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Rosacea is a chronic inflammatory dermatosis that involves dysregulation of

innate and adaptive immune systems. Osteopontin (OPN) is a

phosphorylated glycoprotein produced by a broad range of immune cells

such as macrophages, keratinocytes, and T cells. However, the role of OPN in

rosacea remains to be elucidated. In this study, it was found that OPN

expression was significantly upregulated in rosacea patients and LL37-

induced rosacea-like skin inflammation. Transcriptome sequencing results

indicated that OPN regulated pro-inflammatory cytokines and promoted

macrophage polarization towards M1 phenotype in rosacea-like skin

inflammation. In vitro, it was demonstrated that intracellular OPN (iOPN)

promoted LL37-induced IL1B production through ERK1/2 and JNK pathways

in keratinocytes. Moreover, secreted OPN (sOPN) played an important role in

keratinocyte-macrophage crosstalk. In conclusion, sOPN and iOPN were

identified as key regulators of the innate immune system and played different

roles in the pathogenesis of rosacea.
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1 Introduction

Rosacea is a chronic inflammatory skin disorder primarily affecting the midface

(1), which is characterized by recurrent flushing or persistent erythema, pustules,

papules, phymatous changes, and telangiectasia (2). There are three clinical types of

rosacea, including erythematotelangiectatic (ETR) type, papulopustular (PPR) type,
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and phytates (PhR) type (3). Recent research into the pathogenesis

of rosacea suggested that dysregulation of the immune system as

well as neurovascular played a key role in the development of

rosacea (1). As the “initiator” of rosacea, activated keratinocytes

secreted large numbers of inflammatory factors that function as

important signal transmitters between keratinocytes and other

immune cells. Multiple innate immune cells including

macrophages, neutrophils, and mast cells (4), were infiltrated in

rosacea lesions and contributed significantly to the pathophysiology

of rosacea (5, 6). Moreover, proinflammatory cytokines are also key

effectors of the inflammatory response in rosacea. Cathelicidin LL37

may induce the production of characteristic cytokines and

chemokines via mTORC1 signaling pathway in rosacea (7). Due

to its role in inflammation and angiogenesis, IL-1b is one of the

most important pro-inflammatory cytokines in the pathogenesis of

rosacea (8). However, there was need to demonstrate the

mechanism of elevated IL-1b in rosacea.

As part of the innate immune system, macrophages

differentiated from monocytes were recruited from the blood into

inflamed tissues (9, 10), which play a vital role in regulating local

inflammatory response. Macrophages are capable of changing their

phenotypes in response to many different stimuli, including

classically activated macrophages (M1 macrophages) and

alternatively activated macrophages (M2 macrophages) (11). M1

macrophages are pro-inflammatory and play a central role in host

defense against infection, whereas M2 macrophages are associated

with anti-inflammatory responses and tissue remodeling (11).

Macrophages regulate the initiation and progression of

inflammatory diseases through the transformation of different

phenotypes (12). Selective depletion of M1 macrophages in

transgenic mice inhibits chronic skin inflammation (13), while

selective activation of M2 macrophages ultimately attenuates

atopic dermatitis (14). These studies illustrate that the reduction

of the M1/M2 ratio suppresses skin inflammation. Recruitment and

activation of macrophages have been reported in the skin lesions of

rosacea patients (5), and the polarization of macrophages towards

the M1 phenotype may exacerbate rosacea inflammation (15).

Crosstalk between macrophages and keratinocytes may participate

in macrophage polarization in rosacea pathogenesis. However, the

exact signal transmitter between them still needs to be investigated

in depth.

Osteopontin (OPN) is a phosphorylated glycoprotein produced

by a broad range of cells including osteoclasts (16), T cells (17),

macrophages (18), and fibroblasts (19). Previous studies have

revealed the roles of OPN in the process of immune response

(20), tumorigenesis (21), and biomineralization (22). Many studies

have shown that secreted OPN (sOPN) has a chemotactic effect on

macrophages and neutrophils during acute and chronic

inflammation processes (23). However, another intracellular form

of OPN (iOPN) without a signal sequence has recently attracted

considerable attention in immune cell signaling (23). Different

forms of OPN may exist in different cells (24). Which forms of

OPN exist in keratinocytes and how they regulate the inflammatory

signaling pathways and macrophage polarization in rosacea

remain unclear.
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In the present study, we focused on the role of epidermal OPN

in the pathogenesis of rosacea. Firstly, it was found that OPN was

upregulated in the epidermis of rosacea patients and promoted

LL37-induced skin inflammation. OPN promoted rosacea-like skin

inflammation by increasing the infiltration of macrophages and

angiogenesis. Furthermore, it was demonstrated that iOPN

promoted pro-inflammatory cytokine IL1B expression via ERK1/2

and JNK signaling pathways in keratinocytes, while sOPN played a

key role in keratinocyte-macrophage crosstalk by promoting M1

macrophage polarization. These results indicated that OPN might

be a promising therapeutic target in rosacea treatment.
2 Materials and methods

2.1 Datasets

The epidermal rosacea transcriptome dataset (GSE65914) of

rosacea lesions and healthy controls was downloaded from the Gene

Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/

gds/).
2.2 Patient and specimen collection

All skin biopsy samples (three rosacea patients and three

healthy controls) included in this study were obtained from the

Department of Dermatology, Peking University Shenzhen Hospital

(Shenzhen, China). In this study, all the patients were not treated

with systemic treatment before skin biopsy. The control groups

were obtained from biopsies of non-inflamed skin from healthy

subjec ts . The col lected samples were fixed with 4%

paraformaldehyde and embedded for tissue sectioning and

staining. This study was conducted in accordance with the

Declaration of Helsinki and approved by the Ethics Committee of

Peking University Shenzhen Hospital. Informed consent was

obtained from all participants.
2.3 Cell culture and treatment

HaCaT and THP-1 cells were obtained from the China Center for

Type Culture Collection (China). HaCaT and THP-1 cells were

cultured in DMEM (Gibco, USA) and RPMI-1640 (Gibco, USA)

growth medium containing 10% FBS (Gibco, USA) in a humidified

atmosphere with 5% CO2 at 37°C. For LL37 treatment, HaCaT cells

were stimulated with LL37 (QYAOBIO, China) (80, 100mg/ml) in

serum-free medium for 12 hours. For siRNA treatment, HaCaT cells

at 70% confluence were transfected with small interfering RNA

targeting OPN mRNA (si-OPN) or negative controls (si-NC) by

Lipofectamine™ RNAiMAX Transfection Reagent (Thermo

Scientific, USA) according to the manufacturer’s instructions.

siRNAs were bought from Ribobio (China). The siRNA sequence

that targeted OPN mRNA was as follows: 5’-GAACGACTCTGA

TGATGTA-3’. For inhibitor treatment, ERK1/2 inhibitor
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(SCH772984) (MedChemExpress, USA) and JNK inhibitor II

(Thermo Fisher Scientific, USA) were used to inhibit ERK1/2 and

JNK signaling pathways in HaCaT cells. THP-1 cells were incubated

with 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich,

USA) for 48 hours to differentiate into macrophages (M0), and then

stimulated with 1000ng/ml recombinant human OPN (rhOPN) (Sino

Biological, China) for 48 hours. The endotoxin level of rhOPN is less

than 1.0 EU/mg as determined by the LALmethod in the manual from

its manufacturer.
2.4 Animal experiments

OPN knockout (OPN KO) mice on C57BL/6 background were

obtained from The Jackson Laboratory (USA). Female C57BL/6

wild-type (WT) mice (6-8 weeks of age) were kept under specific

pathogen-free conditions at 24°C. All procedures were approved

and supervised by Shenzhen Perking University - the Hong Kong

University of Science and Technology Medical Center Animal Care

and Use Committee. LL37 was synthesized in QYAOBIO (China).

