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Abstract

Background Abnormal oxysterol metabolism has been observed in the peripheral blood of SLE patients, but its role
in systemic lupus erythematosus (SLE) skin lesions remains unclear.

Methods Targeted oxidized lipid metabolomics analysis using liquid chromatography-mass spectrometry (LC-MS)
was performed to quantify oxysterols in SLE skin lesions. Immunohistochemical staining and single-cell sequencing
data analysis confirmed the upregulation of oxysterol-encoding enzymes CH25H and CYP7B1. The impact on
fibroblast-mediated PBMCs chemotaxis was assessed using a transwell chamber.

Results We identified aberrant oxidized cholesterol metabolism in SLE skin lesions, characterized by elevated
levels of 7-ketocholesterol, 5a-6a-cholestane-33,50,63-triol, and so on. Fibroblasts were the primary cells expressing
oxysterol-encoding genes, with CH25H and CYP7B1 expression upregulated via the IL-13-mediated p38 MAPK

and NFkB pathways. Notably, IL-13-stimulated fibroblasts demonstrated enhanced PBMCs recruitment, which was

attenuated by a GPR183 inhibitor.

Conclusion Our findings reveal a potential mechanism by which fibroblasts contribute to immune cell recruitment
in SLE skin lesions by expression of CH25H and CYP7B1. This study underscores the significance of oxysterol
metabolism in SLE skin lesion pathogenesis and highlights potential therapeutic targets for SLE skin lesion treatment.

Introduction

Lupus erythematosus is a chronic autoimmune disease
that predominantly affects the skin, with most patients
experiencing skin involvement [1]. Previous studies have
demonstrated that dendritic cell activation and toler-
ance changes lead to abnormal inflammatory media-
tor production, particularly type I interferons, which
mediate innate and adaptive immune abnormalities
[2]. Effector T cells and Treg lose balance, and B cells
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continuously produce autoantibodies, leading to the con-
tinuous expansion of the autoimmune pathogenesis in
SLE [2]. However, the mechanisms underlying immune
cell aggregation, migration, and regulation remain
unclear.

Fibroblasts are important cells in the skin and are the
stromal cells that come into contact with various immune
cells. Fibroblasts respond to different stimuli and exhibit
different functions [3]. Recent studies have emphasized
the important role of fibroblasts in recruiting immune
cells. In vitiligo, fibroblasts recruit CD8* T cells through
CXCL9 and CXCL10 to participate in melanocyte killing
[4], and in specific skin inflammation, fibroblasts recruit
neutrophils by producing CXCL12 [5]. However, it
remains unclear how fibroblasts participate in recruiting
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« SLE skin lesions show abnormal oxysterol metabolism, with fibroblasts being the main source of increased CH25H

and CYP7B1 genes.

o IL-13-mediated p38 MAPK and NFkB pathways implicated in CH25H and CYP7B1 upregulation.
« Enhanced PBMCs recruitment by IL-1B-stimulated fibroblasts can be attenuated by a GPR183 inhibitor, offering

potential SLE skin lesion treatment.
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immune cells, particularly T cells and B cells in lupus skin
lesions.

Oxysterols, a crucial class of cholesterol derivatives,
have been implicated in the onset and progression of var-
ious diseases [6—8]. Accumulating evidence indicates that
SLE patients exhibit widespread lipid metabolism abnor-
malities [9, 10]. 7a-25-OHC, an important oxysterol, can
contribute to disease progression by recruiting immune
cells [11-13]. While fibroblasts have been shown to
promote autoimmune disease progression by secret-
ing inflammatory factors and chemokines, it is unclear
whether fibroblasts secrete oxysterols to participate in
disease progression.

In this study, we assessed oxidized lipid expression in
lupus skin lesions and observed abnormally increased
oxysterols. Fibroblasts were found to specifically express
CH25H and CYP7B1, genes that mediate 7a-25-OHC
production, a unique and important oxysterol. We iden-
tified IL-1p as a crucial cytokine promoting CH25H and

CYP7B1 upregulation in fibroblasts, with p38 MAPK and
NF«B-p65 involved in regulation. IL-1f upregulation
in lupus skin lesions was also confirmed. 7a-25-OHC
promotes immune cell migration via GPR183, enhanc-
ing fibroblast-immune cell cross-talk and immune cell
infiltration in skin lesions. GPR183 inhibition weakens
fibroblast chemotactic effects on immune cells. Thus,
we propose that fibroblasts may contribute to lupus skin
lesion formation by releasing oxysterols and promot-
ing local immune cell infiltration, accelerating disease
progression.

