
increase in inflammatory cell infiltrations, keratinocytes were
decreased in the lesional skin of all rosacea types, even in the non-
lesional skin of PPR (HS: 93.82%, ETR_N: 92.50%, ETR_L: 87.36%, PPR_N:
72.31%, PPR_L: 43.90%, PhR_N: 89.58%, PhR_L: 79.56%) (Fig. 1f). How-
ever, the proportions of other cells, including vascular mural cells,
Schwann cells, melanocytes and sweat gland cells, showed no
remarkable alterations (Supplementary Fig. 3f). Since the healthy skin
samples were dominated by epidermal cells, this caveat should be kept
in mind regarding all conclusions for cellular proportion (especially for
fibroblasts). Taken together, these results reveal the composition and
alterations of cell populations in rosacea skin.

Identification of keratinocyte subpopulations in rosacea
Keratinocytes, the most dominant cell type in the epidermis of skin,
have been demonstrated to participate in the pathogenesis of multiple
inflammatory skin disorders, such as psoriasis and atopic dermatitis®.
Here, by performing subclustering analysis, keratinocytes were sepa-
rated into 14 subclusters (Supplementary Fig. 4a). According to the
structure of human skin and the expression of known markers”*, the
above clusters were further identified as 4 classical subpopulations,
including basal stem (KRT15%), mitotic (MKI67*), spinous (KRTI",
KRT10%), and granular (FLG’, LOR") keratinocytes (Fig. 2a; Supple-
mentary Fig. 4b, c; Supplementary Data 4). In addition, we unexpect-
edly found a keratinocyte subpopulation with high expression of
CD74, which was mainly expanded in the lesional skin of PPR, and
slightly increased in ETR and PhR (Fig. 2a-d; Supplementary Fig. 4b;
Supplementary Data 4). By immunostaining, we confirmed the
expansion of CD74" keratinocytes in the lesional epidermis of all
rosacea types (Fig. 2e, f).

To determine the differences in CD74" keratinocytes between
lesional and healthy or non-lesional skin, we performed Gene Set
Enrichment Analysis (GSEA) using both Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) terms. Our results
showed that in CD74" keratinocytes of lesional skin, interferon (IFN)
related pathways were significantly upregulated, whereas skin barrier-
related pathways, such as tight junction, adherens junction and cell
adhesion molecules, were significantly downregulated (Fig. 2g, h).
Notably, the identified skin barrier damage in rosacea was character-
ized by the downregulation of multiple claudins (CLDNs) (Fig. 2i),
consistent with our previous report®. The hyperactivation of IFN sig-
naling pathway was further supported by the upregulation of multiple
IFN-related genes and by immunostaining of IRF1 and p-STATI, two
active downstream proteins of IFN signaling pathway” (Fig. 2j-I;
Supplementary Fig. 4d, e).

Previous studies have linked IFN signaling to epidermal barrier
function and the pathogenesis of various inflammatory skin
diseases®**. However, the functional role of IFN signaling in rosacea
remains largely unknown. We first analyzed the expression of type I
interferons, including IFNa (IFNA1, IFNA2, IFNA4, IFNAS, IFNA6, IFNA7,
IFNAS8, IFNA10, IFNAI13, IFNA14, IFNA16, IFNA17 and IFNA21), IFN(
(IFNB1), IFNw (IFNW1), IFNe (IFNE), IFNk (IFNK), and type Il interferon
(IFNG) in our scRNA-seq datasets. Our results showed that none of the
type | interferons was detected, but type Il interferon (IFNG) was
obviously and specifically expressed in T cells and upregulated in the
lesional skin of different rosacea subtypes (Supplementary Fig. 5a-g).
These results were further confirmed by our previously published bulk
RNA-seq datasets® (Supplementary Data 5; Supplementary Fig. 5h).
Furthermore, we analyzed the expression of type | IFN receptors
(IFNAR1 and IFNAR2) and type I IFN receptors (IFNGR1 and IFNGR2),
and showed that both type IFN receptors were expressed in the facial
skin, and type Il IFN receptors were robustly expressed in epidermal
keratinocytes (Supplementary Fig. 5i, j). All the above results suggest
an important role of IFN gamma (IFNy) signaling in rosacea. To this
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end, we first generated a cathelicidin LL37-induced rosacea-like mouse
model, which resembles the clinical symptoms of rosacea patients in
accordance with previous studies'®'. By co-immunostaining of CD4
and IFNy, we further confirmed that IFNy was mainly expressed and
upregulated in the T cells of lesional skin of rosacea-like mouse model
(Supplementary Fig. 6a, b). Then, IFNy neutralizing antibodies were

subcutaneously injected to investigate the functional role of IFNy
signaling in the development of rosacea (Supplementary Fig. 7a). As
expected, neutralizing antibody injection significantly inhibited the
activation of IFNy signaling and obviously alleviated the rosacea-like
phenotypes in mice (Supplementary Fig. 7b, ¢; Fig. 2m, n). The dermal
infiltrating cells and rosacea-associated gene expression were also
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Fig. 1| scRNA-seq reveals cell type composition in skin lesions of rosacea
patients and healthy individuals. a Flowchart overview of scRNA-seq, and sub-
sequent validation and functional experiments. Skin biopsies from the seven condi-
tions: facial skin from healthy individuals (HS), non-lesional and lesional facial skin
from ETR patients (ETR_N and ETR_L), non-lesional and lesional facial skin from PPR
patients (PPR_N and PPR_L), non-lesional and lesional facial skin from PhR patients
(PhR N and PhR_L). b Uniform manifold approximation and projection (UMAP) plot
showing the 11 cell types of human facial skin. Kerat, keratinocyte; Mast, mast cell;
Melano, melanocytes; FB, fibroblast; vMC, vascular mural cell; B, B cell; Endo, endo-
thelial cell; SGC, sweat gland cell; MP, macrophage/DCs; T, T cell; Schwann, Schwann
cell. ¢ Dot plot showing the expression of marker genes of each cell type. d Feature

plots showing expression of marker genes for the keratinocytes (KRT14, KRT10),
fibroblasts (DCN, PDGFRA), Schwann cells (MPZ, MBP), endothelial cells (VWF,
PECAMI), vMCs (ACTA2, MYL9), T cells (CD3D, CD3E). e Bar graph showing the
proportion of major cell type populations of each sample. HS 1, facial skin from
healthy individual 1. ETR_1_N, non-lesional facial skin from ETR patient 1. ETR 1 L,
lesional facial skin from ETR patient 1. PPR_1_N, non-lesional facial skin from PPR
patient 1. PPR_1_L, lesional facial skin from PPR patient 1. PhR_1_N, non-lesional facial
skin from PhR patient 1. PhR_1_L, lesional facial skin from PhR patient 1. f The per-
centage of different cell types in different conditions (n =3 samples for each group
from scRNA-seq datasets). The data represent the means + SEM. P-values were
determined by two-tailed unpaired (L vs HS) or paired (L vs N) Student’s ¢-test.

improved (Supplementary Fig. 7d; Fig. 20, p). Moreover, we found that
neutralization of IFNy not only inhibited the expansion of CD74" ker-
atinocytes (Supplementary Fig. 7e, f) but also restored the expression
of multiple epidermal barrier genes (mainly CLDNs) and transepi-
dermal water loss (TEWL) in LL37-induced mice skin (Fig. 2q-t; Sup-
plementary Fig. 7g). Consistently, the expression of epidermal barrier
genes, including CLDNs and tight junction proteins (TJPs), was
impaired in IFNy-treated human keratinocytes in vitro (Supplementary
Fig. 7h). Collectively, these results identify a disease-enriched kerati-
nocyte subpopulation with hyperactivation of IFNy signaling, which
may be responsible for the skin barrier damage and pathogenesis of
rosacea.