For the rosacea-like mouse model (23), the backs of the mice were

shaved 24 hours before treatment, and then injected with LL37 by

intradermal injection every 12 hours for 2 days to induce a rosacea-

like inflammatory phenotype. Erythema on the lesions was

photographed and evaluated 24 hours after the last injection.
2.5 RNA sequencing and analysis

RNA qualification, library preparation, sequencing, quality

control, read mapping to the reference genome, and expression

analysis were performed by BGI Genomics (Wuhan, China). In

brief, the total RNAs from the mouse skin tissues were extracted

with TRIzol reagent (Sigma-Aldrich, USA) according to the

manufacturer’s instructions. The RNA samples were denatured at

appropriate temperature to reveal its secondary structure, and oligo

(dT) magnetic beads were used to enrich the mRNA. Fragmentation

reagents were added to the mRNA to fragment the mRNA. Then

one-strand and two-strand cDNA were synthesized. The ends of the

double-stranded cDNA were repaired. A single “A” nucleotide is

added to the 3’ end to connect the adapter to the cDNA, then the

product is amplified. After the PCR product was denatured into a

single-stranded product, a cyclization reaction system was prepared

to obtain a single-stranded circular product and digest the

uncirculated linear DNA molecules. Single-stranded circular DNA

molecules replicated through rolling circles form DNA nanoball

(DNB) containing multiple copies. DNBs were added to the mesh

holes on the chip using high-density DNA nanochip technology,

and sequenced through combined probe-anchored polymerization

technology. To obtain clean data, the raw data were filtered with

SOAPnuke. HISAT2 was used to align the clean data to the

reference genome. Bowtie2 was used to align the clean data to the

reference gene set. The expression levels of genes were calculated

by RSEM.

Using |log2FC| ≥ 1, p value < 0.05 as the thresholds,

differentially expressed genes (DEGs) were identified with the
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DESeq R package. Kyoto Encyclopedia of Genes and Genomes

(KEGG) pathway analysis was performed by R clusterProfiler

package. For immune infiltration analysis, relative levels of

different immune cell types in WT mice and OPN KO mice were

quantified by using the CIBERSORT algorithm (https://

cibersort.stanford.edu).
2.6 Isolation and culture of primary
mouse keratinocytes

C57BL/6 wildtype (WT) mice and OPN knockout (OPN KO)

mice neonates from post-natal days 0 to 2 were sacrificed, of which

limbs were removed then. After washed with 70% ethanol and PBS,

the whole skins were peeled off and floated in ice-cold dispase

digestion buffer overnight at 4°C. The next day, the epidermis and

dermis were mechanically separated with forceps, and then CnT-

Accutase-100 (CellnTec, Switzerland) was added to detach

keratinocytes from the separated epidermis. The primary

keratinocytes were seeded in the six-well plate with CnT-07

Epithelial Proliferation Medium (CellnTec, Switzerland) and

CnT-07.S (CellnTec, Switzerland), which were cultivated at 37°C

with 5% CO2 for 48 hours. All animal studies were approved and

supervised by Shenzhen Perking University - the Hong Kong

University of Science and Technology Medical Center Animal

Care and Use Committee.
2.7 Generation of stable cell lines
expressing sOPN and iOPN

The 903 nucleotide (nt) coding sequence (CDS) of sOPN was

cloned into the lentiviral vector pLVX-IRES-Hyg (Addgene, USA),

which encodes a polypeptide of 300 amino acids. Similarly, the 855

nt CDS of iOPN, lacking the first 48 nt signal peptide of sOPN, was

cloned into the pLVX-IRES-Hyg vector. The nucleotide and protein

sequences of OPN are listed in Figure S1, and primers used for

cloning are shown in Table S1. An empty vector without fragment

insert was also used to produce a control lentivirus. To generate

sOPN and iOPN expressing lentivirus, the lentiviral vector Lenti-

iOPN (LV-iOPN), Lenti-sOPN (LV-sOPN), or LV-negative control

(LV-NC) co-transfected with psPAX2 and pMD2.G plasmids

(Addgene, USA) into 293T packaging cells. 12 hours after

transfection, cells were supplied with fresh medium and cultured

for an additional 36 hours. The lentivirus-containing supernatant

was filtered and used for cell infection. Then HaCaT cells were

infected by the lentivirus mentioned above. After antibiotic

selection for a week, the stable HaCaT cells expressing sOPN

(LV-sOPN HaCaTs), iOPN (LV-iOPN HaCaTs), and LV-NC

HaCaTs as negative control were obtained.
2.8 Co-culture assay

Firstly, the HaCaT cells and the THP-1 cells were cultured

separately. THP-1 cells cultured in RPMI 1640 growth medium
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were seeded into transwell inserts (Corning, USA) with a 0.4mm
pore size polycarbonate permeable membrane and differentiated

with 50 ng/ml PMA for 48 hours. The LV-sOPN HaCaTs, LV-

iOPN HaCaTs, and si-OPN-treated HaCaTs cultured in DMEM

growth medium were seeded in 6-well plates and stimulated by

LL37 (100mg/ml) for 24 hours in serum-free media. After washed

with PBS, THP-1-derived macrophages were co-cultured with

HaCaT cells for another 48 hours. Then macrophage mRNA

was collected.
2.9 RNA extraction and real-time
quantitative PCR

The total RNA was extracted with TRIzol reagent (Sigma-

Aldrich, USA) according to the manufacturer’s instructions. RNA

concentration was detected using Nanodrop-2000 (Thermo

Scientific, USA). Reverse transcription was carried out with the

High Capacity cDNA Reverse Transcription Kit (BioRad, USA).

