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Abstract Psoriasis is an incurable chronic inflammatory disease that requires new interventions. Here,

we found that fibroblasts exacerbate psoriasis progression by promoting macrophage recruitment via

CCL2 secretion by single-cell multi-omics analysis. The natural small molecule celastrol was screened

to interfere with the secretion of CCL2 by fibroblasts and improve the psoriasis-like symptoms in both

murine and cynomolgus monkey models. Mechanistically, celastrol directly bound to the low-density

lipoprotein receptor-related protein 1 (LRP1) b-chain and abolished its binding to the transcription factor

c-Jun in the nucleus, which in turn inhibited CCL2 production by skin fibroblasts, blocked fibroblast

emacrophage crosstalk, and ameliorated psoriasis progression. Notably, fibroblast-specific LRP1

knockout mice exhibited a significant reduction in psoriasis like inflammation. Taken together, from clin-

ical samples and combined with various mouse models, we revealed the pathogenesis of psoriasis from

the perspective of fibroblast-macrophage crosstalk, and provided a foundation for LRP1 as a novel poten-

tial target for psoriasis treatment.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Psoriasis is a persistent autoimmune disease caused by genetic,
immune, and infectious factors characterized by excessive
epidermal proliferation and a chronic inflammatory reaction in the
dermis. Erythema and scaling are the main clinical manifestations,
which are prone to recurrence and even last for life1,2. Psoriasis
affects 125 million people worldwide, with a prevalence of 2%e3%
in Europe and the United States3, and it is on a certain upward
trend. Existing treatments are efficient and have tremendously
changed psoriasis care4.

In recent years, extensive research has concluded that psoriasis
primarily arises from the disruption of the skin’s inflammatory
microenvironment, leading to massive inflammatory cell infiltration
and overexpression of inflammatory factors. The IL-23/Th17 cell
axis plays a critical component in the pathogenesis of psoriasis.
Dendritic cells and macrophages secrete IL-23 in the dermis of
psoriasis, activating Th17 cells5,6. Activated Th17 cells then release
a range of inflammatory cytokines, such as IL-22, TNFa, IL17A,
IL17F, and IL-6. Among them, IL17 A/F and IL-22 act on kerati-
nocytes, causing typical pathological changes of psoriasis such as
hyperkeratosis, abnormal epidermal proliferation, and hypertrophy
of the spinous layer. This inflammatory milieu prompts keratino-
cytes to produce additional IL-23 and other inflammatory mediators
and chemokines, establishing a positive feedback loop7e9 that per-
petuates and intensifies the chronic inflammatory state in psoriasis.
However, the number of fibroblasts in the skin is not negligible and
their role in psoriasis has rarely been studied.

The dermis and subcutaneous tissues of the skin contain a large
number of fibroblasts, which were previously thought to synthe-
size and secrete extracellular matrix components such as collagen
to perform structural functions10,11. In recent years, however, it
has been found that the non-structural functions of fibroblasts
should not be ignored12,13. Chen’s group14 found that fibroblasts
are essential for the development of vitiligo, a skin autoimmune
disease and that an interplay system formed by fibroblasts and
CD8þ T cells plays a key role in vitiligo. Fibroblasts are key cells
in the production of early chemokines, and their activation is
induced by tissue injury, microbial infection, or changes in
the local microenvironment, producing a variety of chemokines
that initiate the inflammatory response and act on themselves
and other cells in an autocrine or paracrine manner. The release

of high levels of cytokines by fibroblasts through paracrine
secretion may be an important factor in the over-proliferation of
keratinocytes15,16. Fibroblasts may also promote IL-23 secretion
by dendritic cells and exacerbate psoriasis progression through the
IL-23/Th17 cell axis. Fibroblasts can also influence the function of
adherent cells by expressing adhesion factors, receptors or surface
markers to adhere to, for example, lymphocytes and mast cells17.
We hypothesize that the dermal abundance of fibroblasts acts as an
“adjuvant-like” signal amplifier in the body’s sensing of self- or
exogenous antigens and the recruitment of immune cells, which
contributes to the chronicity of psoriasis.

In our study, we analyze single-cell multi-omics data from
psoriatic patients and healthy individuals, finding increased
fibroblastemacrophage communication in psoriasis lesions, which
contributes to disease progression. We screened a natural product
library for compounds that interfere with fibroblastemacrophage
communication, identifying celastrol. Celastrol directly targets
LRP1, inhibiting fibroblast secretion of CCL2 and thereby pre-
venting psoriasis-like progression by reducing CCL2-mediated
macrophages recruitment. Additionally, conditional knockdown of
LRP1 in fibroblasts significantly ameliorated psoriasis in mice,
suggesting LRP1 as a potential therapeutic target for psoriasis.

2. Materials and methods

2.1. Human specimens

All human studies were authorized by the Institutional Review
Board of Ethics at West China Hospital, Sichuan University
(Chengdu, China). Normal skin samples were sourced from pa-
tients who underwent elective surgeries at West China Hospital,
where skin is typically discarded as part of standard procedure. Skin
biopsies from patients with active psoriasis were also collected
(Approval Number 2019-R-513). Written consents were obtained
from all the patients. Additional details about the psoriatic patients
are provided in Supporting Information Tables S1 and S2.

2.2. Animals

C57BL/6 mice were acquired from GemPharmatech Co., Ltd.
(Nanjing, China). By crossing Lrp1 floxed mice with S100a4-cre
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transgenic mice, fibroblast-specific LRP1 knockout mice were
generated. These mice were bred and tested at the Experimental
Animal Center at Nanjing University of Chinese Medicine
(Approval Number: 202206A062). All mice were of the C57BL/6
genetic background, and age- and sex-matched mice aged between
8 and 10 weeks were used. They had free unrestricted access to
standard laboratory chow and water, and they were housed in a
room with a 12-h light/dark cycle at a constant temperature of
22 �C.

Eighteen healthy cynomolgus monkeys (nine males and nine
females, aged between 3 and 5 years) were sourced from the
breeding facility of Changchun Biotechnology Development Co.,
Ltd., Fangchenggang, China. The cynomolgus monkeys were
stratified by weight and sex into three groups of 6 cynomolgus
monkeys each for this study. The use of cynomolgus monkeys and
the experimental procedures were approved by the Changchun
Biotechnology Development Animal Ethics Committee (Approval
Number: 220071). The monkey management protocols were
performed according to the standard protocols of Changchun
Biotechnology Development.