Identification of fibroblast subpopulations in rosacea
Fibroblasts are the main cell type in the dermis, which have been
reported to play different roles in the pathogenesis of inflammatory
diseases™. However, the functional role of fibroblasts in rosacea
development is unknown. In this study, by performing subclustering
analysis, fibroblasts were separated into 10 subclusters (Supplemen-
tary Fig. 8a). Hierarchical cluster analysis demonstrated that fibro-
blasts could further be divided into 5 subpopulations, referred to as
complement C3* (C3"), IGFBP3*, SFRP2*, ASPN*, and DSGI1" fibroblasts
according to their specific markers respectively. Among these, C3*
fibroblasts were found to be unique to the lesional skin of PPR rosacea
(Supplementary Fig. 8b-e; Fig. 3a-d; Supplementary Data 6). Con-
sidering HS_2 and HS_3 samples were dominated by epidermal cells,
and only 4 and 9 fibroblast cells were collected respectively (Supple-
mentary Data 3), this caveat should be kept in mind regarding the
proportion of fibroblasts. By co-immunostaining of C3 and DCN, a
marker of fibroblasts” (Fig. 1d), we verified the significant expansion of
C3" fibroblasts in the lesional skin of PPR patients and revealed a slight
increase in ETR and PhR lesional skin (Fig. 3e, f).

To figure out the potential role of C3* fibroblasts in the patho-
genesis of rosacea, we conducted Gene Set Enrichment Analysis
(GSEA) by using the marker genes (Supplementary Data 6). Our
results showed that the upregulated pathways were mainly asso-
ciated with inflammation, such as chemokine signaling pathway,
cytokine-cytokine receptor interaction, TNF signaling pathway and
NF-kappa B signaling pathway, suggesting an apparent pro-
inflammatory role for C3" fibroblasts (Fig. 3g). Consistently, a series
of chemokines, including CCLI9, CXCL1, CXCL2 and CXCLI2, was
demonstrated to be highly expressed in C3* fibroblasts in the lesional
skin of PPR patients (Fig. 3h, i; Supplementary Data 6). More
importantly, we demonstrated that these chemokines (CCL19, CXCL1,
CXCL2 and CXCL12) were basically expressed in C3" fibroblasts across
all cell types of the whole skin (Supplementary Fig. 8f; Fig. 3j), sug-
gesting they are fibroblast-specific chemokines in rosacea skin
lesions. IFNy neutralization decreased the expression of CCL19 in the
fibroblasts of LL37-induced mice skin (Supplementary Fig. 8g, h).
Collectively, these results reveal that fibroblasts contribute to the
amplification of inflammation through transition to a pro-
inflammatory state in the pathogenesis of rosacea.

Identification of Schwann cell subpopulations in rosacea
Numerous lines of evidence suggest a key role of neurogenic inflam-
mation in rosacea development'**~*°, Although any type of neuron cell
was not found in our scRNA-seq datasets, we identified a cluster of
Schwann cells, the major glial cell type in the peripheral nervous sys-
tem. By performing subclustering analysis, Schwann cells were sepa-
rated into 2 subclusters (Supplementary Fig. 9a, b; Supplementary
Data 7). Among these, a CD74" subpopulation was found to be
remarkably expanded in the lesional skin of PPR patients (Supple-
mentary Fig. 9c-e), which was further confirmed by co-
immunostaining of CD74 and MBP (Supplementary Fig. 9f, g); and
the sample sizes are too small to know if other rosacea subtypes have
similar findings. However, these CD74" Schwann cells were not found
in LL37-induced rosacea-like mice skin (Supplementary Fig. 9h).

To illustrate the potential role of Schwann cells in the develop-
ment of rosacea, we performed GSEA. Our results demonstrated that
the upregulated pathways were primarily involved in inflammation,
such as IL-17 signaling pathway, inflammatory mediator regulation of
TRP channels, Toll-like receptor signaling pathway and antigen pro-
cessing and presentation (Supplementary Fig. 9i), suggesting Schwann
cells receive more inflammatory signals, which may play a role in the
pathogenesis of rosacea.

Changes in different immune cell populations in rosacea
Dysregulation of the immune system is the hallmark of rosacea’, but
the changes in immune cells at the single-cell level have not been
defined. As described above, our results showed that T cells are the
dominant infiltrating cells, and macrophages/DCs and B cells are also
increased in the lesional skin of rosacea, especially in PPR (Fig. 1e, f;
Supplementary Fig. 3f; Supplementary Data 2 and 3). To investigate the
changes of T cells in rosacea, we first analyzed the transcriptional
profile, and found that multiple inflammation-associated genes,
including S100As, IFNG and CCL5*°*?, were upregulated in T cells in
the lesional skin of all subtypes of rosacea (Supplementary Fig. 10a).
Next, we integrated T cells from all samples and yielded 7 subclusters
(T_cO to T.cé6) according to the previously described strategies”,
among which T_c1 is CD8 positive while others are CD4 positive cells
(Fig. 4a; Supplementary Fig. 10b). Detailedly, T_cO (highly expressed
Thl marker genes, IFNG and TBX21**) and T_c2 (highly expressed Th17
marker genes, ILI7A and RORC*) were obviously increased in the
lesional skin of PPR patients, and slightly expanded in certain ETR or
PhR patients; T_c6 (expressed Th2 marker gene, IL13") was also slightly
increased. Compared with HS and N skin, T_c4 (highly expressed Treg
marker genes, FOXP3 and IL2RA*’) showed an increase in the lesional
skin of PPR and PhR patients (Fig. 4b-d). Notably, we found that T_c3
(highly expressed TRM marker gene, ITGAF*) was mildly expanded in
rosacea (Fig. 4b—d), which was confirmed by the co-immunostaining of
CD69 and CD103, two typical markers of TRM cells” (Fig. 4e, f).
Macrophages/DCs were separated into 1 macrophage and 3 DC
(DC1, DC2 and DC3) populations (Fig. 4g). Among these, macrophages
were identified by expression of CD68, ITGAM and FCGRIA (Supple-
mentary Fig. 10c). Although all DCs expressed AIF1 (Supplementary
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Fig. 3a), DC1 and DC3 were characterized by higher expression of CDIA
and FCERIA (Supplementary Fig. 10d). Compared with HS and N skin,
the percentage of macrophages was significantly expanded in the
lesional skin of PPR and slightly increased in ETR and PhR, while DCs
showed no obvious alteration in rosacea (Fig. 4h, i; Supplementary
Fig. 10e, f). To uncover the transcriptional changes of macrophages
between lesional skin and HS/N, we performed differentially expressed
genes (DEGs) analysis and found that multiple chemokines (including