Then mRNA expression was determined with real-time quantitative

PCR (qRT-PCR). The qRT-PCR reaction mix contained 5 ml SYBR
Green qPCR Master Mix, 3 ml diluted primer mix, and 2 ml diluted
cDNA. Bio-Rad CFX96 real-time fast PCR system was used to

perform qRT-PCR amplification. b-Actin was an internal control,

and the relative expression of mRNA was calculated according to

the 2-△△Ct method. All the sequences of primers used for qRT-

PCR in this study are listed in Table S1.
2.10 Western blot analysis

Briefly, cells were harvested on ice with ice-cold RIPA lysis

buffer containing protease inhibitor cocktails. Proteins were

separated by 10% SDS-PAGE gel and transferred into PVDF

membranes for western blot assay. The membranes were blocked

with 5% BSA and then incubated with appropriate primary and

horseradish peroxidase (HRP)-conjugated secondary antibodies.

Finally, the immunosignals were detected using the SuperSignal

West Femto Chemiluminescent Substrate Kit (Thermo Scientific,

USA). Antibodies from Cell Signaling Technology (USA) are as

follows: b-Actin (8H10D10) Mouse mAb (#3700), p44/42 MAPK

(Erk1/2) (137F5) Rabbit mAb (#4695), Phospho-p44/42 MAPK

(Erk1/2) (Thr202/Tyr204) Antibody (#9101), Phospho-SAPK/JNK

(Thr183/Tyr185) (98F2) Rabbit mAb (#4671), SAPK/JNK

Antibody (#9252), HRP-linked Antibody (#7074).
2.11 Flow cytometry

The skin samples of the LL37-induced rosacea mice model were

cut into small pieces and processed in digestion buffer (1 mg/ml

collagenase) for 2 hours at 37°C. Cells from the skin samples were

passed through 40 mm nylon mesh to obtain a single-cell

suspension, then the single cells were resuspended in 30% Percoll

solutions and centrifuged. Subsequently, the single-cell suspension

was stained with Zombie Aqua (Biolegend, USA) for 20 minutes,
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blocked with Fc block for 10 minutes (anti-mouse CD16/32 mAbs;

Biolegend, USA), and finally stained with the fluorochrome-

conjugated antibodies for 20 minutes. Cells were then washed and

measured on CytoFLEX (Beckman Coulter, USA) flow cytometer

and analyzed by CytExpert (Beckman Coulter, USA) software. M1

macrophages were defined as CD45+CD11b+F4/80+CD86+cells. M2

macrophages were defined as CD45+CD11b+F4/80+CD206+ cells.

The following antibodies from BioLegend (CA, USA) were

used: FITC anti-mouse/human CD11b (M1/70), APC/Cyanine7

anti-mouse CD45 (S18009F), APC anti-mouse F4/80 (BM8), PE/

Cyanine7 anti-mouse CD206 (C068C2), Brilliant Violet 421 anti-

mouse CD86 (GL-1).
2.12 Histology and immunohistochemistry

Skin tissues were fixed in 4% paraformaldehyde, embedded in

paraffin, and sectioned. Sections were stained with hematoxylin and

eosin (H&E). For immunohistochemistry, skin tissues were

dewaxed with xylene and hydrated with ethanol, then subjected

to antigen retrieval and blocked endogenous peroxidase activity

with 3% hydrogen peroxide. After incubation with blocking buffer

for 1 hour at room temperature, tissue sections were incubated with

primary antibody and peroxidase-conjugated secondary antibody

(Beyotime Biotechnology, China). The staining results were

visualized using SignalStain® DAB Substrate Kit (Cell Signaling

Technology Inc., USA) and finally counterstained with

Mayer’s hematoxylin.

The following primary antibodies were used: Anti-Osteopontin

antibody (ab8448) was from Abcam (USA). F4/80 (D2S9R) Rabbit

mAb, CD4 (D2E6M) Rabbit mAb, and CD31 (D8V9E) Rabbit mAb

were from Cell Signaling Technology (USA).
2.13 Immunofluorescence analysis

For confocal studies, HaCaT cells were grown in a glass

chamber and fixed with 10% buffered formalin for 30 minutes,

and then incubated with blocking buffer at 4°C overnight. The next

day, HaCaT cells were incubated with Anti-Osteopontin antibody

(1:500, ab8448, Abcam, USA), GM130 Antibody (1:50, Santa Cruz,

USA) for two hours, and incubated with appropriate fluorescence-

conjugated secondary antibodies for 1 hour at room temperature.

DAPI (Sangon Biotech, China) was used to manifest nuclei. Images

were captured using confocal microscopy. Secondary antibodies

(Thermo Fisher Scientific, USA) used in immunofluorescence were

Alexa Fluor 488 donkey anti-rabbit IgG and Alexa Fluor 555

donkey anti-mouse IgG.
2.14 Enzyme-linked immunosorbent assay

The concentrations of OPN in the supernatant of HaCaTs were

quantified using the Human Osteopontin/OPN ELISA Kit

(KE00233) (Proteintech, USA) according to the protocol provided

by the manufacturers.
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2.15 Statistical analysis

Statistical analysis was performed using GraphPad Prism

software (GraphPad Software, USA), and data were presented as

the mean ± SEM. All experiments were repeated at least three times

unless otherwise mentioned. Data were analyzed for significance

using T-test, one-way ANOVA and two-way ANOVA, and the

value of P<0.05 was considered to be statistically significant.
3 Results

3.1 OPN expression is increased in rosacea
patients and LL37-induced rosacea
inflammation in mice

To determine the expression pattern of OPN in rosacea, rosacea

transcriptome data (GSE65914) was obtained from the GEO

database. Firstly, we analyzed the mRNA expression of OPN in

rosacea transcriptome data. Results showed that OPN was

significantly upregulated in all three types of rosacea (Figure 1A).

Meanwhile, LL37 was administrated to mice by intradermal

injection to induce rosacea-like inflammation (25). Consistently,

it was shown that the OPN level was significantly increased in mice

injected with LL37 compared with the control group (Figure 1B). In

addition, IHC results confirmed that OPN protein levels were

significantly increased in skin biopsies of rosacea patients

(Figure 1C) and LL37-induced rosacea-like skin inflammation

(Figure 1D). Together, these results suggested that OPN has a

potential role in rosacea pathogenesis.