2.3. Single-cell RNA sequencing (scRNA-seq) and single-cell
ATAC sequencing (scATAC-seq)

The scRNA-seq and scATAC-seq data for this study were gener-
ated using the 10 � Chromium platform. The cells were encap-
sulated into Gel-Bead in Emulsions, where cDNA synthesis took
place. Each cDNA molecule within a Gel-Bead in Emulsions was
tagged with a consistent 16 nucleotide 10 � barcode and a 12
nucleotide unique molecular identifier (UMI) for library genera-
tion. The resulting libraries were then sequenced by Illumina
NovaSeq 6000 Sequencing System.

2.4. Generation of data matrix and quality control of scRNA-seq

The raw data of mouse and human were processed by CellRanger
v.3.1.0 (10 � Genomics) with the GRCH38 human genome and
the mm10e3.0.0 mouse genome as reference. The gene-cell UMI
matrices were analyzed using R software (version 3.6.1) for
downstream analysis. Low-quality cells were excluded based on
filtering criteria that included a UMI count threshold of more than
200 and a mitochondrial gene percentage below 20%.

2.5. Integration of present scRNA-seq data with publicly
available data

In order to increase the sample size and enhance the reliability of
the analysis results, we integrated our own scRNA-seq data
(Normal skin, n Z 3; Psoriatic skin, n Z 3) and data from the
GEO database. Our scRNA sequencing data have been uploaded
to GEO databases (GSE230842). The single-cell sequencing data
from the GEO database (GSE173706) was then downloaded18,
including 14 cases of psoriatic skin lesions and 8 cases of normal
skin from healthy individuals, and the expression profile of the
psoriasis skin microenvironment was mapped by integrating the
sequencing data obtained by our sequencing and downloaded from
the GEO database. Both datasets were then processed together,
including filtering, normalization, and unbiased clustering, with
batch effects addressed using appropriate methods.

2.6. Cluster annotation

We used the FindAllMarkers function from the Seurat package to
search for the TOP gene in each cluster. We annotate the cell type
based on the maker gene in each cluster. To refine our annotations,
we referenced marker genes from published literature and com-
bined this with Gene Ontology (GO) functional analysis for each
cluster. Additionally, we visualized the expression of these marker
genes using the FeaturePlot function as a form of validation.

2.7. Tissue processing and spatial transcriptomics

Placed the skin tissue in a histological plastic box and flash-frozen
for 1 min in an isopentane bath cooled with liquid nitrogen. The
optimal cutting temperature compound (OCT, Sakura tissue-tek)
for subsequently embedding frozen tissue on dry ice. Then we
transferred the slices to Visium 10 � 6.5 mm2 oligomeric barcode
capture area on the Visium 10 � Genomics slide. Follow the
manufacturer’s instructions to perform optimization of the Visium
space organization (10 � Genomics). Then follow the manufac-
turer’s instructions (10 � Genomics, Visible Spatial Gene
Expression Slide&Reagent Kit) to process sequence libraries.

2.8. Single cell dissociation of skin tissues from human and
mouse

Mouse or human tissues were washed in pre-cooled DPBS
immediately after isolation. After washing the skin three times
with ice-based DPBS, cut the skin to pieces. The skin tissue is
then soaked with digestive enzymes (Collagenase I/II and Dis-
pase) at working concentrations. After digestion, place a 70 mm
screen on a new 15 mL tube, transfer all to the screen, gently stir
the residual tissue on the screen with the gun tip to allow as many
cells as possible to pass through the screen, and then add 5 mL
DMEMþ10% FBS to rinse the screen. If there is redness in the
precipitation, 1 � cracking reagent should be used to crack
redness: 1 mL 1 � cracking reagent should be added to the cell
precipitation, re-mixed, placed on ice for 2e3 min, 5 mL
DMEMþ10% FBS should be added to terminate the cracking
redness, 500 � g at 4 �C, and centrifuged for 5 min. The cells
were adjusted to an appropriate number for subsequent
experiments.

2.9. Cellecell interaction

Cell Chat, an important tool that can quantitatively infer and
analyze intercellular communication networks from scRNA-seq
data based on ligands/receptors among clusters. The compute
Commun Prob Pathway function was used to compute the
communication probability at the signaling pathway level by
summarizing all related ligands/receptors with default parameters.
The contribution of each ligandereceptor pair to the overall
signaling pathways was computed and visualized using the
netAnalysis contribution function.

2.10. Imiquimod (IMQ)-induced psoriasis-like animal model

For the IMQ-induced psoriasis-like mouse model, aged 8e10
weeks C57BL/6 wild-type or transgenic mice were used. Mice
received a daily topical application of 62.5 mg of IMQ cream
(Aldara; 3M Pharmaceuticals) on their shaved dorsal skin every
day for four days. On the day after the last treatment, the mice
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were sacrificed. Disease severity was assessed using a clinical
Psoriasis Area and Severity Index (PASI) score, ranging from
0 (none) to 4 (very marked), with intermediate score of 1 (slight),
2 (moderate), and 3 (marked). Skin lesions were collected for
hematoxylin and eosin (H&E) staining, qPCR analysis, immuno-
fluorescence, and immunocytochemistry.

For the IMQ-induced psoriasis-like Cynomolgus monkey
model, eighteen Cynomolgus monkeys (9 males, 9 females) aged
3e5 years were randomly divided into 3 groups: Sham, IMQ,
IMQ þ CE, the back of the Cynomolgus monkeys were depilated
in an area of 3 cm � 3 cm and 120 mg of IMQ cream was applied
every morning for 12 days19. Two hours after IMQ application,
celastrol cream was applied, sham group were treated with
vehicle. Skin lesions were collected for H&E staining and
immunofluorescence.

2.11. Recombinant mouse IL-23 (rmIL-23)-induced psoriasis-
like mouse model

A rmIL-23-induced mouse model of psoriasis was created as
previously described20. One ear was injected intradermally with
1 mg of rmIL-23 (R&D Systems) dissolved in 25 mL PBS/0.1%
BSA, while the contralateral ear received 25 mL PBS/0.1% BSA
as a control. Ear thickness was measured daily. Ear lesions were
collected for H&E staining and qPCR analysis.