CCL5, CXCL9, CXCL10, CXCLI11, CXCL12) involved in T cell activation
and differentiation were increased in the lesional skin of PPR patients
(Fig. 4j). CXCL10" macrophages were also increased in rosacea mouse
model, which was restored by IFNy neutralization (Supplementary
Fig. 10g, h). Further GSEA analysis showed that complement and coa-
gulation cascades, antigen processing and presentation, Toll-like
receptor signaling pathway related to immune response were com-
monly upregulated in macrophages of all subtypes of rosacea (Fig. 4k).
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Fig. 2 | Identification of keratinocyte subpopulations in rosacea. a UMAP plots
showing keratinocyte subclusters and sample conditions. b Bar graph showing
subpopulation percentage. ¢ Feature plot showing CD74 expression in keratino-
cytes. d The percentage of CD74" keratinocytes (n =3 samples for each group).

e Immunohistochemistry of KRT14, CD74 in HS, normal skin of patients (NS), and
lesional skin of ETR, PPR, PhR. White arrows indicate CD74" keratinocytes. Scale
bar, 50 pm. f Quantification of CD74" keratinocytes (n = 6/6/6/6/5 samples for HS/
NS/ETR/PPR/PhR group used in e). g, h Top-ranked enriched pathways in CD74"
keratinocytes of L versus HS (g), L versus N (h). NES indicates enrichment scores.
The color keys from red to blue indicate the P-value range. Two-sided permutation
test without multiple comparison adjustments was used. i Heatmap of skin barrier-
related genes in CD74" keratinocytes. j Heatmap of IFN-related genes in CD74*
keratinocytes. k Immunohistochemistry of IRF1, KRT14. Scale bar, 100 pm.

I Quantification of IRF1* keratinocytes in epidermis n = 6/6/6/6/5 samples for HS/

NS/ETR/PPR/PhR group used in k). m The back skins of IgG and anti-IFNy antibody-
treated mice intradermally injected with LL37 or control vehicle. Images were
acquired 48 h after the first LL37 injection. Below panels, magnified images of
yellow boxed areas. n The severity of the rosacea-like symptoms was determined
with the redness area and score (n = 6). 0 Dermal infiltrating cells were quantified
(n=6). p The relative mRNA levels of /l1B, ll6, Tnfa in mice skins (n=6). q The
relative mRNA levels of Cldn4, CldnI0, Cldn23 in mice skins (n = 6).

r Immunohistochemistry of CLDN4, KRT14 in mice skins. Scale bar, 50 pum. Epi,
Epidermis. Der, Dermis. s Quantification of relative fluorescence intensity for
CLDN4 in epidermis (n = 6). t Quantification of TEWL (n = 6). All results are repre-
sentative of at least three independent experiments. Data are presented as

mean + SEM, and P-values were determined by one-way ANOVA with Tukey’s post
hoc test (f, 1, n, 0, p, q, s, t) and two-tailed unpaired (L vs HS) or paired (L vs N)
Student’s t-test (d).

Collectively, these results suggest that Thl/Th17 polarization and
macrophage infiltration are the hallmarks of skin inflammation, and
resident memory T cells may play an underestimated role in rosacea.

Alterations in vascular cell populations in rosacea

Besides inflammation, vascular dysfunction, such as vasodilation, is
another hallmark of rosacea'. However, the cellular and molecular
changes in cells of blood vessel structures remain obscure. We first
analyzed vascular mural cells (vMCs), including vascular smooth
muscle cells (vSMCs) and pericytes, which are responsible for the
contraction and relaxation of vascular vessels*’~°, First, according to
previous study”, pericytes were distinguished from vSMCs by RGSS5, a
marker for pericytes (Supplementary Fig. 11a, b). By performing sub-
clustering analysis, vSMCs were separated into 2 subclusters, but the
percentage and distribution of subclusters were comparable across
HS, N and L, suggesting that vSMC cell identity may not alter in rosacea
(Supplementary Fig. 11c, d; Supplementary Data 8). To discover the
potential changes of vSMCs in rosacea, we performed GSEA analysis
and found that multiple pathways involved in inflammatory responses
were routinely upregulated in vSMCs, such as IL-17 signaling pathway
(Supplementary Fig. 1le, f). Pericytes were separated into 2 sub-
clusters, whose percentage and distribution were also not affected in
rosacea (Supplementary Fig. 11g, h; Supplementary Data 9). Similar to
VSMCs, several inflammatory pathways were activated in pericytes,
including IL-17 signaling pathway and NF-Kappa B signaling pathway
(Supplementary Fig. 11i). Although alterations in muscle contraction
function were not identified in our scRNA-seq datasets, we detected
the contractile activity of vMCs by co-immunostaining of a-SMA (a
vMC marker) and phosphorylated myosin light chain 2 (p-MLC2), an
indicator for myosin ATPase activity and smooth muscle contraction®.
Our results showed that the percentage of p-MLC2" vMCs was dra-
matically decreased in the lesional skin of all subtypes of rosacea
(Supplementary Fig. 11j, k), but the protein levels of total MLC2 were
not affected (Supplementary Fig. 111-n), revealing a deficiency of
muscle contraction in vMCs in rosacea.

Next, we analyzed the changes in endothelial cells, another
dominant cell type in blood vessel structures. By UMAP analysis,
endothelial cells were separated into 5 subclusters (Supplementary
Fig. 12a), among which subcluster 1 was significantly increased in the
lesional skin of rosacea patients (Supplementary Fig. 12b, c¢). Further
GSEA analysis showed that type I interferon signaling pathway was
enriched in this subcluster, suggesting a pro-inflammatory role of
endothelial cells in the pathogenesis of rosacea (Supplementary
Fig. 12d).

Fibroblasts are identified as a major determinant in rosacea

Since multiple resident cell types exhibited alterations responsible for
the clinical manifestations of rosacea patients (such as increased T cell
activation and differentiation for inflammation, and impaired muscle
contraction of vMCs for vasodilation), we wondered which cell type

plays a dominant role in orchestrating the complicated network to
initiate rosacea. To this end, we performed CellChat analysis®’, to
investigate the intercellular interactions among cell types in rosacea.
The overall interaction number and strength were both increased in
the lesional skin of all rosacea subtypes, especially in PPR (Fig. 5a and
Supplementary Fig. 13a). Incoming/outgoing interaction strength
results revealed that fibroblasts were the predominant cells generating
outgoing signals, while immune cells like T cells, B cells and macro-
phages are the predominant recipient cells (Fig. 5b-d). Moreover,
macrophages, endothelial cells, vYMCs, keratinocytes and T cells are the
primary targets for the outgoing signals of fibroblasts (Supplementary
Fig. 13b-d). These results suggest a potentially critical role of fibro-
blasts in rosacea development.