3.2 OPN promotes LL-37-induced
macrophage infiltration and angiogenesis
in mice

To explore the role of OPN in rosacea, OPNKOmice andWTmice

were used to establish LL37-induced rosacea-like skin inflammation

models (Figure 2A). Rosacea-like features, including the redness area

(Figure 2B) and redness score (Figure 2C), were obviously reduced in

OPN KO mice. In addition, histological analysis revealed that the

number of inflammatory cell infiltration in the dermis was

significantly reduced in OPN KO mice (Figures 2D, E). Macrophage

infiltration and Th1/Th17 polarized inflammation are considerable

symbols in all rosacea subtypes, so we wondered whether OPN

regulates cutaneous immune dysfunction in rosacea. As depicted in

Figure 2F, an obvious accumulation of F4/80+ macrophages was

observed in LL37-induced rosacea-like skin inflammation, whereas

much fewer macrophages were found in OPN KO mice treated with

LL37 (Figure 2G). Next, we evaluated CD4+ T cells in mice skin lesions

to determine whether OPN participated in the adaptive immune

response. An increasing number of CD4+ T cells were observed in

LL37-induced skin inflammation. However, there was no significant

difference between the OPN KO mice and the WT mice with LL37

treatment (Figure 2H). Thus, our data above demonstrated that OPN

promotes rosacea-like inflammation through increased infiltration of

macrophages and angiogenesis in rosacea.
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Angiogenesis and vasodilation were other distinguishing traits of

rosacea (26). Therefore, the effect of OPN on angiogenesis in rosacea

was assessed by CD31 immunostaining (Figure 2F). As illustrated in

Figure 2I, dermal vessel density was significantly increased in the WT

mice, whereas relatively reduced angiogenesis was found in the OPN

KO mice. It demonstrated that OPN contributes to rosacea-like

inflammation through angiogenesis in rosacea.
3.3 OPN promotes the progression of
rosacea by regulating the expression of
pro-inflammatory factors in the rosacea-
like animal model

To reveal the potential mechanism that OPN promotes rosacea-

like inflammation, RNA-seq was performed to identify genes

regulated by OPN in rosacea-like skin inflammation. The WT-PBS

group and WT-L37 group have 1580 DEGs, including 954

upregulated genes and 626 downregulated genes (|log2FC| ≥ 1, p

value < 0.05) (Figure 3A). The OPN KO-PBS group and OPN KO-

LL37 group have 1772 DEGs, including 1181 upregulated genes and

591 downregulated genes (|log2FC| ≥ 1, p value < 0.05) (Figure 3B).

The KEGG enrichment analyses have showed the deregulated

pathways including IL-17, NF-kB, and MAPK pathways

(Figures 3C, D), which are known to drive skin inflammation.

DEGs from WT group treated or not with LL37 were enriched in

MAPK signaling pathway, while DEGs fromOPNKO group were not

enriched in this signaling pathway. Therefore, more concerned about

MAPK signaling pathway had been paid in the following experiments.

IL1B, IL6, NLRP3, and TNFa were important characteristic

factors and critical mediators in the inflammation of rosacea (8, 27,

28). Rosacea transcriptome data (GSE65914) was analyzed to

further understand the relationship between the expression of

OPN and pro-inflammatory factors in healthy controls and

rosacea patients. All the samples were included to analyze the

correlation between the level of OPN and pro-inflammatory

factors. Interestingly, the rosacea patients who expressed higher

OPN also expressed higher IL6, IL1B, NLRP3, and TNFa

(Figure 3E), suggesting that there was a correlation between the

expression of OPN and pro-inflammatory factors in rosacea. The

pro-inflammatory cytokines including IL1B, NLRP3, and TNFa

were also significantly upregulated in rosacea-like skin lesions of

WT mice and remarkably downregulated in those of OPN KOmice

(Figure 3F). Collectively, these results indicated that epidermal

OPN contributes to the pathogenesis of rosacea skin disorders by

regulating the expression of pro-inflammatory factors.
3.4 iOPN promotes the progression of
rosacea by regulating IL1B expression via
ERK1/2 and JNK signaling pathways
in keratinocytes

Keratinocytes are the most prominent cells within the

epidermis. To further understand how OPN functions in

keratinocytes, a specific siRNA targeting OPN gene was
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transfected into keratinocytes. The knockdown efficiency of si-OPN

was up to 90% in the HaCaT cells (P < 0.0001) (Figure 4A).

Consistent with the result in vivo, OPN deletion markedly

inhibited the expression of LL37-induced pro-inflammatory

cytokine IL1B in both HaCaTs (Figure 4B) and primary mouse

keratinocytes (Figure 4C). As shown in Figures 4D, E, LL37

treatment significantly increased the phosphorylated ERK1/2 and

JNK in both HaCaTs and primary mouse keratinocytes, whereas
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OPN knockdown significantly decreased p-ERK/ERK and p-JNK/

JNK ratios (Figures S2A, B).

To analyze the expression pattern of OPN in keratinocytes,

dual immunofluorescence staining of OPN and Golgi matrix

protein 130 (GM130) was performed. It was shown that HaCaT

contains both secretory and intracellular forms of OPN

(Figure 4F). Next, we sought to determine whether sOPN or

iOPN regulates inflammatory signaling pathways. The
B

C

D

A

FIGURE 1

OPN expression in rosacea patients and LL37-induced rosacea-like skin inflammation. (A) Relative mRNA expression of OPN was from the GSE65914
dataset, which contains healthy controls (n = 20) and three clinical types of rosacea, including Erythematotelangiectatic (ETR) type (n = 14),
papulopustular (PPR) type (n =12), and phytates (PHR) type (n= 12). Data represent the mean ± SEM. One-way ANOVA with Tukey’s post hoc test
was used for statistical analyses. ****p < 0.0001. (B) Relative mRNA expression of OPN in rosacea-like skin lesions of WT mice injected with PBS or
LL37 (n = 4 for each group). Data represent the mean ± SEM. T-test was used for statistical analyses. **p < 0.01. (C) Representative images of
immunohistochemistry of OPN on skin lesions from healthy individuals (HS) and rosacea patients. Scale bar: 50mm. (D) Representative images of
immunohistochemistry of OPN in skin lesions of WT mice injected with PBS or LL37. Scale bar: 50mm.
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lentivirus-mediated overexpression of sOPN and iOPN was

constructed in HaCaT cells, and the expression level of OPN

mRNA was detected in these infected cells (Figure 4G). The

intracellular and extracellular OPN overexpression levels were

detected by western blot and ELISA respectively. Results showed
Frontiers in Immunology 07
that the intracellular protein level was remarkably increased in

LV-iOPN HaCaTs (Figure 4H), and OPN concentration in the

supernatant was significantly increased in the LV-sOPN HaCaTs

(Figure 4I). It was confirmed that overexpression of iOPN

significantly increased the expression of pro-inflammatory IL1B
B
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FIGURE 2