Methods and materials

Mice and sections

MRL/Mp]J and MRL/Lpr mice were acquired from SiP-
eiFu. They were housed under specific pathogen-free
(SPF) conditions. Skin samples from both mice were
collected from MRL/Mp]J and MRL/Lpr mice. Human
skin biopsies were obtained from the Second Xiangya
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Hospital of Central South University. This study was
approved by the Ethics Committee of Second Xiangya
Hospital, Central South University.

Cell culture and stimulation

We isolated primary dermal fibroblasts from healthy indi-
viduals by digesting skin tissue with Dispase II enzyme
and type II collagenase. The resulting single-cell suspen-
sion was seeded into TC culture flasks and cultured until
confluence before passaging. The fibroblasts were main-
tained in DMEM supplemented with 10% Gibco FBS and
1% penicillin-streptomycin. Primary fibroblasts between
passages 3 and 10 were used for experiments. Fibroblasts
were pretreated with starvation prior to the addition of
various stimuli such as IL-1p (10 ng/mL) for 24 h. The
following inhibitors were utilized: ML120B (30 uM, Sell-
eck, S7736) for inhibition of the NFkB pathway, S1076
(10 uM, Selleck) for inhibition of p38 MAPK, S§7101
(10 uM, Selleck) for inhibition of ERK1/2, S2789 (10 uM,
Selleck) for inhibition of JAK3, and S1460 (10 uM, Sell-
eck) for inhibition of JNK. Subsequently, the cells were
collected for further analysis.

Oxidized cholesterol metabolites

Skin lesions and adjacent non-lesional skin were obtained
from three age-matched MRL/Lpr mice. Lipids were
extracted from the tissues using a modified Bligh and
Dyer method. In brief, the sample was incubated with
500 pL of 1 N potassium hydroxide in ethanol containing
5 pg of butylated hydroxytoluene (BHT) as an internal
standard at 37 °C and 1200 rpm for 1 h. After incubation,
250 pL of MilliQ water and 1 mL of hexane were added
to the sample. The mixture was then vortexed and centri-
fuged at 4 °C and 12,000 rpm for 5 min. The upper hexane
phase containing oxysterols and cholesterol was trans-
ferred to a new EP tube. The extraction was repeated
once more, and the combined extracts were dried in
organic mode using a SpeedVac. The pooled extract was
dried in a SpeedVac under organic mode. Oxysterols
and sterols were derivatised to obtain their picolinic acid
esters prior to LC/MS analysis on a Thermofisher U3000
DGLC coupled to Sciex QTRAP 6500 Plus, and quanti-
tated by referencing to the spiked internal standards as
previously described.

Single cell sequencing data analysis

Single-cell sequencing data for skin samples from healthy
controls (HC) and SLE patients were obtained from our
research group’s previous study [14], available in the GEO
database (GSE179633). The Seurat package was utilized
for single-cell RNA sequencing analysis, and differentially
expressed genes (DEGs) for each cluster were identified
using the Find All Markers function. Fibroblasts were
identified by the expression of COL1A1 and COL3A1
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genes, and their distribution was visualized using t-dis-
tributed Stochastic Neighbor Embedding (t-SNE) plots.
Feature plots and stacked violin plots were used to dis-
play specific gene expression levels. Additional R pack-
ages, such as ggplot2 and dplyr, were employed for data
visualization.

Statistical analysis
GraphPad Prism 9.0 was used to perform statistics. #s, no
significant, *p<0.05, *»<0.01, ***p<0.001, ****p <0.0001.
Data are presented as mean*SEM, and statistical sig-
nificance was assessed using paired or unpaired t-tests,
ordinary one-way ANOVA, or two-way ANOVA, as
appropriate.

Detailed methods are provided in the Supplementary
Material 2.

Results

Oxyterol abnormalities in lupus skin lesions

The pathogenesis of systemic lupus erythematosus (SLE)
has increasingly been linked to lipid and cholesterol
metabolism aberrations [15, 16], however, the under-
standing of these processes in SLE skin lesions remains
limited. We conducted a targeted oxidized lipidomics
analysis on lesional and non-lesional skin samples from
age-matched MRL/Lpr mice (Fig. 1A). Our data dem-
onstrated a significant elevation of sterol levels in the
lesional skin of MRL/Lpr mice compared to non-lesional
skin (Fig. 1B, Supplementary Material 1).