To further determine the mechanisms by which fibroblasts are
involved in the pathogenesis of rosacea, GSEA analysis was performed
for each cell type using the enriched genes (compared to all other cells,
Supplementary Data 10) in the lesional skin of rosacea patients. Our
results showed that fibroblasts were overrepresented in categories
related to the pro-inflammatory pathways (chemokine signaling
pathway and cytokine-cytokine receptor interaction) and vasodilative
pathway (relaxin signaling pathway) in all cell types (Fig. Se), which was
further confirmed by the expression of their signature genes, such as
CCL19 and PTGDS (Fig. 5f and Supplementary Data 10). Thereinto,
fibroblasts were shown to express high levels of chemokine CCL19,
which was connected by ligand-receptor interactions to CCR7" T cells
mainly in PPR (Fig. 5g-i; Supplementary Fig. 13e). Moreover, as a
vasodilation related factor synthase™*, PTGDS was specifically
expressed in fibroblasts and significantly increased in rosacea, espe-
cially in ETR and PPR (Fig. 5j-m; Supplementary Fig. 13f, g). As a con-
sequence, PGD,, the product of PTGDS and a typical mediator of
vasodilation®**, was significantly increased in the lesional skin of
rosacea (Fig. 5n). The functional role of PGD, was further supported by
the evidence showing that PTGDR, the receptor of PGD,, was highly
expressed in vVMCs of the skin (Fig. 50; Supplementary Fig. 13h). Col-
lectively, these results suggest that the fibroblasts play the key role in
cell interactions with immune and vascular mural cells in rosacea
development.

Given that fibroblasts are identified as the major cell type yielding
pro-inflammatory and vasodilative signals in the lesional skin, we
wondered whether these cells play a functional role in the develop-
ment of rosacea. To this end, we generated mice transgenic for the
diphtheria toxin receptor under the control of the Colla2 promoter
(Col1a2°™) by mating Colla2-CreER mice with iDTR mice. Col1a2°™
mice allow for robust depletion of skin fibroblasts following adminis-
tration of tamoxifen and diphtheria toxin (DT) (Supplementary
Fig. 14a-c). We then intradermally injected cathelicidin LL37 into
Col1a2°™ and wildtype (WT) mice (Supplementary Fig. 14a), to estab-
lish rosacea-like mouse models as previously described'®™'***. Our
results showed that 12 h post the last LL37 injection, WT mice dis-
played obvious rosacea-like dermatitis, but skin fibroblast ablation
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Fig. 3 | Pro-inflammatory fibroblast subpopulation is identified in rosacea.

a UMAP plots showing subclusters and sample conditions of fibroblasts. b Bar
graph showing the percentage of subpopulations of fibroblasts. ¢ Feature plot
showing the expression of the C3 in fibroblasts. d The percentage of C3* fibroblasts
in total fibroblasts (n =3 samples for each group from scRNA-seq datasets).

e Immunohistochemistry of C3 and DCN in skin samples. Below panels are mag-
nified images of boxed areas. White arrows indicate C3 negative fibroblasts. Yellow
arrows indicate C3 positive (C3") fibroblasts. Scale bar, 50 um. f Quantification of
the percentage of C3" fibroblasts in different groups (n = 6/6/6/6/5 samples for HS/
NS/ETR/PPR/PhR group used in e). g The top-ranked enriched KEGG pathways in

C3" fibroblasts revealed by GSEA. NES stands for enrichment scores. Two-sided
permutation test without multiple comparison adjustments was used for GSEA
analysis. h Heatmap showing the expression levels of multiple inflammatory fac-
tors in C3* fibroblasts in rosacea and healthy skins. i The percentage of CCL19"/
CXCLI'/CXCL2"/CXCL12* and C3" fibroblasts in total fibroblasts (n =3 samples for
each group from scRNA-seq datasets). j Feature plots showing the expression of
CCL19, CXCL1, CXCL2, CXCL12 in all cell types. Data are presented as mean + SEM
and P-values were determined by one-way ANOVA with Tukey’s post hoc test (f),
and two-tailed unpaired (L vs HS) or paired (L vs N) Student’s t-test (d, i).
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Fig. 4 | Compositional and gene expression alterations of immune cells in
rosacea. a UMAP plots showing subclusters and sample conditions of T cells.

b Heatmap showing the expression of signature genes in different subpopulations
of T cells. ¢ Bar graph showing the percentage of subpopulations of T cells. Thi,
Type 1T helper cells; Th17, Type 17T helper cells; Th2, Type 2T helper cells; Treg,
regulatory T cells; TRM, resident memory T cells. d The percentage of different
subpopulations in total cells (n =3 samples for each group from scRNA-seq data-
sets). e Immunostaining of CD69 and CD103 in skin samples. Scale bar, 50 pm.

f Quantification of the percentage of CD69°CD103" resident memory T cells in
different groups (n = 6/6/6/6/6 samples for HS/NS/ETR/PPR/PhR group used in e).
g UMAP plots showing subclusters and sample conditions of macrophages/DCs.

h Bar graph showing the percentage of subpopulations of macrophages/DCs. i The
percentage of macrophages in different conditions (n =3 samples for each group
from scRNA-seq datasets). j Heatmap showing the expression levels of multiple
chemokines in macrophages in rosacea and healthy skins. k Top-ranked enriched
pathways upregulated or downregulated in macrophages in the lesional skin of
rosacea. NES stands for enrichment scores. The color keys from red to blue indicate
the range of P-value. Two-sided permutation test without multiple comparison
adjustments was used for GSEA analysis. Data are presented as mean + SEM and P-
values were determined by one-way ANOVA with Tukey’s post hoc test (f), and two-
tailed unpaired (L vs HS) or paired (L vs N) Student’s ¢-test (d, i).
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mice were unable to develop typical rosacea-like phenotypes
(Fig. 6a-c). Furthermore, the inflammatory cell infiltration in the der-
mis and disease-characteristic inflammatory factors were also sig-
nificantly improved in these mice (Fig. 6d-f).

To further verify the critical role of fibroblasts in the pathogenesis
of rosacea, we focused on PTGDS, a gene specifically expressed and
upregulated in fibroblasts of rosacea skin lesions (Fig. 5f, j-m). First,
PTGDS was demonstrated to be also specifically expressed and
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upregulated in fibroblasts of LL37-induced rosacea-like mouse model
(Supplementary Fig. 153, b). To explore the functional significance of
PTGDS in rosacea development, we injected Ptgds and scrambled
siRNAs intradermally twice at the indicated time to knockdown Ptgds
in mouse skin (Supplementary Fig. 15c). Then, we verified that PTGDS
and PGD, were both suppressed in LL37-injected skin after Ptgds siR-
NAs treatment (Supplementary Fig. 15a, b and d). Our results showed
that the knockdown of Ptgds not only dramatically improved the
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Fig. 5 | Fibroblasts are identified as a major determinant for rosacea devel-
opment. a The total interaction strength in rosacea and healthy skins analyzed by
CellChat. b—d Bubble diagrams showing the incoming/outgoing interaction strength
of each cell type in HS (b), non-lesional (c) and lesional (d) skin of rosacea. e KEGG
categories of genes enriched in each cell type from the lesional skin of rosacea
patients. Two-sided permutation test without multiple comparison adjustments was
used for GSEA analysis. f DEGs of fibroblasts (compared to other cells) in the lesional
skin of rosacea patients. g Violin plot showing the expression of CCL19in fibroblasts.
h The percentage of CCL19" fibroblasts in total fibroblasts (n =3 samples for each
group from scRNA-seq datasets). i Multiplex immunohistochemistry of CCL19, DCN,
CCR7 and CD4 in skin samples of HS (n = 5), NS (n = 5), and lesional skin of ETR (n =5),
PPR (n=5) and PhR (n =5). The presented images are representative of each group.
Below panels are magnified images of boxed areas. White arrows indicate CD4'CCR7*