2.12. Quantitative PCR (qPCR)

Total RNA was isolated from mouse skin and ear tissues, as well
as from cells (mouse primary skin fibroblasts, peritoneal macro-
phages), using the RNA Isolater Total RNA Extraction Reagent
(Vazyme Biotech Co., Ltd., China). Single-stranded cDNA was
synthesized from 1 mg total RNA through reverse transcription.
Real-time PCR was conducted on a CFX 100 (Bio-Rad, Hercules,
CA, USA) instrument with the primers listed in Supporting
Information Table S3. The amplification protocol included an
initial denaturation at 95 �C for 2.5 min, followed by 44 cycles of
95 �C for 15 s and 60 �C for 30 s. Dissociation curves were
analyzed post-amplification to ensure specificity. Data were
normalized to the level of Gapdh RNA expression.

2.13. Target discovery via a target-responsive accessibility
profiling approach (TRAP)

The identification of celastrol binding proteins was conducted
using a previously described method21. Treated cells with
100 nmol/L celastrol or DMSO for 1 h, cells followed by
permeation and labeling of lysine residues. The lysates were then
reduced and alkylated. Desalination, drying, and reconstitution of
protein digestates. Analyze the changes in lysine accessibility
caused by the binding of celastrol in the sample. The abundance
ratio of TRAP-labeled peptides indicated accessibility change and
ligand-binding affinity. Using Student’s t-test, with P-value
(P < 0.001) and R-value (TRAP ratio>2 or <0.5) as critical
values, evaluate statistical significance to screen celastrol-binding
proteins.

2.14. Histological analysis

Dorsal skin tissues from mouse, Cynomolgus monkeys and human
were fixed overnight with 4% formaldehyde, embedded in

paraffin. Paraffin Sections (5 mm thick) were prepared for H&E
staining.

Paraffin sections were deparaffinized, rehydrated, antigen
repaired, and blocked, and then incubated overnight at 4 �C with
LRP1 primary antibody (Abcam, ab92544) diluted 1:100. For
immunohistochemistry, the slides were developed using the DAB
kit (Proteintech) according to the manufacturer’s instructions.

Immunofluorescence was used to incubate with Alexa Fluor
594-conjugated goat anti-rabbit IgG (H þ L) (1:500; Invitrogen,
A-11034) and Alexa Fluor 488-conjugated goat anti-mouse IgG
(H þ L) (1:500; Invitrogen, A-32723) in the dark for 2 h at room
temperature. Cell nuclei were stained with DAPI. Use an inverted
confocal microscope (Carl Zeiss) to image the sections.

2.15. Immunocytochemistry

Inoculate mouse primary skin fibroblasts at a density of
1� 105 cells per well in a 24-well culture dish. The cells were fixed,
permeabilized, blocked and incubated with anti-LRP1 (Abcam,
ab92544) and anti-p-c-Jun (Santa Cruz, sc-822) overnight at 4 �C.
Then, the cells were incubated with Alexa Fluor 594-conjugated
goat anti-rabbit IgG(H þ L) (1:500; Invitrogen, A-11034) and
Alexa Fluor 488-conjugated goat anti-mouse IgG(H þ L) (1:500;
Invitrogen, A-32723) in the dark for 2 h at room temperature. Cell
nuclei were stained with DAPI. An inverted confocal microscope
(Carl Zeiss) was used to image the sections.

2.16. Western blotting

Lysed cells and determined protein concentrations. Proteins were
then separated by SDS-polyacrylamide gel electrophoresis and
transferred to polyvinylidene difluoride membranes. The mem-
brane was incubated overnight with primary antibodies, followed
by incubation with the second antibody conjugated with horse-
radish peroxidase. Anti-LRP1 (1:50,000; Abcam, ab92544), anti-
p-c-Jun (1:1000; Santa Cruz, sc-822), anti-c-Jun (1:1000; Santa
Cruz, sc-74543), anti-p-c-Fos (1:1000; Santa Cruz, sc-81485),
anti-c-Fos (1:1000; Santa Cruz, sc-166940), anti-GFP-tag (1:1000;
Santa Cruz, sc-9996), anti-Lamin B (1:1000; Proteintech, 12987-
1-AP), anti-b-Tubulin (1:2000, Abmart, M20005), anti-b-actin
(1:2000, Abmart, M20011), and anti-GAPDH (1:2000, Abmart,
M20006) were used.

2.17. MTT assay

Mouse primary skin fibroblasts were inoculated at a density of
5000 cells per well overnight in a 96 well culture dish. The cells were
then exposed to varying concentrations of celastrol, prepared in the
appropriate cell culture medium, and incubated for 24 h under the
same conditions. 20 mL MTT solution was added and the dish was
incubated for another 4 h. The medium was removed and each well
received DMSO, and the plates were gently agitated to ensure
complete solubilization. The absorbance was measured at 570 nm.
Compared to untreated control wells, the cell viability was calculated
as a percentage. All experiments were conducted in triplicate, with
data presented as mean � standard error of mean (SEM).

2.18. Cellular thermal shift assay (CETSA)

CETSA was conducted as previously described22. Mouse primary
skin fibroblasts were divided into two groups: one treated with
100 nmol/L celastrol and the other serving as a control with an
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Figure 1 Single-cell multi-omics reveals fibroblasts’ importance in psoriasis. (A) Schematic diagram of single-cell transcriptomics, spatial

transcriptomics, and scATAC-seq studies in normal individuals and psoriatic patients’ skin. (B, C) UMAP of scRNA-seq cells recovered from 11

normal individuals and 17 psoriatic patients (GEO databases: GSE230842 and GSE173706). (D) Proportional map of each cell subpopulation in

skin tissue of psoriasis patients and normal individuals. (E) Strength of interactions between skin cell types of normal individuals (left) and

psoriasis patients (right). (F) GSEA enrichment analysis of psoriasis-related terms. (G) T-SNE plot showing the joint clustering of scATAC-seq

data in skin tissues. Cells in the T-SNE are annotated by scRNA-seq data T-SNE plots colored by clusters, labeled by scRNA-seq data. (H) The

heatmap showing the gene expression and chromatin accessibility of CCL family genes in fibroblasts of psoriasis patients and normal individuals

skin tissues. (I) Expression Gene score of CCL2 in skin tissues of psoriasis patients and normal individuals. Based on scATAC-seq data. (J)
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equivalent volume of DMSO. After 2 h, the cells were washed and
resuspended in PBS. Both groups were then divided into eight
50 mL aliquots and transferred into PCR tubes. The PCR machine
was set to generate 8 temperature gradients (52, 55, 58, 61, 64, 67,
70, and 73 �C). Each aliquot in the control group was assigned to a
specific temperature, and the corresponding aliquot in the treatment
group was subjected to the same temperature, heated for 3min, then
cooled for 3min, and then placed in an ice bath. After processing all
samples, they were freezeethawed: placed overnight in a �80 �C
freezer, thawed at room temperature, refrozen for 2 h, and repeated
this cycle twice. The processed samples were centrifuged at 20,000
� g for 20 min, mixed with 6-fold loading buffer, heated for 5 min,
and analyzed by SDS-polyacrylamide gel electrophoresis.