OPN knockdown attenuated rosacea-like skin redness and inflammatory cell infiltration in mice. (A) LL37 was injected intradermally into the dorsal
skin of WT mice and OPN KO mice to induce a rosacea-like phenotype. The skin lesions were collected two days after injection with PBS or LL37.
The lower panel is a magnified image of the circular area in the upper panel. The severity of the rosacea-like phenotypes was assessed according to
the redness area (B) and redness score (C). Data represent the mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001. Ns, no significance. (D) HE
staining for the histological analysis of WT mice and OPN KO mice injected with PBS or LL37. Scale bar: 50mm. (E) The number of dermal
inflammatory infiltration in each group was quantified (n = 4 for each group). Data represent the mean ± SEM. Two-way ANOVA with Tukey’s post
hoc test was used for statistical analyses. *p < 0.05, ***p < 0.001. Ns, no significance. (F) Representative images of immunohistochemistry of F4/80,
CD4, and CD31 in WT mice and OPN KO mice injected with PBS or LL37. Scale bar: 50mm. (G) The infiltration of F4/80-positive cells was quantified
in each group (n = 4 for each group). Data represent the mean ± SEM. Two-way ANOVA with Tukey’s post hoc test was used for statistical analyses.
*p < 0.05, ****p < 0.0001. Ns, no significance. (H) The infiltration of CD4-positive cells was quantified in each group (n = 4 for each group). Data
represent the mean ± SEM. Two-way ANOVA with Tukey’s post hoc test was used for statistical analyses. ****p < 0.0001. Ns, no significance.
(I) The number of CD31-positive blood vessels (>25um in diameter) was quantified in each group (n = 4 for each group). Data represent the mean ±
SEM. Two-way ANOVA with Tukey’s post hoc test was used for statistical analyses. **p < 0.01, ****p < 0.0001. Ns, no significance.
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in HaCaT cells. Meanwhile, both the ERK1/2 inhibitor

(SCH772984) and JNK inhibitor II effectively inhibited the

expression of IL1B in LV-iOPN HaCaTs (Figure 4J).

Because LV-sOPN HaCaTs show slight expression of

intracellular OPN (Figure 4H), it was not appropriate for further
Frontiers in Immunology 08
identification of the role of sOPN in the IL1B expression. Instead,

rhOPN was added to si-OPN-treated HaCaTs, of which the

intracellular OPN was almost eliminated. It was found that

extracellular OPN could not increase the expression of IL1B

(Figure 4K). Together, these findings demonstrated that iOPN
B

C D

E

F

A

FIGURE 3

OPN promotes the expression of IL1B in the rosacea-like mice. (A) Volcano plots showed the differentially expressed genes between the WT_PBS and WT_LL37
groups. The red, gray, and blue dots represented up-regulated, insignificant, and down-regulated genes, respectively. (B) Volcano plots showed the differentially
expressed genes between the OPN KO_PBS and OPN KO_LL37 groups. The red, gray, and blue dots represented up-regulated, insignificant, and down-regulated
genes, respectively. (C) KEGG pathway analysis of DEGs between WT_PBS and WT_LL37 group for functional enrichment analysis. (D) KEGG pathway analysis of
DEGs between OPN KO_PBS and OPN KO_LL37 groups for functional enrichment analysis. (E) Pearson’s correlation analysis was performed to analyze the
correlation between the expression level of OPN and IL1B, IL6, TNFA, NLRP3 in GSE65914 rosacea dataset, which includes all the healthy controls (n=20) and rosacea
patients (n=38). (F) The mRNA expression levels of IL1B, IL6, TNFa, and NLRP3 in skin lesions fromWT and OPN KO mice injected with LL37 or PBS (n ≥ 4 for each
group). Data represent the mean ± SEM . Two-way ANOVA with Tukey’s post hoc test was used for statistical analyses. *p < 0.05, **p < 0.01. Ns, no significance.
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FIGURE 4

OPN knockdown downregulated the expression of IL1B via ERK1/2 and JNK pathways in keratinocytes. (A) The knockdown efficiency of OPN in
HaCaT cells was detected by qRT-PCR. Data represent the mean ± SEM. T-test was used for statistical analyses. ****p < 0.0001. (B) The mRNA
expression level of IL1B in LL37-induced HaCaT cells after si-OPN treatment. Data represent the mean ± SEM. Two-way ANOVA with Tukey’s post
hoc test was used for statistical analyses. ****p < 0.0001. Ns, no significance. (C) The mRNA expression level of IL1B in LL37-induced WT and OPN
KO mice primary keratinocytes. Data represent the mean ± SEM. Two-way ANOVA with Tukey’s post hoc test was used for statistical analyses. *p <
0.05, ***p < 0.001. Ns, no significance. (D) Cultured HaCaT cells treated with si-OPN were stimulated with LL37 (80ug/ml) for various time points.
Total cellular proteins were extracted to determine the phosphorylated and total ERK1/2 and JNK by western blot. b-Actin was selected as an
internal control. (E) WT and OPN KO mice primary keratinocytes were stimulated with LL37 (40 ug/ml) for various time points. Total cellular proteins
were extracted to determine the phosphorylated and total ERK1/2 and JNK by western blot. b-Actin was selected as an internal control. (F) Co-
localization of OPN and GM130 in HaCaT cells was observed by confocal microscopy. Green indicates OPN. Red indicates GM130. Blue indicates
DAPI. Scale bar, 25 mm. (G) The overexpression efficiency of sOPN and iOPN in HaCaT cells was detected by qRT-PCR. Data represent the mean ±
SEM. One-way ANOVA with Dunnett’s post hoc test was used for statistical analyses. **p < 0.0001. (H) The overexpression levels of OPN in HaCaT
cells were detected by Western blotting. b-Actin was selected as an internal control. (I) The overexpression levels of sOPN in the supernatant of
HaCaT cells were detected by ELISA. Data represent the mean ± SEM. One-way ANOVA with Tukey’s post hoc test was used for statistical analyses.
****p < 0.0001. Ns, no significance. (J) LV-iOPN HaCaTs were treated with ERK1/2 inhibitor (SCH772984) (200nM) and JNK inhibitor II (100nM) for
20 hours, and the mRNA expression level of IL1B was detected by qRT-PCR. Data represent the mean ± SEM. One-way ANOVA with Tukey’s post
hoc test was used for statistical analyses. **p <0.01, ****p < 0.0001. (K) HaCaT cells with si-OPN treatment were stimulated with rhOPN (2500ng/
ml) in serum-free medium, and the mRNA expression level of IL1B was detected by qRT-PCR. Data represent the mean ± SEM. Two-way ANOVA
with Tukey’s post hoc test was used for statistical analyses. **p <0.01. Ns, no significance.
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promotes the progression of rosacea by regulating IL1B expression

via ERK1/2 and JNK signaling pathways in keratinocytes.
3.5 OPN knockdown inhibits the
polarization of M1 macrophages in
rosacea lesions