T cells. Yellow arrows indicate CCL19*DCN" fibroblasts. Scale bar, 50 um. j Feature
plots showing the expression of PTGDS in all cells (left) and fibroblasts (right). k Violin
plot showing the expression of PTGDS in fibroblasts. | Inmunohistochemistry of
PTGDS and Vimentin in skin samples. White arrows indicate Vimentin‘PTGDS"
fibroblasts. Yellow arrows indicate Vimentin‘PTGDS" fibroblasts. Scale bar, 50 um.
m Quantification of the percentage of PTGDS" fibroblasts (n = 6/6/6/6/6 samples for
HS/NS/ETR/PPR/PhR group used in I). n Levels of PGD; in skin samples, detected by
ELISA (n = 11/14/12/11 samples for HS/ ETR/PPR/PhR group). o Immunohistochemistry
of PTGDR and a-SMA in skin samples of HS, normal skin of rosacea patients (NS), and
lesional skin of ETR, PPR and PhR. Scale bar, 50 um. Data are presented as mean + SEM
and P-values were determined by one-way ANOVA with Tukey’s post hoc test (g, k, m),
and two-tailed unpaired (L vs HS) or paired (L vs N) Student’s ¢-test (h, n).

rosacea-like features (Fig. 6g-i), but also decreased the dermal infil-
trating cells and inflammatory factors in mice (Fig. 6j, k; Supplemen-
tary Fig. 15e). Consistently, CCL19" fibroblasts and CCR7* T cells were
abrogated after Ptgds siRNAs administration in LL37-injected skin
(Supplementary Fig. 15f-i). Moreover, by immunohistochemistry (IHC)
of CD31, we demonstrated that Ptgds knockdown improved the
abnormal dilation of blood vessels (Fig. 61, m), which was further
supported by immunostaining of p-MLC2 (Supplementary Fig. 15j, k).

Taken together, these findings demonstrate that fibroblasts act as
a major determinant in the pathogenesis of rosacea.

Discussion

Although rosacea is considered to be involved in the dysregulation of
cutaneous nervous, immune and vascular systems, the precise cell
composition and their molecular alterations and functions in cuta-
neous lesions in this disorder remain unclear.

Here we have presented what, to the best of our knowledge, is
currently the only comprehensive single-cell transcriptomic analysis of
all cell types within skin lesions from patients with rosacea compared
with healthy individuals. Our scRNA-seq atlas of rosacea and healthy
skin contains 11 broad cell types. By high-resolution subclustering,
functional analysis and experimental validation, we identified multiple
subpopulations associated with rosacea in different cell types.

Skin barrier is impaired in rosacea skin lesions characterized by
decreased expression of multiple barrier genes, especially CLDNSs,
which might be responsible for the exacerbation of inflammation’*,
Our scRNA-seq data here identify a subpopulation of keratinocytes
increased in the lesional skin of all rosacea subtypes, which is featured
by barrier function damage, including declined tight junction, adhe-
rens junction and cell adhesion molecules. Furthermore, based on
scRNA-seq data analysis and functional experimentation, we demon-
strate that the upregulated type Il IFN (IFNy) signaling might con-
tribute to the impaired skin barrier, especially for the downregulated
CLDNs in keratinocytes in rosacea. Our previous bulk RNA sequencing
study on rosacea whole and epidermal skin also showed that aberrant
activation of epidermal IFN/STATL is shared across ETR, PPR and PHR
Subtypes*. To be mentioned, although type I IFNs are not detected,
our results here show that type I IFN signaling is among the top
upregulated pathways in rosacea. We speculate that type I and Il IFN
signaling pathways share very similar downstream genes; although
these shared genes are upregulated in response to type Il rather than
type I IFN, they were also included in the gene set of type | IFN signaling
pathway when GSEA was performed. Collectively, these findings might
provide an upstream explanation for the impaired skin barrier in
rosacea.

However, a recent study has shown that the expression of
type 1 IFNs, including /IFNA2 and IFNBI, is significantly increased
in plasmacytoid dendritic cells of the lesional skin from rosacea
patients during acute flares, but not changed during stable
disease. They further revealed dysbiotic commensal bacteria are

responsible for the production of type I IFNs. In addition,
blockade of type I IFN signaling could partially improve the
rosacea-like phenotypes in the same rosacea mouse model
used in our study®®, but the treatment appeared to be less
effective than blockade of IFNy. Therefore, it is assumed that type
I IFNs might only be produced in skin lesions with dysbiotic
commensal bacteria, which may be an aggravating factor rather
than an initiating factor for rosacea development. Moreover,
the products of microbiome can be recognized by keratinocytes
and cells of the innate immune system, then activate Toll-like
receptors; further activation of inflammatory receptors can
aggravate the impaired skin barrier, which may result in more
inflammation®*¢~>%, Here, our results show that antigen processing
and presentation and Toll-like receptor signaling pathways are
upregulated in multiple cell types, including keratinocytes, mac-
rophages and Schwann cells, suggesting a possible link between
abnormal microbiome and inflammation. However, further study
is needed to clarify the direct role of microbiome in rosacea.

Increasing evidence has demonstrated that rosacea is a kind of
neurogenic skin inflammation®****, Our recent study also identified
multiple genetic variants associated with neurogenic inflammation,
which can promote rosacea development by modulating the produc-
tion of neuropeptides in peripheral neurons®. However, the cellular
and molecular changes in the local cutaneous neural system remain
largely unclear. In the present study, although neuron cells are not
found in our scRNA-seq datasets, possibly due to the fact that the cell
bodies of neurons are not located in skin, we uncover a cluster of
Schwann cells, a type of glial cell that surrounds the neurons and plays
a critical role in the maintenance and function of peripheral nerves*.
Previous studies have revealed neuroinflammatory roles of Schwann
cells in multiple inflammatory neuropathies, such as Chronic inflam-
matory demyelinating polyneuropathy (CIDP) and Guillain-Barre syn-
drome (GBS)®*-*, Consistently, we here identify a previously undefined
subpopulation of Schwann cells unique to rosacea skin lesions, which
is characterized by the upregulation of multiple pro-inflammatory
pathways. However, further study is needed to illustrate the precise
mechanisms by which Schwann cells participate in the pathogenesis of
rosacea, and it will be very interesting to figure out the landscape of
peripheral neural signatures and their interaction with other cells in
the skin lesions of rosacea possibly by burgeoning technologies, such
as single-cell spatial proteomics.