Consistent with previous observations in the plasma
of lupus patients, we detected substantially higher lev-
els of various oxysterols in the lesional skin of MRL/
Lpr mice relative to non-lesional skin. These oxysterols
included desmosterol/zymosterol, dehydrocholesterol,
4B-hydroxycholesterol, 6a-hydroxy-5a-cholestanol,
5a,6a-epoxycholesterol, 5a,6B-epoxycholesterol, 7-ket-
ocholesterol, and  5a-cholest-8(14)-ene-3p,15a-diol
(Fig. 1C). Although FF-MAS, T-MAS, and 24-OH-CHO
showed a trend toward elevation, these differences did
not reach statistical significance, potentially due to the
limited sample size (Supplementary Material 4, Fig. S1).

Elevated expression of CH25H and CYPB1 in fibroblasts
from lupus skin lesions

To elucidate the underlying cause of increased oxyster-
ols in SLE skin lesions, we examined the expression of
enzymes involved in cholesterol metabolism, including
Ch25h, Cyp7bl, Hsd3b7, Cyp39al, and Cyp46al. Our
results showed that Cyp39al, Cyp46al, and Hsd3b7
did not change significantly in MRL/Lpr skin lesions,
while Ch25h and Cyp7b1l were significantly upregulated
(Fig. 2A). Immunohistochemical staining confirmed
the upregulation of Ch25h and Cyp7bl in MRL/Lpr
skin lesions compared to MRL/Mp] skin (Fig. 2B-C). To
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Fig. 1 Oxysterols were increased in SLE skin lesions. (A) Process flowchart for targeted lipidomics analysis (n=3). (B) Paired t-test line graph showing the
significant difference in sterol levels between the lesional skin and non-lesional skin of MRL/Lpr mice (p=0.0234) (n=3). (C) Paired t-test line graphs dis-
playing the significant differences in oxysterols levels between the lesional skin and non-lesional skin of MRL/Lpr. The graphs include desmosterol/zymo-
sterol (p=0.0288), dehydrocholesterol (p=0.0064), 43-hydroxycholesterol (p=0.0227), 6a-hydroxy-5a-cholestanol (p=0.0278), 5a,6a-epoxycholesterol
(p=0.0156), 50,6B-epoxycholesterol (p=0.0202), 5a-cholest-8(14)-ene-33,15a-diol (p=0.0166) and 7-ketocholesterol (p=0.0066) (n=3). The p values
were calculated using paired t test. LC/MS: liquid chromatography-mass spectrometry

determine whether these changes also occur in human
skin, we performed immunohistochemical staining on
SLE skin lesions and normal human skin. Our findings
revealed increased expression of CH25H and CYP7B1 in
SLE skin lesions (Fig. 2D-E).

We observed that CH25H and CYP7B1 staining was
primarily localized in the dermis, rather than the epider-
mis. To further identify the cells expressing CH25H and

CYP7B1, we analyzed single-cell sequencing data from
the dermis of SLE and normal human skin. Our analy-
sis revealed that fibroblasts specifically expressed high
levels of cholesterol oxidation metabolism-related genes
CH25H and CYP7BI1, with a prominent expression peak
(Fig. 3A). Further analysis indicated that the CXCL1*
fibroblast subpopulation predominantly expressed
CH25H and CYP7B1 (Fig. 3B), and these expressions
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Fig. 2 Upregulation of CH25H and CYP7B1 expression in SLE skin lesions. (A

) Paired t-test line graphs showing the RT-gPCR analysis of Ch25h (p=0.0490),

Cyp7b1 (p=0.0043), Hsd3b7, Cyp39a1, and Cyp46al genes in lesional skin and adjacent non-lesional skin in MRL/Lpr mice (n=6). (B-C) Representative
immunohistochemistry images of skin from MRL/MpJ (left) and MRL/Lpr (right) mice, showing increased expression of Ch25h (B) and Cyp7b1 (C) in MRL/
Lpr skin (n=3). (D-E) Representative immunohistochemistry images of skin from healthy control (HC, left) and SLE (right) patients, showing increased
expression of CH25H (D) and CYP7B1 (E) in SLE lesional skin (n=3). The data shown were representatives of three independent experiments. The p values

were calculated using paired t test (A)

were significantly elevated in SLE and DLE skin lesions
compared to normal skin (Fig. 3C). These findings sug-
gest that CH25H and CYP7B1 are primarily expressed
by fibroblasts, specifically the CXCL1" subpopulation, in
lupus skin lesions.