The polarization of M1 macrophages promoted rosacea

inflammation. M1 macrophage infiltration was significantly

increased in rosacea and positively correlated with CEA and IGA

scores (15, 29). Our results revealed that OPN promoted the

infiltration of F4/80+ macrophages in LL37-induced rosacea-like
Frontiers in Immunology 10
skin inflammation. To further investigate the role of OPN in

immune cell infiltration, CIBERSORT was used to assess immune

cell infiltration in lesional tissues from rosacea-like mice based on

our transcriptome data (Figure 5A). Compared with the WT_LL37

group, the percentage of M1 macrophage infiltration in OPN

KO_LL37 group was significantly reduced (Figure 5B). Next, flow

cytometry were performed to quantitatively analyze the percentage

of M1 and M2 macrophages in LL37-induced rosacea-like lesions

from WT and OPN KO mice, with gating strategy provided in

Figure S3A. Phenotypically, M1 macrophage expressed higher levels

of CD86, whereas CD206 was commonly associated with M2

macrophage (30). Flow cytometry analysis showed that compared

with the PBS group, the percentage of CD86-positive M1
B

C D

A

FIGURE 5

OPN knockdown inhibited M1 macrophage polarization in LL37-induced rosacea mice. (A) Analysis of immune cells infiltration using CIBERSORT in
skin lesions from WT mice and OPN KO mice injected with LL37 (n = 5 for each group). (B) Statistical analysis of immune cells infiltration in WT-LL37
group (blue bar) and OPN KO-LL37 group (yellow bar) was shown in the violin plot. T-test was used for statistical analyses. (C) Flow cytometry was
performed to quantitatively analyze the percentage of CD86-positive cells in skin lesions of the WT-PBS group (n = 3), OPN KO-PBS (n = 3), WT-
LL37 group (n = 6), and OPN KO-LL37 group (n = 6). CD86 was identified as an M1 macrophage marker and CD206 was identified as an M2
macrophage marker. (D) CD86-positive cells in each group were quantified. Data represent the mean ± SEM. Two-way ANOVA followed by Sidak’s
multiple comparison test was used for statistical analyses. *p < 0.05. Ns, no significance.
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macrophages increased from 32% to 57% of total macrophages in

rosacea-like lesions of WT mice, whereas the percentage of the

CD86+ macrophages increased from 31% to 35% in OPN KO mice

(Figures 5C, D). However, there was no significant difference in the

percentage of CD206-positive cells (Figures S3B, C). Together, these

results indicated that OPN promotes the M1 polarization of

macrophages in the rosacea-like mice model.
3.6 Keratinocytes-derived sOPN promotes
M1 macrophage polarization

Keratinocyte-immune cell crosstalk has been considered to

contribute to skin homeostasis (31). To explore whether the

activated keratinocytes affect the differentiation of the

macrophages in rosacea, THP-1-derived macrophages (M0) were

co-cultured with LL37-induced HaCaTs for 48 hours. Co-cultured

with si-OPN-treated HaCaTs significantly inhibited the mRNA

expression levels of the M1 macrophage markers (Figure 6A).

Since OPN deficiency eliminates both intracellular and secreted

forms of OPN, the regulation role of OPN in macrophage

polarization still needs to be investigated in depth. It was

wondered whether the extracellular OPN affects the polarization

of the macrophages. The results showed that co-cultured with LV-

sOPN HaCaTs, not LV-iOPN HaCaTs, significantly increased the

mRNA expression levels of the M1 macrophage markers, including

IL6, CCL2, and TNFa (Figure 6B). Moreover, as extracellular OPN

in vitro, rhOPN was added to macrophages (M0). It was found that

rhOPN potentiated the expression of M1 macrophage signature

genes (Figure 6C). These findings indicated that sOPN plays a vital

role in keratinocyte-macrophage crosstalk. Communication

between keratinocytes and immune cells may provide new insight

into the pathogenesis of rosacea.
4 Discussion

Rosacea is a chronic inflammatory facial disease occurring

worldwide. It was well recognized that dysregulation of the innate

and adaptive immune response as well as neurovascular

dysregulation contribute to rosacea pathophysiology significantly

(32). The expression of cytokines including IL-1b, IL-6, and IL-17,

was associated with PPR type (5, 8, 33). Multiple studies suggested

that IL-1b may be a major driver of rosacea for its increased

expression (8). In this study, OPN was an inducer for the

production of pro-inflammatory cytokine IL-1b in rosacea

pathogenesis. Besides, it was reported that IL-1b also interacts

with pro-angiogenic factor VEGF in angiogenic responses.

Overall, increased expression of IL-1b may contribute to the

aggravation of rosacea inflammation and blood vessel formation.

OPN plays a vital role in increasing inflammatory cell

infiltration and promoting inflammation in acute and chronic

inflammatory diseases (34). Although OPN was generally

classified as a pro-inflammatory cytokine, it may also had anti-
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inflammatory effects. OPN inhibited the expression of iNOS

by promoting the degradation of Stat1 in macrophages (35, 36).

Most studies regarded OPN as a secreted protein, that binds to

integrins or CD44 (37) receptors and activates multiple signaling

pathways, including NFkB and MAPK signaling pathways (38, 39).

However, an alternative translation of different start codons from

a single OPN mRNA can generate another OPN isoform called

iOPN (40). These OPN isoforms may exist in different cells and

mediate different biological functions. Natural killer (NK) cells

expressed higher levels of iOPN, and iOPN deficiency promoted

NK cell death and impaired NK cell differentiation (41). In anti-

fungal responses, iOPN was involved in the TLR2 pathway and

enhanced MAPK activation (42). Our study reveals that

keratinocyte contains both sOPN and iOPN. Instead of sOPN,

iOPN upregulates the expression of cytokine IL-1b via ERK1/2 and

JNK signaling pathways in LL37-induced inflammation. iOPN

plays a pro-inflammatory role and contributes to rosacea

pathogenesis.

Activation and infiltration of macrophages have been reported

in the skin lesions of rosacea patients (5). It was found that M1

macrophage polarization promoted rosacea inflammation (15,

29). M1 macrophage polarization in rosacea may be the result of

multiple factors. Previous studies showed that GBP5 and

ADAMDEC1 played a pro-inflammatory role in rosacea-like

skin inflammation by regulat ing the M1 macrophage

polarization (15, 29). However, OPN plays an increasingly

important role in macrophage polarization, and whether or not

OPN regulates macrophage polarization remains controversial

(43). Recently, it was reported that macrophage polarity defined

by CXCL9 and OPN expression, rather than traditional M1 and

M2 markers, was strongly associated with tumor prognosis (44).

In nonalcoholic fatty liver disease, OPN promoted macrophage

M1 polarization by activation of the JAK1/STAT1/HMGB1

signaling pathway (45). Another study indicated that OPN

served a protective role and downregulated M1 macrophage

markers in hypertension and vascular calcification (46). In the

present study, we demonstrated that OPN promoted macrophage

infiltration and M1 macrophage polarization in rosacea lesions,

which may be one of the important factors contributing to the

exacerbation of rosacea inflammation.