Rosacea is well established as a chronic inflammatory skin dis-
order, and the dominating infiltrating cells are T cells, macrophages
and mast cells’. Therein, Thl/Th17 polarization and macrophage infil-
tration are considered as an undervalued hallmark across all subtypes
of rosacea®; mast cell activation has also been suggested to be
involved in skin inflammation of rosacea®*. We here elucidate the
landscape of cutaneous immune cells at single-cell level in the lesional
skin of different subtypes of rosacea. In agreement with previous
studies, T cells are the major infiltrating cells, and Thl/Th17 cell
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differentiation is significantly increased across all rosacea subtypes,
especially in PPR. Unexpectedly, we find that resident memory T cells
are expanded in rosacea, which might provide a cellular explanation
for the easy recurrence of this disorder. Macrophages, considered as
the master regulators of inflammation®, are increased in all subtypes
of rosacea, and express high levels of multiple T cell-recruiting

chemokines, such as CCL5, CXCL9, CXCL10, CXCL11. Moreover, B cell
infiltration is shown to be increased in PPR skin lesions, but the
potential roles need further study to clarify.

In addition to inflammation, vascular dysfunction, including vali-
dation and angiogenesis, is another hallmark of rosacea®”"*, We here
demonstrate that the percentage of vascular endothelial cells is
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Fig. 6 | Fibroblasts are essential for rosacea development in mice. a The back
skins of WT and Col1a2°™ mice intradermally injected with LL37 or control vehicle.
Images were taken 12 h after the last LL37 injection. Below panels are magnified
images of black circled areas. b, ¢ The severity of the rosacea-like phenotypes after
the first LL37 injection for 48 h, was evaluated with the redness area (b) and score
(c) (n=6 for each group). d HE staining of lesional skin sections from WT and
Col1a2°™ mice treated with LL37 or control vehicle. Scale bar, 50 pm. e Dermal
infiltrating cells were quantified (n = 6 for each group). f The relative mRNA levels of
1B, 116 and Ccl20 in mice lesional skins (n = 6 mice for each group). g The back skins
of Scr or Ptgds siRNAs-treated WT mice intradermally injected with LL37 or control
vehicle. Images were taken 12 h after the last LL37 injection. Below panels are

magnified images of blue-circled areas. h, i The severity of the rosacea-like phe-
notypes 48 h after the first LL37 injection, was evaluated with the redness area (h)
and score (i) (n = 6 for each group). j HE staining of lesional skin sections. Scale bar,
50 um. k Dermal infiltrating cells were quantified (n = 6 for each group).

I Immunohistochemistry of CD31 on skin sections. Scale bar, 50 pm.

m Quantification of relative blood vessel perimeter in the corresponding groups
displayed with violin plot. n =117-181 blood vessels from five independent mice for
each group. All results are representative of at least three independent experi-
ments. Data are presented as mean + SEM, and P-values were determined by one-
way ANOVA with Tukey’s post hoc test.

increased in skin lesions of rosacea, especially in PPR and PhR, which
further supports our previous findings showing that angiogenesis is
augmented and might be necessary for rosacea development®®,
Besides endothelial cells, blood vessels contain a cluster of vascular
mural cells (including vSMCs and pericytes) that make up most of the
vessel walls, which are essential for vascular contraction and
relaxation®®. Here, though changes in muscle contraction are not
identified in our scRNA-seq datasets, we show that the phosphoryla-
tion levels of MLC2 are greatly decreased in vMCs in all subtypes of
rosacea, even in the non-lesional skin, which might be the direct cause
of abnormal validation of blood vessels in rosacea. We speculate that
the muscle contraction of vMCs is likely determined by post-
transcriptional regulation, such as protein phosphorylation, in
rosacea.

Various studies have roughly revealed the cellular and molecular
alterations through global gene analysis and immunohisto-
chemistry’’?¢, and our present study illustrates the changes of dif-
ferent cell types in rosacea skin lesions at single-cell level, but the
intercellular communications among cell types remain largely
unknown. In the present study, via cell-cell communication analysis,
we identify fibroblasts as the leading cell type producing outgoing
signals, and T cells, macrophages, vMCs, keratinocytes and endo-
thelial cells are the main target cells for these outgoing signals,
suggesting a pivotal role for fibroblasts in the pathogenesis of rosa-
cea. Previous scRNA-seq studies showed that fibroblasts could con-
tribute to the amplification of inflammatory responses via transition
to a pro-inflammatory state and production of multiple chemokines,
both in psoriasis and atopic dermatitis. For instance, these fibro-
blasts could produce CCL19, connected by ligand-receptor interac-
tions to CCR7* dendritic cells in the lesional skin*’°. Consistently, we
here demonstrate that in rosacea, fibroblasts are reprogrammed into
a pro-inflammatory state, featured by expressing high levels of
disease-characteristic chemokines, like CCL19, CXCL1, CXCL2 and
CXCL12. Specifically, these reprogrammed fibroblasts generate
abundant CCL19, which recruits CCR7" T cells, the dominant infil-
trating cells, by ligand-receptor interactions in the lesional skin of
rosacea. In addition to the pro-inflammatory outgoing signals,
fibroblasts are also identified as the leading cell type producing
outgoing signals related to vascular relaxation. Among these vascular
relaxation-associated signals, PTGDS, an enzyme that catalyzes the
conversion of prostaglandin H2 (PGH,) to prostaglandin D2 (PGD,),
is specifically expressed and remarkably upregulated in fibroblasts of
the lesional skin of all rosacea subtypes. As a consequence, PGD,, a
classical mediator of vasodilation®**, is significantly increased in the
skin lesions. As expected, PTGDR, the receptor of PGD,, is found to
be specifically and highly expressed in the cutaneous vMCs, sug-
gesting that fibroblasts contribute to abnormal vasodilation via
PGD,-PTGDR axis in rosacea. We conclude that fibroblasts are the
leading cell type producing pro-inflammatory and vasodilative sig-
nals in the pathogenesis of rosacea.

Our study is not without limitations. First, due to the small sample
size used in this study, further investigations are needed to elucidate
some assumptions directly drawn from our scRNA-seq datasets.

Second, considering that only female human samples are used, we can
not rule out that all of the present findings apply to the male, and
further experiments will be needed to clarify this issue. Third, given
that the healthy skin samples were dominated by keratinocytes, this
caveat should be kept in mind regarding the findings for cellular pro-
portion, especially for the cell type in which less than 10 cells are
collected.

In summary, the present study illustrates the cellular and mole-
cular landscape of skin-resident cell populations, and determines
fibroblasts as the pivotal determinant in the development of rosacea,
emphasizing the role of mesenchymal subpopulations in the treatment
of this disorder.

Methods

Human skin samples

This study was approved by the ethical committee of the Xiangya
Hospital of Central South University (No. 201404361). All skin biopsies
were collected from the central facial skin of female healthy volun-
teers, and lesional skin of the central face and corresponding normal
skin surrounding the auricle from female patients with ETR, PPR and
PhR (aged 20-45 years) from the Dermatology of Xiangya Hospital,
Central South University. Patients were diagnosed with rosacea by
clinical and pathologic examination. The use of human samples was
reviewed and approved in advance by the Ethical Committee of the
Xiangya Hospital, Central South University, and written informed
consent was obtained from all participants, and the participants
received no compensation for their participation. All experiments
were conducted according to the principles set out in the WMA
Declaration of Helsinki and the Department of Health and Human
Services Belmont Report.