2.19. Microscale thermophoresis (MST)

HEK293T cells were transfected with EGFP-LRP1wt, EGFP-
LRP1mut1, EGFP-LRP1mut2, and EGFP-LRP1mut3 plasmids. After
48 h, the cells were lysed and centrifuged. Each ligand diluent was
incubated with an equal volume of cell lysate for 10 min, then
transferred to zero-background capillaries and measured using a
Monolith NT.LabelFree instrument (NanoTemper Technologies).
MO.Affinity Analysis v2.3 software as used to analyze the data
from at least three independent measurements.

2.20. RNA interference

Small interfering RNA (siRNA) targeting mouse Lrp1 was syn-
thesized by GenePharma: 1# sense: CCACCUGCUAUGAGUU
UAATT, antisense: UUAAACUCAUAGCAGGUGGTT; 2#
sense: GCCCAUUGGAUGAGUUUCATT, antisense: UGAAAC
UCAUCCAAUGGGCTT; 3# sense: GCGUGGUGUUCUGGUA
UAATT, antisense: UUAUACCAGAACACCACGCTT. The
transfection of siRNA was performed using the Hieff Trans�

in vitro siRNA/miRNA Transfection Reagent (Yeasen Biotech-
nology (Shanghai) Co., Ltd.).

2.21. Cytoplasm and nuclear protein separation

Buffer A and NP-40 were added to lyse cells, and vortexed
periodically over 30 min. After centrifugation at 12,000 � g for
10 min, the supernatant was cytoplasm. Cell pellet was lysed by
RIPA, and centrifuged again at 12,000 � g for 10 min. The
supernatant obtained was the nuclear fraction. The samples were
mixed with 6-fold loading buffer, heated for 5 min, and subjected
to Western blotting analysis.

2.22. Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0. The
data were presented in the form of mean � SEM. We evaluated the
normal distribution and homogeneity of variance across groups of
data. The unpaired two-tailed Student’s t-tests and Tukey’s mul-
tiple comparisons test were used to determine statistical signifi-
cance (*P < 0.05, **P < 0.01, ns Z not significant).

3. Results

3.1. Single-cell multi-omics reveals fibroblasts’ importance in
psoriasis

To investigate the skin microenvironment of psoriatic patients,
we integrated single-cell sequencing data from GSE173706 and
our group, including 17 cases of skin lesions from psoriatic
patients and 11 cases of skin tissues from healthy individuals
(e.g., circumcision samples) (Fig. 1A). First, we performed
quality control on the sequencing data and then proceeded to the
subsequent analysis (Supporting Information Fig. S1). The uni-
form manifold approximation and projection (UMAP) plots
showed the integration of the two groups (Fig. 1B) and the
subpopulations of cells clustered separately (Fig. 1C), which
contained 11 clusters of cellsdnamely, endothelial cells,
epithelial hair follicle stem cells, fibroblasts, keratinocytes,
melanocytes, smooth muscle cells, Schwann cells, T cells, nat-
ural killer T cells, macrophages, and Langerhans cells
(Supporting Information Table S4). The expression levels of the
differentially expression genes are shown in Supporting
Information Fig. S2. Based on the proportional map of cell
proportions, keratinocytes and fibroblasts accounted for a high
proportion (Fig. 1D), and the interaction of fibroblasts with
immune cells, especially macrophages, was significantly
increased in psoriasis patients (Fig. 1E). Gene set enrichment
analysis (GSEA) comparing psoriasis to the normal group
revealed psoriasis biological traits related to keratinocytes, such
as cornification and keratin filaments (Fig. 1F). We were more
concerned about whether a large number of fibroblasts are
involved in the progression of psoriasis and what role they play
in this process. We also performed scATAC-seq on the skin le-
sions of psoriasis patients and healthy individuals, gathered
quality control on sequencing data (Supporting Information
Fig. S3), and then established a scATAC-seq atlas (Fig. 1G,
Supporting Information Fig. S4). CCL2 expression was sub-
stantially increased in the skin lesions of psoriatic patients
compared to healthy individuals (Fig. 1H and I, Supporting
Information Fig. S5). We then analyzed the expression of the
chemokine CC family in various cell subpopulations; notably,
CCL2 was predominantly expressed in fibroblasts (Fig. 1J,
Supporting Information Fig. S6). In general, the chemokine
CCL2 activated and recruited monocytes/macrophages to the
inflammatory areas mainly by recognizing and binding to its
specific receptor CCR2 during the onset of inflammation23e25.

We then divided the fibroblasts into APOEþ, MFAP5þFBN1þ,
COL18A1þ, COL1A1þDCNþ, COL11A1þ, HLAþ, and CFDþ

fibroblasts (Fig. 1K, Supporting Information Fig. S7A), with CCL2
mainly distributed in the subpopulation of HLA þ fibroblasts
(Fig. 1L), which was mostly present in the psoriasis group
(Fig. S7B). According to the results of GO analysis of the
pseudotime trajectory, HLA þ fibroblasts subpopulations with high
expression of CCL2 were associated with T-cell activation and
macrophage function (Fig. 1M and N, Fig. S7C). We hypothesize
that HLAþ fibroblasts exacerbate psoriasis progression by
recruiting macrophages through CCL2 secretion.