IL-1pB regulates CH25H and CYP7B1 expression in
fibroblasts and recruitment of GPR183* immune cells
CH25H and CYP7B1 are critical enzymes responsible for
producing 7a-25-OHC [17], a specific type of oxysterol
that has been shown to recruit GPR183" immune cells
and play significant roles in various immune diseases.
We detected a large number of GPR183* cells in SLE skin
lesions via immunohistochemistry (Fig. 4A), and a similar
increase in Gpr183™ cells was observed in MRL/Lpr mice
(Fig. 4B). Therefore, we hypothesized that fibroblasts in
SLE skin lesions could promote immune cell recruit-
ment by upregulating CH25H and CYP7B1 to recruit
GPR183" immune cells. We analyzed GPR183 expression

in SLE skin lesions and found that dermal immune cells,
including T cells, B cells, and macrophages, expressed
GPR183 (Supplementary Material 4, Fig. S2A). Although
epidermal immune cells also expressed GPR183, there
was no significant expression or upregulation of CH25H
and CYP7B1 detected in the epidermis (Supplementary
Material 4, Fig. S2B). Additionally, we analyzed GPR183*
immune cells in SLE skin lesions and found that GPR183
was co-expressed by both CD3" T cells and CD19* B
cells (Fig. 4C), suggesting a potential role for these cells in
the pathogenesis of SLE skin lesions.

To investigate the factors leading to increased CH25H
and CYP7B1 expression in fibroblasts, we treated pri-
mary human fibroblasts with various cytokines. Our
results confirmed that human dermal fibroblasts express
higher levels of CH25H and CYP7B1 in response to
cytokines such as IL-1p and IL-17A, with IL-1p elicit-
ing the strongest response (Fig. 4D). We then evaluated
the chemotactic effect of supernatants from control and
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Fig. 3 Enhanced expression of CH25H and CYP7B1 in fibroblasts revealed by single-cell sequencing data. (A) Heatmap showing the expression levels
of oxysterol-related enzyme genes in different cell subtypes from the dermis of lupus skin lesions. Fibroblasts show high expression levels of CH25H
and CYP7B1.(B)Violin plot showing the expression levels of CH25H and CYP7B1 in fibroblast subsets. CXCL1* fibroblasts show the highest expression
levels of CH25H and CYP7B1. (C) Heatmap showing the differential expression of CH25H, CYP7B1, HSD3B7, CYP46A1, CYP39A1, and CYP7AT in CXCL1*
fibroblasts from healthy controls, DLE, and SLE patients. Macro: Macrophage; DC: dendritic cells; SLE: systemic lupus erythematosus; DLE, discoid lupus

erythematosus

IL-1pB-stimulated fibroblasts on PBMCs as shown in
Fig. 4E. The supernatant from IL-1B-stimulated fibro-
blasts significantly enhanced the chemotactic effect on
PBMCs. To further confirm whether this chemotactic
effect is mediated via the oxysterol-GPR183 pathway,
we added NIBR189, a GPR183 blocker into the super-
natants. Upon treatment with NIBR189, we observed a
significant reduction in the chemotactic effect, which
strongly indicates that the recruitment of immune cells is
indeed mediated through the oxysterol-GPR183 pathway
(Fig. 4F).

IL-1p has been implicated in the pathogenesis of cuta-
neous lupus erythematosus (CLE), and dermal fibroblasts
are among the skin cells expressing the highest levels of
IL-1R and exhibiting the most robust response to IL-1f
stimulation [18-20]. We confirmed increased IL-1f
expression in lupus skin lesions using immunohisto-
chemical staining (Fig. 4G-H).

NFkB and p38 MAPK contribute to the upregulation of
CH25H and CYP7B1

IL-1P can lead to NF«B activation and nuclear transloca-
tion [21]. In order to investigate the involvement of NF«kB
in regulating CH25H and CYP7B1, we stimulated fibro-
blasts with IL-1p in the presence or absence of ML120B,
an NFxB inhibitor. Our results demonstrated that the
upregulation of CH25H and CYP7B1 in IL-1p-treated

dermal fibroblasts was significantly inhibited by block-
ing the NF«B signaling pathways (Fig. 5A-B). To further
elucidate the specific component of the NFkB pathway
involved in this regulation, we transfected cells with
siRNA-NFkB-p65 or siRNA-NFkB1. Our results showed
that IL-1B-induced upregulation of CH25H and CYP7B1
was dependent on NFkB-p65, as siRNA-NFkB-p65 trans-
fection abolished the upregulation, while si-RNA-NFkB1
had no such effect (Fig. 5C-D). These findings suggest
that NFxkB-p65 is a crucial component of the NFkB path-
way involved in regulating CH25H and CYP7B1 expres-
sion in dermal fibroblasts.