Preparation of single-cell suspension of human skin biopsies
The whole tissue processing and the single-cell preparation process
were completed within 3 h after the collection of surgical skin biopsies.
After removal of subcutaneous fat, skin samples were placed in a dish
with 5ml of dispase solution by dermis side down and incubated at
37 °C with shaking (80 rpm) for 60 min. Epidermis was carefully iso-
lated from the dermis with forceps. The separated epidermis was
placed in 5 ml of trypsin at 37 °C for 10 min, and the separated dermis
was digested with 10 ml of collagenase V for 45 min, then neutralized
with 5% FBS in PBS. The single-cell suspension was acquired by
repeatedly aspirating and dispensing the solution with a 1-ml pipette
and then filtered through 70 um and 40 pm strainers. The dead cells
were removed with Dead Cell Removal Kit (Miltenyi Biotec). For each
sample, all of the epidermis and dermis cells were pooled together for
the next step of single-cell analysis.

ScRNA-seq

scRNA-seq primarily involves GEM (gel bead-in-emulsion) generation,
barcoding, cDNA amplification, library construction and sequencing.
These steps were performed in accordance with the user’s instructions
of Chromium Single Cell 3’ Reagent Kits v3.1 (10x Genomics). Libraries
were sequenced by an lllumina NovaSeq6000 System. Approximately
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10,000 cells (targeting 5000-12,000) per sample were subjected to
single-cell RNA sequencing.

Processing of scRNA-seq data

The raw reads data were mapped to the hg38 human genome to per-
form quality control and the read counting of Ensemble genes using
Cell Ranger (v6.0.2) (http://10xgenomics.com) with default para-
meters. Seurat (v4.3.0) R package was used to exclude cells with fewer
than 200 genes or more than 6000 genes detected and more than 20%
mitochondrial reads for downstream analysis’.

After quality control, 131,243 cells remained and were used for
downstream bioinformatic analysis. The “SCTransform” function with
default parameters was used to normalize and scale the feature
expression measurements for each cell by the total expression. The
initial cell clustering was performed by “FindClusters” function by their
first 20 PCs with Louvain algorithm at a resolution of 0.6. Non-linear
dimensional reduction was performed by “RunUMAP” function and
visualized by Uniform Manifold Approximation and Projection
(UMAP). Markers genes of each cell cluster were determined by “Fin-
dAllMarkers” function with Wilcoxon rank-sum test. Only those with
I‘avg_logFC’| >20.25 and ‘p_val_adj’ <0.05 were considered as marker
genes.

For subclustering analysis of each major cell type, cells were
extracted separately and clustered by their first 20 PCs and appro-
priate resolution. Markers genes of each subcluster were identified by
“FindAllMarkers” function with the default parameters. “DoHeatmap”
function was used to show the top 20 markers gene in heatmap.

Profiling differentially expressed genes within each condition

To identify differentially expressed genes between lesional and non-
lesional skin, we applied the “FindMarkers” function from Seurat with
the following parameters: min.pct >0.25 and thresh.use = 0.25. The
adjusted p-value of each differentially expressed gene was calculated
by non-parametric two-sided Wilcoxon rank-sum test and only those
with |‘avg_logFC’| >0.25 and ‘p_val_adj’ < 0.05 were considered to be
differentially expressed genes. The gene expression levels shown in
the various charts in the manuscript were plotted using packages in R.

Function enrichment analysis

Gene Set Enrichment Analysis (GSEA) of GO and KEGG was performed
by clusterProfiler R package (v4.5.1.902) and visualized with ggplot2 R
package (v3.4.1)"2. Representative terms that were significantly enri-
ched in at least one of the three rosacea subtypes, or top-ranked GO
terms and KEGG pathways from MsigDB, were displayed.

Cell-cell communication analysis

To assess cell-cell communications among different cell types, we used
CellChat (v1.1.3) to infer the intercellular communication network from
single-cell RNA-seq data. Only cell types with more than 10 cells were
considered in this analysis. The “trimean” method is used for calcu-
lating the average gene expression in “computeCommunProb” func-
tion. Pairwise comparison and visualization are performed by CellChat
build-in function, only interactions with P-value lower than 0.05 are
considered to be significant.

Mouse model of rosacea and treatments
BALB/c and C57BL/6) wildtype mice were purchased from Slark
Company. The dorsal skin of the mice, aged 7 to 8 weeks, was shaved
1 day before the beginning of treatments. For the mouse model of
rosacea, intradermal injection of 40 pl LL37 (320 uM, Sangon Biotech)
was applied on the dorsal skin twice a day for 2 days, as previously
described'**?¢.

For IFNy blocking, neutralizing IFNy antibodies (10 pg/mice;
eBioscience) were subcutaneously injected daily before and during the
LL37 injection for a total of 3 days in BALB/c wildtype mice aged

8 weeks. The first treatment dose began one day prior to the intra-
dermal injection of LL37. An identical dose of IgG was administered to
the control mouse. To deplete local skin fibroblasts, Colla2-CreER
mice with C57BL/6) background (Jackson Laboratory, Strain #029567)
were mated with iDTR mice with C57BL/6) background (Jackson
Laboratory, Strain #007900). Colla2-CreER/iDTR double positive
(Col1a2°™) and WT mice were treated with tamoxifen (150 mg/kg,
Sigma) daily for continuous five days at 5 weeks of age by intraper-
itoneal injection. 1 week after tamoxifen treatment, mice were intra-
dermally injected with diphtheria toxin (DT, 100 ng per mice, sigma)
once daily for 3 days. The identical location that had received DT was
intradermally injected with LL37 one week later. For siRNA-mediated
Ptgds knockdown in mice, Ptgds or scrambled siRNAs (20 pL of 20 uM,
purchased from the GenePharma company) were intradermally injec-
ted at the indicated site of dorsal skin at indicated time in BALB/c
wildtype mice aged 7 weeks. The oligo sequences of siRNAs used in this
study are provided in Supplementary Data 11.

The dorsal skin lesions were observed using a stereoscope and
harvested for subsequent experiments (including histological analysis,
immunohistochemistry, immunofluorescence, ELISA, RT-qPCR, etc.)
48 h after the first LL37 injection in all mice studies, and were scored
for redness and area as previously described*. All mouse experiments
were repeated three times, and 5-6 mice were included in each group
in each experiment. All mouse experiments were performed on both
female and male mice, and there is no sex difference in the above
mouse experiments, and the results of female mice were presented in
this study. Mice were randomly assigned to different groups and sex-
matched in each experiment. All mice used in the presented study
were housed in specific pathogen-free conditions with a regular 12 h
light/12 dark cycle at ~20-25°C and 45-55% humidity and were fed
standard rodent chow and tap water. Animal welfare was monitored,
euthanasia was conducted according to the guidelines, and the ethical
committee of the Xiangya Hospital of Central South University
approved all animal procedures.

Histological analysis

The dorsal skin tissues of the mice were fixed and embedded in par-
affin. Paraffin sections were deparaffinized and stained with H&E
solution. To examine histological changes, we count the number of
infiltrating cells in the dermis. Five randomly selected locations in each
section were used to calculate the number of infiltrating cells in the
dermis.