Expression of CCL2 on scRNA-seq data. (K) Distribution of fibroblast subtype on the UMAP. (L) VlnPlot showing the expression of CCL2 in

each fibroblast subtype. (M) Pseudotime trajectory of fibroblast subtypes visualized using Monocle2. The trajectory is color-coded from left to

right by pseudotime, cell states, subtypes, and groups. (N) Heatmap displaying the functional pathways that are both highly and poorly enriched in

the six cell states of fibroblast subtypes, as determined by GSEA. **P value < 0.01.
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3.2. Ccl2 inhibition improves psoriasis-like skin inflammation in
mice

We screened 1896 natural small-molecule compounds and found
that celastrol prominently inhibited Ccl2 expression in fibroblasts

with a 97% inhibition rate (Fig. 2A and B). To evaluate the
ameliorative effect of celastrol on psoriasis, we administered
celastrol treatment to mice with psoriasis. Celastrol significantly
improved the erythema and scaling of mouse skin, inhibited
epidermal thickening and infiltration of inflammatory cells

Figure 2 Ccl2 inhibition improves imiquimod-induced psoriasis-like skin inflammation in mice. (A, B) The process for screening of Ccl2

inhibitors. Primary skin fibroblasts derived from C57BL/6 mice, untreated or pre-treated with 1896 natural small molecule compounds

(MedChemExpress, Library ID: HY-LD-000004273) and then stimulated by TNFa and IL17A for 6 h qPCR analysis of Ccl2 mRNA expression.

The blue dotted line represents the 90% inhibition threshold. Celastrol is labelled, and inhibited Ccl2 expression by 97.0%. C57BL/6 female mice

(n Z 6/group) were treated intraperitoneally with the indicated doses of celastrol (CE) for four days (CeH). (C) Phenotypic representation (top)

and H&E staining (bottom) of back skin sections of Sham, IMQ-induced and celastrol-treated mice. Skin epidermal thickness statistics for each

group on the right. (D) Clinical scores of Sham, IMQ-induced and celastrol-treated mice. (E) Body weight during the disease process. (FeH)

qPCR analysis of mRNA encoding cytokines from the IL-23/Th17 cell axis (F), pro-inflammatory cytokines (G), and keratin formation-related

cytokines (H) in the skin. The Data are represented as mean � SEM. The P-values are determined by a two-tailed unpaired Student’s t-test for

(C, FeH) or Tukey’s multiple-comparison test for (D, E). *P < 0.05, **P < 0.01.
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(Fig. 2C, Supporting Information Fig. S8), reduced clinical scores
(Fig. 2D), and slowed down the decrease in body weight of the
mice (Fig. 2E). Celastrol did not affect the skin condition of
normal mice (Supporting Information Fig. S9). Administration of
high doses of celastrol distinctly reduced the expression levels of
the “IL-23/Th17 cell axis” gene (Fig. 2F), inflammation-related
genes (Fig. 2G) and keratin formation-related genes (Fig. 2H).
Celastrol also showed improved effects on rmIL-23-induced
psoriasis (Supporting Information Fig. S10). These data demon-
strate that celastrol ameliorated the progression of psoriasis
induced by IMQ and rmIL-23 in mice.

To verify the important role of CCL2 in psoriasis, we treated
psoriasis-like mice with CCL2 neutralizing antibodies and found
that anti-CCL2 significantly improved the psoriasis like phenotype
induced by IMQ in mice. We also found that the administration of
celastrol on the addition of this treatment did not further improve
the disease (Supporting Information Fig. S11), suggesting that
celastrol ameliorates psoriasis in mice by inhibiting CCL2.

3.3. The scRNA-seq analysis demonstrates that celastrol blocks
fibroblast-myeloid cell crosstalk in mice

We applied the single-cell sequencing technique to mouse psori-
asis. Firstly, 800 mg/kg of celastrol was administered to C57BL/6
mice (similar to Fig. 2), which significantly improved the devel-
opment of psoriasis in the mice (Supporting Information
Fig. S12). Next, the dorsal skin of mice in the normal control,
imiquimod-induced and celastrol-administered groups was taken,
cut, digested by digestive enzymes and prepared into single-cell
suspensions for 10� genomics single-cell transcriptome
sequencing (Fig. 3A). UMAP plots were obtained by nonlinear
dimensionality reduction using Seurat, where each point in the
plot represented a cell, and cells with similar expression charac-
teristics were spatially located close together, with different colors
representing different cell subpopulations. The cell populations
were annotated according to the Top 30 differentially expressed
genes in each cluster of cells, combined with the Cell Marker
website and a review of the literature, including fibroblasts,
lymphocytes, myeloid cells, Schwann cells, keratinocytes, smooth
muscle cells and endothelial cells (Fig. 3B and C). Dot plots
demonstrate the expression levels of differentially expressed genes
(Fig. 3D). UMAP plots show the expression levels of marker
genes in the cell groups (Fig. 3E). Marker genes demonstrates the
accuracy of cell annotation. Occupancy analysis of the cell groups
showed the highest percentage of fibroblasts (Fig. 3F). GO anal-
ysis confirmed the function of each cluster (Supporting
Information Fig. S13). We performed KEGG analysis on fibro-
blasts in the skin lesions of three groups of mice and found that the
cytokine-mediated signaling pathway and the regulation of in-
flammatory response were obviously upregulated in the model
group and could be significantly downregulated after celastrol
administration (Supporting Information Fig. S14). Cellular inter-
action analysis revealed that the CCL signaling pathway was
significantly inhibited in the communication between fibroblasts
and myeloid cells after celastrol treatment (Fig. 3G, Supporting
Information Fig. S15), and Ccl2 was mainly expressed in fibro-
blasts (Fig. 3H). Spatial transcriptome sequencing analysis on
normal skin and psoriatic patients’ lesions was performed, with
quality control on the sequencing data shown in Supporting
Information Fig. S16. CCL2 was distributed in psoriasis
patients’ lesions significantly more than in normal individuals
(Fig. 3I), and consistently, Ccr2 expression was significantly

higher in the model group, and celastrol treatment significantly
inhibited the expression of Ccr2 (Fig. 3J). Furthermore, dorsal
skin lesion tissues from sham, model, and celastrol-administered
mice were taken to assess the expression levels of chemokines
and their receptors. Notably, both Ccl2 and Ccr2 were found to be
highly expressed in the model group. Celastrol administration
resulted in a significant reduction of their mRNA levels (Fig. 3K).
In addition, celastrol also inhibited the expression of CCL2 in the
skin lesions’ fibroblasts (Supporting Information Fig. S17A) and
serum (Fig. S17B) of IMQ-induced mice. Further analysis of
myeloid cells revealed that celastrol had an inhibitory effect on
their function (Supporting Information Fig. S18).