Since OPN deficiency in keratinocytes eliminates both

intracellular and secreted forms of OPN, the regulation role of

sOPN and iOPN in macrophage polarization still needs to be

investigated in depth. Previous studies have highlighted that

dynamic epithelial-immune crosstalk fine-tunes epithelial

homeostasis (47). In rosacea skins, infiltrated immune cells produce

inflammatory mediators that lead to the activation of keratinocytes

(48). The activated keratinocytes may further affect the polarization

of the macrophages. In this study, the co-culture assay was performed

to investigate whether sOPN or iOPN affected keratinocyte-

macrophage crosstalk in rosacea inflammation. It was identified

that instead of iOPN, keratinocyte-derived sOPN played a crucial

role in promotingM1macrophage polarization in vitro. It was shown

that iOPN promoted IL1B expression in keratinocytes. IL1B was one
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of the M1 macrophage marker. However, the role of extracellular

IL1B in macrophage polarization remained unclear. RhOPN was

added to si-OPN-treated HaCaTs to study the role of sOPN in

keratinocytes. The results showed that sOPN could not promote IL1B

expression in keratinocytes. Similarly, the level of IL1B expression

was not changed in macrophages treated with rhOPN. Moreover,

some inflammatory mediators regulated by iOPN may also indirectly
Frontiers in Immunology 12
affect macrophage polarization and need to be further clarified. Some

studies have revealed IL-1, IL-10, IL-12, IL-17, and IFN-g (37, 49), of
which secretion was regulated by OPN in different cells and tissues.

Disruption of the crosstalk between keratinocytes and immune cells is

expected to be a promising therapeutic target for rosacea treatment.

In addition, sOPN or iOPN-specific knock-in mice will be helpful to

better understand the different roles of iOPN and sOPN in vivo.
B
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FIGURE 6

OPN secreted by LL37-induced keratinocytes promoted M1 macrophage polarization. (A) THP-1-derived macrophages (M0) were co-cultured with
LL37-induced and si-OPN-treated HaCaTs for 48 hours, and the mRNA expression levels of IL6, TNFa, and CCL2 were determined by qRT-PCR.
Data represent the mean ± SEM. One-way ANOVA with Tukey’s post hoc test was used for statistical analyses. **p < 0.01, ***p < 0.001, ****p <
0.0001. Ns, no significance. (B) THP-1-derived macrophages (M0) were co-cultured with LL37-induced LV-NC HaCaTs, LV-sOPN HaCaTs, and LV-
iOPN HaCaTs for 48 hours, and the mRNA expression levels of IL6, TNFa, and CCL2 were determined by qRT-PCR. Data represent the mean ± SEM.
One-way ANOVA with Tukey’s post hoc test was used for statistical analyses. **p < 0.01. Ns, no significance. (C) THP-1-derived macrophages(M0)
were stimulated with rhOPN for 48 hours, and the mRNA expression levels of IL6, TNFa, and CCL2 were determined by qRT-PCR. Data represent
the mean ± SEM. T-test was used for statistical analyses. **p < 0.01, ****p < 0.0001.
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In conclusion, our study sheds light on the pivotal role of sOPN

and iOPN in the pathogenesis of rosacea (Figure 7). Understanding

the role of iOPN and sOPN may provide evidence for their use as

biomarkers and therapeutic targets in rosacea.
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FIGURE 7

Schematic diagram of sOPN and iOPN in the pathogenesis of rosacea. sOPN and iOPN play different roles in the pathogenesis of rosacea. iOPN
plays a crucial role in the upregulation of pro-inflammatory cytokine IL1B expression via ERK1/2 and JNK signaling pathways. sOPN participates in
keratinocyte-macrophage crosstalk by promoting M1 macrophage polarization.
g

https://doi.org/10.3389/fimmu.2023.1285951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tang et al. 10.3389/fimmu.2023.1285951
Conceptualization, Funding acquisition, Methodology, Writing –

review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by National Natural Science Foundation of China

(81874249), Guangdong Basic and Applied Basic Research

Foundation (2020A1515011125), Shenzhen Bay Laboratory Open

Program (SZBL2019062801001), Shenzhen Basic Research Grants

(JCYJ20220530160207016) and Scientific Research Foundation of

Peking University Shenzhen Hospital (KYQD2021049).
Acknowledgments

We would like to thank the Biomedical Research Institute of

Shenzhen Peking University - The Hong Kong University of Science

and Technology Medical Center for providing platform support

and technical assistance. We would also like to acknowledge the

availability of the preprint version of this manuscript on Research

Square under the DOI:10.21203/rs.3.rs-3651651/v1 (50).
Frontiers in Immunology 14
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1285951/

full#supplementary-material
References
1. van Zuuren EJ, Arents BWM, van der Linden MMD, Vermeulen S, Fedorowicz Z,
Tan J. Rosacea: new concepts in classification and treatment. Am J Clin Dermatol
(2021) 22(4):457–65. doi: 10.1007/s40257-021-00595-7

2. Oge LK, Muncie HL, Phillips-Savoy AR. Rosacea: diagnosis and treatment. Am
Fam Physician (2015) 92(3):187–96.

3. Steinhoff M, Schauber J, Leyden JJ. New insights into rosacea pathophysiology: a
review of recent findings. J Am Acad Dermatol (2013) 69(6 Suppl 1):S15–26.
doi: 10.1016/j.jaad.2013.04.045

4. Piipponen M, Li D, Landén NX. The immune functions of keratinocytes in skin
wound healing. Int J Mol Sci (2020) 21(22):8790. doi: 10.3390/ijms21228790

5. Buhl T, Sulk M, Nowak P, Buddenkotte J, McDonald I, Aubert J, et al. Molecular
and morphological characterization of inflammatory infiltrate in rosacea reveals
activation of Th1/Th17 pathways. J Invest Dermatol (2015) 135(9):2198–208.
doi: 10.1038/jid.2015.141

6. Muto Y, Wang Z, Vanderberghe M, Two A, Gallo RL, Di Nardo A. Mast cells are
key mediators of cathelicidin-initiated skin inflammation in rosacea. J Invest Dermatol
(2014) 134(11):2728–36. doi: 10.1038/jid.2014.222

7. Deng Z, Chen M, Liu Y, Xu S, Ouyang Y, Shi W, et al. A positive feedback loop
between mTORC1 and cathelicidin promotes skin inflammation in rosacea. EMBOMol
Med (2021) 13(5):e13560. doi: 10.15252/emmm.202013560

8. Harden JL, Shih YH, Xu J, Li R, Rajendran D, HoflandH, et al. Paired transcriptomic
and proteomic analysis implicates IL-1b in the pathogenesis of papulopustular rosacea
explants. J Invest Dermatol (2021) 141(4):800–9. doi: 10.1016/j.jid.2020.08.013

9. Coillard A, Segura E. In vivo differentiation of human monocytes. Front Immunol
(2019) 10:1907. doi: 10.3389/fimmu.2019.01907

10. Watanabe S, Alexander M, Misharin AV, Budinger GRS. The role of
macrophages in the resolution of inflammation. J Clin Invest (2019) 129(7):2619–28.
doi: 10.1172/JCI124615

11. Yunna C, Mengru H, Lei W, Weidong C. Macrophage M1/M2 polarization. Eur
J Pharmacol (2020) 877:173090. doi: 10.1016/j.ejphar.2020.173090

12. Liu YC, Zou XB, Chai YF, Yao YM. Macrophage polarization in inflammatory
diseases. Int J Biol Sci (2014) 10(5):520–9. doi: 10.7150/ijbs.8879