Immunohistochemistry

Immunohistochemistry for mouse skin sections (5 um) was conducted
as previously described®. To assess the vasodilation of cutaneous
blood vessels, the perimeter of CD31-positive vessels was measured by
ImageJ. Double immunohistochemistry of human or mouse skin sec-
tions was performed using Opal™ 7-Color Manual IHC Kit according to
the manufacturer’s protocols. Briefly, slides were deparaffinization and
rehydration. Before epitope retrieval, slides were fixed in 10% neutral
buffered formalin for 30 min. Slides were cooled down at room tem-
perature and washed twice with TBST (TBS buffer containing 0.05%
TritonX-100). Slides were covered with blocking buffer for 10 min,
followed by incubation with primary antibody overnight at 4 °C. Slides
were washed and incubated with Polymer HRP secondary antibody for
10 min at room temperature. Slides were then washed and incubated
with appropriate Opal Fluorophore to amplify the fluorescence signal.
Multiplex staining was performed by stripping the previous antibody
in AR buffer before blocking and probing with the next primary anti-
body. Following similar steps from the first round of staining, slides
were developed to stain for other targets. Slides were counter-stained
with DAPI for 5min, and coverslipped with mounting medium. For
CD31 staining, DAB staining kit (PV-9001, ZSGB-BIO) was used
according to the manufacturer’s instructions. The fluorescence
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intensity was assessed with Image]J. The following primary antibodies
were used: Rabbit anti-CD31 (1:100, 77699, Cell Signaling), Mouse anti-
KRT14 (1:1000, ab7800, abcam), Rabbit anti-KRT14 (1:2000, ab181595,
abcam), Rabbit anti-CD74 (1:500, 77274, Cell signaling), Rabbit anti-
CD74 (1:2000, ab289885, abcam), Rabbit anti-CLDN4 (1:2000,
ab210796, abcam), Rabbit anti-complement C3 (1:400, HPA0O03563,
Atlas Antibodies), Rabbit anti-DCN (1:2000, ab277636, abcam), Rabbit
anti-MBP (1:1500, 78896, Cell signaling), Rabbit anti-CD69 (1:500,
ab233396, abcam), Rabbit anti-CD103 (1:2000, ab224202, abcam),
Rabbit anti-p-MLC2 (1:200, 3671, Cell signaling), Mouse anti-a-SMA
(1:5000, ab7817, abcam), Mouse anti-CCL19 (1:100, MAB361, R&D sys-
tems), Mouse anti-CD4 (1:200, 14-2444-80, Thermo), Mouse anti-CCR7
(1:100, MAB197, R&D systems), Rabbit anti-PTGDS (1:200, HPAO04938,
Atlas Antibodies), Rabbit anti-Vimentin (1:400, 5741, Cell signaling),
Rabbit anti-PTGDR (1:200, HPA049668, Atlas Antibodies). Rabbit anti-
p-STAT1 (1:1000, 9167, Cell signaling), Rabbit anti-IRF1 (1:200, 8478,
Cell signaling).

Immunofluorescence

Skin lesions from human or mice were obtained and embedded in
OCT. The sections were fixed with 4% paraformaldehyde and blocked
with 5% donkey serum in PBS for 1 h at room temperature. The sections
were incubated with primary antibodies overnight (4 °C) and then
were incubated with secondary antibodies for 1 h (room temperature).
DAPI staining was used to indicate the cell nucleus. The quantification
of fluorescence intensity was conducted with ImageJ, as previously
described®. The following primary antibodies were used: Goat anti-
PDGFRA antibody (1:100, AF1062, R&D systems), Rabbit anti-PTGDS
antibody (1:200, 10004344, Cayman), Rabbit anti-PDGFRA (1:500,
ab203491, abcam), Goat anti-CCL19 (1:100, AF880, R&D systems),
Rabbit anti-CD4 (1:500, ab183685, abcam), Rat anti-CCR7 (1:100,
MAB3477, R&D systems), Rat anti-IFNy (1:100, 14-7311-81, Thermo),
Rabbit anti-MBP (1:1500, 78896, Cell signaling), Sheep anti-CD74
(1:100, AF7478, R&D systems), Rat anti-F4/80 (1:100, 14-4801-81,
Thermo), Goat anti-CXCL10 antibody (1:100, AF466, R&D systems),
Rabbit anti-MLC2 (1:400, 15354-1-AP, Proteintech), Mouse anti-a-SMA
(1:5000, ab7817, abcam).

Measurement of TEWL

TEWL was assessed with Tewameter® TM 300 (Courage + Khazaka
Electronic, Germany). An average value of three repeated measure-
ments was used for each mouse, and all measurements were con-
ducted by the same investigator.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of Prostaglandin D2 (PGD,) in skin lesions from
rosacea patients, healthy individuals and mice was quantified using a
PGD; ELISA kit (512031-96stripwells, Cayman) according to the man-
ufacturer’s protocol.

Cell culture and treatment

Primary human keratinocytes were isolated from human foreskin
(aged 2-5) and cultured in CnT-07 (CELLnTEC, USA). For IFNy treat-
ment, at a confluency of 40%, cells were treated with IFNy (500 1U/ml)
for 48 h, then the cells were subjected to subsequent analysis.

RT-qPCR

Total RNA from skin lesion and keratinocytes was extracted by TRIzol
reagent (Thermo) and then reverse-transcribed to cDNA using the
PrimeScript RT Reagent Kit (Thermo). qPCR was performed using 2x
Taq Pro Universal SYBR qPCR Master Mix (Vazyme). The relative mRNA
expression levels were calculated based on the 2T method. The
sequences of the primers used in this study are provided in Supple-
mentary Data 11.

Statistical analysis

Statistical analyses were performed using GraphPad Prism (version 8).
All data are presented as the mean + SEM. We determined the data for
normal distribution and similar variance between groups. The differ-
ences between 2 groups were compared by 2-tailed unpaired or paired
Student’s t-test. For comparisons of more than 2 groups, one-way
ANOVA with Tukey’s post hoc test or two-way ANOVA with a post hoc
Holm-Sidak’s multiple comparisons test was performed. Two-sided
permutation test without multiple comparison adjustments was used
for GSEA analysis. When the data were not normally distributed or
exhibited unequal variances between groups, we performed statistical
analysis with two-tailed Mann-Whitney U test. No statistical method
was employed to predetermine the sample size. Mice in this study were
randomly allocated to different groups.

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

Data availability

All data needed to evaluate the conclusions in this study are provided
in the manuscript and/or the Supplementary Materials. The scRNA-seq
datasets are available from the genome sequence archive under
accession number HRAO006167 (http://bigd.big.ac.cn/gsa-human/).
Bulk RNA-seq datasets for the skin lesions of rosacea patients used in
this study were obtained from the genome sequence archive under
accession number HRA000379 (http://bigd.big.ac.cn/gsa-humany/). All
relevant approvals were obtained from China’s Ministry of Science and
Technology related to the export of genetic information and materials
relevant to this work. Any other details supporting the findings of the
present study are available from the corresponding author upon rea-
sonable request. Source data are provided with this paper.
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