3.4. Celastrol targets LRP1 to alleviate psoriasis in mice

How does celastrol affect fibroblasts? First, we examined the effect
of celastrol on the proliferation of mouse primary skin fibroblasts,
and 1 mmol/L celastrol was cytotoxic (Fig. 4A). Since TNFa and
IL17A are highly expressed in the inflammatory microenvironment
of psoriatic skin, we administered these to the primary fibroblasts,
and because 300 nmol/L celastrol was cytotoxic (Fig. 4B), the
maximum concentration of celastrol in the follow-up experiments
was 100 nmol/L. The target binding accessibility profile TRAP
assay identified LRP1, a candidate target protein for celastrol
(Fig. 4C). LRP1 is described as a 600 kDa type I glycosylated
transmembrane protein which belongs to the LDL receptor gene
family26 consisting of a 515 kDa N-terminal extracellular domain
(a chain) containing ligand-binding regions and an 85 kDa
membrane-anchored C-terminal intracellular domain (b chain)27.
Single-cell transcriptome sequencing analysis of skin tissues from
psoriatic patients and healthy individuals revealed that LRP1 was
predominantly expressed in the fibroblasts (Fig. 4D), and spatial
transcriptome sequencing data showed that the expression level of
LRP1 was obviously higher in psoriasis patients’ skin lesions than
in healthy individuals (Fig. 4E), as evidenced by immunohisto-
chemical experiments (Fig. 4F). Similarly, Lrp1 was highly
expressed in the skin lesions of IMQ induced psoriasis like mice
compared with the sham group, and celastrol reduced Lrp1
expression (Fig. 4G). Cellular thermal shift assays demonstrated
the in vivo binding of celastrol to LRP1 (Fig. 4H). Then, we
verified the in vitro binding of celastrol to LRP1 by pull down
assay with the help of a biotin probe labeled celastrol (Fig. 4I), and
the binding was also confirmed by immunofluorescence (Fig. 4J).
Further, with the use of molecular docking experiments, we found
that celastrol could bind at the 3989, 3972, and 4161 sites of LRP1,
located in the LRP1 b chain. Therefore, we constructed an LRP1
85 kDa plasmid (LRP1wt) with an EGFP tag and demonstrated the
binding of celastrol to LRP1 by microscale thermophoresis (MST)
with a binding affinity of 99.6 nmol/L (Fig. 4K and L), consistent
with the dose used on cells. We also constructed mutation plasmids
mutated to alanine at the 3989, 3972, and 4161 sites of LRP1,
respectively, corresponding to LRP1mut1, LRP1mut2, and LRP1mut3,
respectively, and the MST results showed that the LRP1mut2 cor-
responding site could be the key binding amino acid. Next, we
tested whether LRP1 affects Ccl2 transcription, so small interfering
RNA of Lrp1 (si-Lrp1) and LRP1 plasmids were constructed and
tested for their efficiency in mouse primary skin fibroblasts
(Fig. 4M and N), with the most efficient interference of si-Lrp1 #2,
and the second one was used for all the subsequent knockdown
experiments. TNFa and IL17A increased Ccl2 expression, while
the administration of celastrol treatment decreased its expression.
Consistently, the knockdown of LRP1 also decreased its
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expression, while the overexpression of LRP1 significantly
elevated the expression level of Ccl2 (Fig. 4O and P), showing that
LRP1 can positively regulate the transcription of Ccl2.

3.5. Celastrol prevents LRP1 from binding with c-Jun

Since LRP1 regulates the transcription of Ccl2, we used scATAC-
seq to determine whether celastrol affects the transcription factor
(TF) function of Ccl2 by targeting LRP1, thereby inhibiting its
transcription. We analyzed scATAC-seq data from the skin of

psoriatic patients and normal individuals, ranking TF according to
their importance in fibroblasts, and found that the AP-1 components
FOS and JUN were significantly enriched (Fig. 5A). Next, CXCL
family-related genes were analyzed for differential expression in
psoriasis patients’ and normal individuals’ skin tissues, and JUN
was significantly upregulated in patient lesions (Fig. 5B). Mapping
the genome tracks of psoriatic patients’ skin lesions did not reveal
that peaks fell within the region of JUN, indicating a high degree of
JUN accessibility (Fig. 5C). The administration of TNFa and IL17A
stimulation to primary mouse skin fibroblasts significantly elevated

Figure 3 The scRNA-seq analysis demonstrates that celastrol blocks fibroblast-myeloid cell crosstalk in mice. (A) Workflow of dorsal skin

scRNA-seq analysis for Sham, IMQ, and IMQ þ CE groups. (B, C) UMAP of scRNA-seq cells recovered from Sham, IMQ and IMQ þ CE

groups. (D) Dot plot for expression of marker genes in skin cell types. (E) Projection of gene expression of known cell type specific markers

across cell groups. (F) Proportional map illustrating the distribution of each cell subpopulation within the skin tissue of the Sham, IMQ, and

IMQ þ CE groups. (G) Number of interactions between IMQ induced C57BL/6 mouse skin cell types, untreated (left) or treated with CE (right).

(H) Expression of Ccl2 in skin cell types. (I) Spatial distribution and proportion of CCL2 in psoriasis patients and normal individuals skin tissues.

(J) Ccr2 expression in Sham, IMQ, and IMQ þ CE groups. (K) Expression of Ccl2 and Ccr2 in Sham, IMQ and IMQ þ CE groups. The data are

represented as mean � SEM. The P-values are determined by two-tailed unpaired Student’s t-test. **P < 0.01.
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the phosphorylation level of c-Jun, which was reduced by celastrol
treatment. Similarly, knockdown of LRP1 significantly suppressed
p-c-Jun levels (Fig. 5D), while overexpression of LRP1 promoted
c-Jun phosphorylation (Fig. 5E). TNFa and IL17A promoted LRP1
nuclear translocated into the, and administration of celastrol inhibits
LRP1 nuclear translocation (Fig. 5F). As a transcription factor,
c-Jun binds to the promoter region of the Ccl2 and activates its
transcription28,29. Next, we overexpressed the LRP1 in HEK293T
cells, and immunoprecipitation experiments demonstrated that
celastrol inhibited the binding of LRP1 to c-Jun in the nucleus
(Fig. 5G), which was corroborated by immunofluorescence
experiments (Fig. 5H, Supporting Information Fig. S19). Therefore,

we suggest that celastrol targeting LRP1 prevents its binding to
c-Jun in the nucleus and thus inhibits CCL2production by fibroblasts.