We also treated fibroblasts with various pathway inhib-
itors, including a broad-spectrum JNK inhibitor, JAK3
inhibitor, ERK1/2 inhibitor, and p38 MAPK inhibitor.
Our results showed that the p38 MAPK inhibitor could
partially inhibit the expression of CH25H and CYP7BI.
However, the other inhibitors did not have significant
effects (Supplementary Material 4, Fig. S3A-B). Further-
more, we confirmed that the expression of p-NFkB-p65
and p-p38 MAPK was increased in IL-1p-stimulated
fibroblasts using western blot analysis (Fig. 5E-F, Sup-
plementary Material 3). These findings suggest that the
NF«B-p65 and p38 MAPK pathways are activated and
crucial for IL-1B-mediated expression of oxysterol-
related genes in human dermal fibroblasts.
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Discussion

Our study found that cholesterol oxidation metabo-
lism is abnormal in lupus lesions, with many oxysterols
showing abnormal increases. The key genes encoding
oxysterols, CH25H and CYP7B1, are also abnormally
upregulated in lupus lesions and are mainly expressed by
fibroblasts. IL-1f is a key factor mediating the upregu-
lation of CH25H and CYP7BL1 in fibroblasts, primarily
through the NF«kB and p38 MAPK pathways. The upreg-
ulation of CH25H and CYP7BL1 is crucial for the pro-
duction of 7a-25-OHC, which plays a role in promoting
GPR183" immune cell chemotaxis and can be inhibited

by its ligand GPR183 inhibitors. Overall, we revealed that
the abnormal metabolism of oxysterols in lupus lesions,
particularly in fibroblasts, contributes to immune cell
recruitment and may serve as a potential target for thera-
peutic intervention.

Oxysterols are oxidized products generated during
cholesterol metabolism and have been shown to play
important roles in various diseases, including colitis, pso-
riasis, and tumors [11, 22, 23]. Although previous stud-
ies have indicated that abnormal cholesterol metabolism
contributes to lupus progression [24], the levels of oxy-
sterols in lupus skin lesions were not well understood.
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experiments. The data are shown as mean + SEM, the p values were calculated using one-way ANOVA analysis (A-B) or two-way ANOVA analysis (C-D)

We measured the levels of oxysterols in lupus skin lesions
using LS/MS and found an upregulation of oxysterols,
suggesting their involvement in the development of lupus
lesions.

Fibroblasts, as important stromal cells, are known to
participate in immune regulation through various mech-
anisms. In lupus lesions, we further found that fibro-
blasts express elevated levels of CH25H and CYP7B1,
key enzymes for producing 7a-25-OHC, a critical oxy-
sterol. In the colon, stromal cells expressing CH25H
and CYP7B1 are involved in constructing lymph nodes,
and the absence of these enzymes leads to the loss of
lymph nodes and crypt structures [23]. We discovered
that fibroblasts can upregulate CH25H and CYP7B1 in
response to IL-1p, promoting immune cell recruitment,
and this effect is inhibited by GPR183 inhibitors. These
findings suggest that fibroblasts can enhance 7a-25-
OHC production by upregulating CH25H and CYP7BI,
thereby facilitating immune cell recruitment.

To further understand the regulation of CH25H and
CYP7B1 in fibroblasts, we conducted pathway inhibi-
tion experiments. Our findings demonstrated that both
the NFkB and p38 MAPK pathways are critical for the
IL-1B-mediated upregulation of these enzymes. Blocking
these pathways effectively reduced CH25H and CYP7B1
expression, confirming that IL-1f promotes oxysterol
production in fibroblasts through these signaling cas-
cades. Overall, our study identifies fibroblast-derived
oxysterols as key contributors to immune cell recruit-
ment in lupus skin lesions. The interplay between IL-1f

signaling and ferroptosis-related pathways in fibroblasts
not only reveals a novel mechanism of inflammation in
lupus but also highlights potential therapeutic targets,
such as GPR183, to mitigate immune cell infiltration and
inflammation in lupus patients.

Conclusions

Our research reveals abnormal oxysterol metabolism
in lupus skin lesions. Fibroblasts upregulate CH25H
and CYP7B1 through the IL-1B-mediated NFxB and
p38 MAPK signaling pathways. This process promotes
immune cell chemotaxis by increasing 7a-25-OHC
production. Enhanced PBMCs recruitment by IL-1fB-
stimulated fibroblasts can be attenuated by a GPR183
inhibitor. These findings not only elucidate a new meta-
bolic mechanism in lupus lesions but also provide a
potential therapeutic target for lupus.
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