13. Hristodorov D, Mladenov R, von Felbert V, Huhn M, Fischer R, Barth S, et al.
Targeting CD64 mediates elimination of M1 but not M2 macrophages in vitro and in
cutaneous inflammation in mice and patient biopsies. MAbs (2015) 7(5):853–62.
doi: 10.1080/19420862.2015.1066950
14. Shin D, Choi W, Bae H. Bee venom phospholipase A2 alleviate house dust mite-
induced atopic dermatitis-like skin lesions by the CD206 mannose receptor. Toxins
(Basel) (2018) 10(4):146. doi: 10.3390/toxins10040146

15. Zhou L, Zhao H, Zhao H, Meng X, Zhao Z, Xie H, et al. GBP5 exacerbates
rosacea-like skin inflammation by skewing macrophage polarization towards M1
phenotype through the NF-kB signalling pathway. J Eur Acad Dermatol Venereol
(2023) 37(4):796–809. doi: 10.1111/jdv.18725

16. Si J, Wang C, Zhang D, Wang B, Zhou Y. Osteopontin in bone metabolism and
bone diseases. Med Sci Monit (2020) 26:e919159. doi: 10.12659/MSM.919159

17. Klement JD, Paschall AV, Redd PS, Ibrahim ML, Lu C, Yang D, et al. An
osteopontin/CD44 immune checkpoint controls CD8+ T cell activation and tumor
immune evasion. J Clin Invest (2018) 128(12):5549–60. doi: 10.1172/JCI123360

18. Rittling SR. Osteopontin in macrophage function. Expert Rev Mol Med (2011)
13:e15. doi: 10.1017/S1462399411001839

19. Hunter C, Bond J, Kuo PC, Selim MA, Levinson H. The role of osteopontin and
osteopontin aptamer (OPN-R3) in fibroblast activity. J Surg Res (2012) 176(1):348–58.
doi: 10.1016/j.jss.2011.07.054

20. Rittling SR, Singh R. Osteopontin in immune-mediated diseases. J Dent Res
(2015) 94(12):1638–45. doi: 10.1177/0022034515605270

21. Zhao H, Chen Q, Alam A, Cui J, Suen KC, Soo AP, et al. The role of osteopontin
in the progression of solid organ tumour. Cell Death Dis (2018) 9(3):356. doi: 10.1038/
s41419-018-0391-6

22. Singh A, Gill G, Kaur H, Amhmed M, Jakhu H. Role of osteopontin in bone
remodeling and orthodontic tooth movement: a review. Prog Orthod (2018) 19(1):18.
doi: 10.1186/s40510-018-0216-2

23. Bastos A, Gomes AVP, Silva GR, Emerenciano M, Ferreira LB, Gimba ERP. The
intracellular and secreted sides of osteopontin and their putative physiopathological
roles. Int J Mol Sci (2023) 24(3):2942. doi: 10.3390/ijms24032942

24. Jia R, Liang Y, Chen R, Liu G, Wang H, Tang M, et al. Osteopontin facilitates
tumor metastasis by regulating epithelial-mesenchymal plasticity. Cell Death Dis (2016)
7(12):e2564. doi: 10.1038/cddis.2016.422

25. Yamasaki K, Di Nardo A, Bardan A, Murakami M, Ohtake T, Coda A, et al.
Increased serine protease activity and cathelicidin promotes skin inflammation in
rosacea. Nat Med (2007) 13(8):975–80. doi: 10.1038/nm1616

26. Lee HJ, Hong YJ, Kim M. Angiogenesis in chronic inflammatory skin disorders.
Int J Mol Sci (2021) 22(21):12035. doi: 10.3390/ijms222112035
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1285951/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1285951/full#supplementary-material
https://doi.org/10.1007/s40257-021-00595-7
https://doi.org/10.1016/j.jaad.2013.04.045
https://doi.org/10.3390/ijms21228790
https://doi.org/10.1038/jid.2015.141
https://doi.org/10.1038/jid.2014.222
https://doi.org/10.15252/emmm.202013560
https://doi.org/10.1016/j.jid.2020.08.013
https://doi.org/10.3389/fimmu.2019.01907
https://doi.org/10.1172/JCI124615
https://doi.org/10.1016/j.ejphar.2020.173090
https://doi.org/10.7150/ijbs.8879
https://doi.org/10.1080/19420862.2015.1066950
https://doi.org/10.3390/toxins10040146
https://doi.org/10.1111/jdv.18725
https://doi.org/10.12659/MSM.919159
https://doi.org/10.1172/JCI123360
https://doi.org/10.1017/S1462399411001839
https://doi.org/10.1016/j.jss.2011.07.054
https://doi.org/10.1177/0022034515605270
https://doi.org/10.1038/s41419-018-0391-6
https://doi.org/10.1038/s41419-018-0391-6
https://doi.org/10.1186/s40510-018-0216-2
https://doi.org/10.3390/ijms24032942
https://doi.org/10.1038/cddis.2016.422
https://doi.org/10.1038/nm1616
https://doi.org/10.3390/ijms222112035
https://doi.org/10.3389/fimmu.2023.1285951
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tang et al. 10.3389/fimmu.2023.1285951
27. Yoon SH, Hwang I, Lee E, Cho HJ, Ryu JH, Kim TG, et al. Antimicrobial peptide
LL-37 drives rosacea-like skin inflammation in an NLRP3-dependent manner. J Invest
Dermatol (2021) 141(12):2885–94.e5. doi: 10.1016/j.jid.2021.02.745

28. Shih YH, Xu J, Kumar A, Li R, Chang ALS. Alterations of immune and
keratinization gene expression in papulopustular rosacea by whole transcriptome
analysis. J Invest Dermatol (2020) 140(5):1100–3.e4. doi: 10.1016/j.jid.2019.09.021

29. Liu T, Deng Z, Xie H, Chen M, Xu S, Peng Q, et al. ADAMDEC1 promotes skin
inflammation in rosacea via modulating the polarization of M1 macrophages. Biochem
Biophys Res Commun (2020) 521(1):64–71. doi: 10.1016/j.bbrc.2019.10.073

30. Xu HT, Lee CW, Li MY, Wang YF, Yung PS, Lee OK. The shift in macrophages
polarisation after tendon injury: A systematic review. J Orthop Translat (2020) 21:24–
34. doi: 10.1016/j.jot.2019.11.009

31. Rebholz B, Haase I, Eckelt B, Paxian S, Flaig MJ, Ghoreschi K, et al. Crosstalk
between keratinocytes and adaptive immune cells in an IkappaBalpha protein-
mediated inflammatory disease of the skin. Immunity (2007) 27(2):296–307.
doi: 10.1016/j.immuni.2007.05.024

32. Woo YR, Lim JH, Cho DH, Park HJ. Rosacea: molecular mechanisms and
management of a chronic cutaneous inflammatory condition. Int J Mol Sci (2016) 17
(9):1562. doi: 10.3390/ijms17091562
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