3.6. LRP1 deficiency relieves the IMQ-induced psoriasiform
inflammation

To further define the role of LRP1 in psoriasis progression, we
crossed Lrp1flox/flox mice with S100a4-cre mice and constructed
fibroblasts-specific LRP1 conditional knockout mice, and
confirmed the efficiency of Lrp1 deletion in mouse primary skin
fibroblasts (Supporting Information Fig. S20). We administered
imiquimod to the dorsal skins of the wild-type and Lrp1�/� mice.

Figure 4 Celastrol targets LRP1 to alleviate psoriasis in mice. (A, B) Mouse primary skin fibroblasts were analyzed using MTT assay. (C)

Celastrol directly binding proteins using TRAP assay. (D) LRP1 expression in various cell populations of the scRNA-seq of psoriasis patients and

normal individuals skin tissues. (E) Spatial feature plot of LRP1’s expression. (F) LRP1 staining in skin sections of psoriatic patients (n Z 3) and

normal individuals (n Z 3). (G) Expression of Lrp1 in skin tissue from Sham, IMQ and IMQ þ CE groups. (HeL) Binding of celastrol to LRP1

was detected using CETSA (H), pull down (I), immunofluorescence (J), docking (K), and MST (L). (M, N) LRP1 expression in mouse primary

skin fibroblasts infected with si-Ctrl, si-Lrp1, vector, or LRP1 plasmids. (O, P) qPCR detection of mRNA expression of Ccl2 and Lrp1 in

knockdown (O) and overexpression (P) LRP1 mouse primary skin fibroblasts. The data are represented as mean � SEM. The P-values are

determined by Tukey’s multiple comparison test for (O, P). *P < 0.05, **P < 0.01.
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The Lrp1�/� mice exhibited significant improvements in
psoriasis-like phenotype compared to their wild-type counterparts,
including reduced erythema and scaling (Fig. 6A), decreased
epidermal thickness and inflammatory cells infiltration (Fig. 6B
and C), lower clinical scores (Fig. 6D), and improved body weight
(Fig. 6E). Furthermore, in the skin of Lrp1�/� mice treated with
IMQ, IL-23/Th17 cell axis related genes (Fig. 6F) and other pro-
inflammatory cytokines (Fig. 6G) expression were markedly
reduced. LRP1 deficiency also inhibited the expression of CCL2
in the dorsal skin (Supporting Information Fig. S21). Knockdown

of Lrp1 in fibroblasts caused a decrease in c-Jun entry into the
nucleus (Fig. 6H). By analyzing cellular interactions in skin
lesions from psoriasis patients and IMQ-induced psoriasis-like
changes in mice revealed enhanced communication between
fibroblasts and myeloid cells. Since the group previously had more
and stronger fibroblast-macrophage communication in the dermis
of psoriatic patients’ skin lesions30, so we investigated whether
LRP1 deficiency affected the production of psoriasis-related
inflammatory factors by macrophages. Knockdown of Lrp1 in
fibroblasts or administration of fibroblasts with celastrol resulted

Figure 5 Celastrol prevents LRP1 from binding with c-Jun. (A) Plot of rank-sorted TF motifs and colored by the significance of their

enrichment in fibroblasts, which compared the psoriasis group with the normal group and based on the scATAC-seq profiles. (B) Heatmap of

CXCL family -related genes in each group. (C) Genome tracks of JUN in psoriasis group. (D, E) Phosphorylation levels of transcription factors

c-Jun and c-Fos in knockdown (D) and overexpression (E) of LRP1 mouse primary skin fibroblasts. (F) Mouse primary skin fibroblasts derived from

C57BL/6 mice were stimulated by TNFa and IL17A and treated with or without celastrol. Conducted subcellular separation and detect cytoplasm and

nuclear proteins with respective antibodies. (G) Fibroblasts were stimulated by TNFa and IL17A and treated with or without celastrol, followed by

isolation of the cytoplasm and nucleus and immunoprecipitation using anti-LRP1 beads. (H) Immunofluorescence staining of primary skin fibroblasts

generated from C57BL/6 mice was stimulated by TNFa and IL17A and treated with or without celastrol. Scale bar: 20 mm.
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in reduced expression of psoriasis-related inflammatory factors in
macrophages (Fig. 6I and J, Supporting Information Fig. S22).
The absence of LRP1 and treatment with celastrol or
CCL2 neutralizing antibodies both inhibited the production of
psoriasis-related inflammatory factors by macrophages (Fig. S22).

However, if macrophages lacked Ccr2 (Supporting Information
Fig. S23) or Ccr4 (Supporting Information Fig. S24), the
aforementioned effects caused by the LRP1 deficiency in the
fibroblasts disappeared. Thus, celastrol inhibits macrophage function
and ameliorates psoriasis by targeting LRP1 in fibroblasts.

Figure 6 LRP1 deficiency relieves the IMQ-induced psoriasiform inflammation. (AeE) Phenotypic representation (A), representative H&E

staining (B), epidermal thickness (C), clinical scores (D), and body weight (E) of back skin sections of wild-type (WT) (nZ 6) and Lrp1�/� mice

(n Z 6) treated with IMQ for 4 days. (F, G) qPCR analysis of mRNA encoding cytokines from the IL-23/Th17 cell axis (F) and pro-inflammatory

cytokines (G) in skin. (H) Immunofluorescence staining of primary skin fibroblast generated from Lrp1�/� mice and wild-type mice. Scale bar:

20 mm. (I) Diagram of cell co-culture model. Primary skin fibroblasts derived from Lrp1�/� and wild-type mice were pre-treated with celastrol

and then stimulated by TNFa and IL17A, and the cell culture supernatants were co-cultured with mouse peritoneal macrophages (sh-Nc or sh-

Ccr2 or sh-Ccr4) for 6 h. (J) Primary skin fibroblasts derived from Lrp1�/� and wild-type mice were pre-treated with celastrol, anti-CCL2, or both

celastrol and anti-CCL2, and then stimulated by TNFa and IL17A for 1 h, and removed them. After another 24 h of incubation, the cell culture

supernatants were co-cultured with mouse peritoneal macrophages for 6 h to detect the mRNA expression of psoriasis-related factors in peritoneal

macrophages. Results were normalized to Gapdh expression. The data are represented as mean � SEM. The P-values are determined by Tukey’s

multiple comparison test for (CeG, J). *P < 0.05, **P < 0.01, ns, not significant.
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3.7. Celastrol ameliorates psoriasis-like inflammation in
cynomolgus monkeys

To assess the translational potential of celastrol for the treat-
ment of psoriasis, we induced psoriasis-like skin inflammation
by applying IMQ to the dorsal skin of cynomolgus monkeys.
The application of celastrol cream to lesions showed significant
improvement in the monkeys’ skin erythema and scaling
(Fig. 7A), epidermal thickness and inflammatory cell infiltra-
tion (Fig. 7B). Ultrasound monitoring of their skin showed that
celastrol inhibited IMQ-induced epidermal thickening as well
as vascularisation grading (Fig. 7CeE). Celastrol also pre-
vented the co-localization of LRP1 and p-c-Jun (Fig. 7F).
Therefore, topical celastrol cream has the potential to treat
psoriasis.

4. Discussion

Although there is no cure for recurrent and untreated psoriasis,
antibody-based drugs have demonstrated promising therapeutic
effects for moderate to severe psoriasis patients31. However,
about 50%e70% of psoriatic patients are mild, and antibody-
based drugs are not suitable, so there is a pressing need to
develop effective and safe small-molecule drugs for the treatment
of psoriasis. In our study, we found that celastrol can effectively
improve psoriasis-like skin inflammation in mice and, notably,
celastrol cream can reduce psoriasis-like symptoms in cyn-
omolgus monkeys when applied topically, indicating that celas-
trol has great potential to be developed as a topical drug for
psoriasis. The production of topical preparations not only
maintains celastrol’s good therapeutic effects but also greatly

Figure 7 Celastrol ameliorates psoriasis-like inflammation in cynomolgus monkeys. Cynomolgus monkeys (n Z 6/group) were applied with

celastrol on the back for 12 days. (A, B) Phenotypic representation (A) and representative H&E staining (B) of back skin sections of Sham, IMQ-

induced, and celastrol-treated Cynomolgus monkeys. Scale bar: 50 mm. (C) Ultrasound imaging of Cynomolgus monkey skin. (D) Epidermal

thickening ratio of Cynomolgus monkeys during the disease process. (E) Cynomolgus monkey skin vascularisation grading. (F) Skin sections

from Sham, IMQ-induced, and celastrol-treated Cynomolgus monkeys were immune-stained for LRP1 together with p-c-Jun. Scale bar: 50 mm.

The data are represented as mean � SEM. The P-values are determined by Tukey’s multiple comparison test for (B, D, E). *P < 0.05,

**P < 0.01.
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reduces its toxicity, and the treatment of psoriasis with celastrol
cream is worth anticipating. Further optimization of the nano-
carrier delivery might accelerate the clinical application of
celastrol32.

LRP1 is a cell surface protein belonging to the endocytic
receptor, a member of the LDL receptor gene family33. It plays a
crucial role in cellular lipid homeostasis, the clearance of chylo-
micron remnants and activated LRPAP1 (a2-macroglobulin), and
the local metabolism of the plasminogen activator-plasminogen
inhibitor complex34e36. Additionally, LRP1 regulates various
cellular processes, including the metabolism of amyloid precursor
protein, kinase-dependent intracellular signaling, neuronal cal-
cium signaling, and neurotransmission37e39. Recent findings
indicate that LRP1 is a key modulator of the Notch pathway,
where its inhibition suppresses Notch signaling and reduces
tumorigenesis in leukemia models40. Moreover, LRP1 is a crucial
regulator of tau protein transport in the brain, and lowering LRP1
levels significantly inhibits the uptake and diffusion of tau protein
in neurons41. LRP1 has been suggested as a potential therapeutic
target for treating tau protein-related neurodegenerative dis-
eases39,41. Contrary to previous studies, we found that LRP1 can
promote fibroblast-macrophage interactions and thus exacerbate
psoriasis by regulating the expression of CCL2, a key chemokine
in skin fibroblasts. We also found that the targeted inhibition of
LRP1 with celastrol significantly improved psoriasis-like symp-
toms in mice and cynomolgus monkeys, so we have high hopes for
LRP1 as a target for psoriasis treatment. In addition, we also found
the existence of multiple targets for celastrol, as shown in Fig. 6J,
after treatment with celastrol on LRP1 knockout fibroblasts,
cocultured with macrophages could further inhibit IL-23 produc-
tion by macrophages.

Recent in-depth studies have yielded a more comprehensive
understanding of psoriasis pathogenesis, wherein immune cells are
recognized as playing a pivotal role42e46. Single-cell multi-omics
sequencing of both psoriatic and healthy skin has uncovered the
immunomodulatory function of fibroblasts. Specifically, fibro-
blasts within the microenvironment of psoriatic lesions are
implicated in recruiting immune cells, thereby sustaining inflam-
mation and exacerbating the progression of psoriasis. Several
studies have reported that fibroblasts were involved in skin path-
ophysiology as local pro-inflammatory cues by regulating immune
cells via cytokine/chemokine secretion47. Besides, T cells signif-
icantly increased in psoriatic lesions compared to normal skin,
consistent with the pro-inflammation function of fibroblasts by
promoting T cells residency and inflammation48. Ma et al.49 found
that a subpopulation of SFRP2þ fibroblasts in psoriasis patients
transitions to a pro-inflammatory state, generating CCL13. These
fibroblasts interact with nearby CCR2þ myeloid cells through
ligandereceptor interactions, thereby amplifying the immune
network. This study highlights the role of fibroblasts in psoriasis
through a multi-omics analysis, and our study, in conjunction with
molecular pharmacology, found that fibroblasts exacerbate psori-
asis progression by recruiting macrophage interactions through the
secretion of CCL2, partially corroborating the study of Ma et al. In
the current study, anti-inflammatory alone did not prevent the
chronic progression of psoriasis, and blocking the interactions
between immune and stromal cells in this project prevented the
chronic progression of psoriasis. This finding offers a novel
perspective for the investigation of persistent chronic illnesses
encompassing psoriasis.

5. Conclusions

In conclusion, our study elucidates the pathological mechanism
through which fibroblast-macrophage interactions exacerbate
psoriasis progression, and identifies LRP1 as a novel therapeutic
target for psoriasis treatment.

Data availability

All data related to this study are included in the paper or the
supporting information. The scRNA-seq data, spatial tran-
scriptome data, and scATAC-seq data for human skin tissue are
deposited in the GEO database under accession number
GSE230842 (NCBI tracking system #23874812). Partial scRNA-
seq data can be obtained in the GEO database under accession
number GSE173706. The scRNA-seq data for mouse skin tissue
are deposited under accession number GSE231728 (NCBI
tracking system #23872713).
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