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IL36G is associated with
cutaneous antiviral
competence in psoriasis

You-Wang Lu1,2†, Yong-Jun Chen3†, Nian Shi3, Lu-Hui Yang1,
Hong-Mei Wang1, Rong-Jing Dong1,2,3*, Yi-Qun Kuang4,5*

and Yu-Ye Li1*

1Department of Dermatology and Venereology, First Affiliated Hospital of Kunming Medical
University, Kunming, China, 2Hubei Provincial Key Laboratory of Occurrence and Intervention of
Kidney Diseases, Medical College, Hubei Polytechnic University, Huangshi, China, 3Department of
Dermatology, Huangshi Central Hospital, Affiliated Hospital of Hubei Polytechnic University, Edong
Healthcare Group, Huangshi, China, 4NHC Key Laboratory of Drug Addiction Medicine, First
Affiliated Hospital of Kunming Medical University, Kunming Medical University, Kunming, China,
5Scientific Research Laboratory Center, First Affiliated Hospital of Kunming Medical University,
Kunming, China
Background: Psoriasis is a common inflammatory skin disease that has a great

impact on patients’ physical and mental health. However, the causes and

underlying molecular mechanisms of psoriasis are still largely unknown.

Methods: The expression profiles of genes from psoriatic lesion samples and

skin samples from healthy controls were integrated via the sva software

package, and differentially expressed genes (DEGs) between psoriasis and

healthy skin were screened by the limma package. Furthermore, GO and

KEGG pathway enrichments for the DEGs were performed using the

Clusterprofiler package. Protein–protein interaction (PPI) networks for the

DEGs were then constructed to identify hub genes. scGESA analysis was

performed on a single-cell RNA sequencing dataset via irGSEA. In order to

find the cytokines correlated with the hub genes expression, single cell

weighted gene co-expression network analyses (scWGCNA) were utilized to

build a gene co-expression network. Furthermore, the featured genes of

psoriasis found in suprabasal keratinocytes were intersected with hub genes.

We then analyzed the expression of the intersection genes and cytokines in the

integrated dataset. After that, we used other datasets to reveal the changes in

the intersection genes’ expression levels during biological therapy. The

relationship between intersection genes and PASI scores was also explored.

Results: We identified 148 DEGs between psoriatic and healthy samples. GO

and KEGG pathway enrichment analysis suggested that DEGs are mainly

involved in the defense response to other organisms. The PPI network

showed that 11 antiviral proteins (AVPs) were hub genes. scGSEA analysis in

the single-cell transcriptome dataset showed that those hub genes are highly

expressed in keratinocytes, especially in suprabasal keratinocytes. ISG15, MX1,

IFI44L, and IFI27 were the characteristic genes of psoriasis in suprabasal

keratinocytes. scWGCNA showed that three cytokines—IL36G, MIF, and
frontiersin.org01
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IL17RA—were co-expressed in the turquoise module. Only interleukin-36

gamma (IL36G) was positively correlated with AVPs in the integrated dataset.

IL36G and AVPs were found co-expressed in a substantial number of

suprabasal keratinocytes. Furthermore, we found that the expression levels of

IL36G and the 4 AVPs showed positive correlation with PASI score in patients

with psoriasis, and that these levels decreased significantly during treatment

with biological therapies, but not with methotrexate.

Conclusion: IL36G and antiviral proteins may be closely related with the

pathogenesis of psoriasis, and they may represent new candidate molecular

markers for the occurrence and severity of psoriasis.
KEYWORDS

psoriasis, antiviral protein (AVP), IL36G, keratinocyte, treatment
Introduction

Psoriasis is a common immune-mediated inflammatory

dermatosis, prevalent worldwide, that can have serious effects

on patients’ physical and mental health (1). The pathogenesis of

psoriasis depends on genetic susceptibility, infection, immune

abnormalities, and psychoneurotic factors, resulting in

chronicity and leaving patients prone to the recurrence of

erythematous plaques with adherent silvery scales (2). The

main pathological characteristics of psoriatic lesions are

hyperproliferation and aberrant differentiation of epidermal

keratinocytes. Even though much is known about this

condition, the multifactorial nature of its pathogenesis has not

been studied thoroughly. In particular, the extent of the role

in f ec t ion p lays in the pa thogenes i s o f p so r i a s i s

remains controversial.

A previous study found that persistent subclinical

streptococcal and staphylococcal infections may be responsible

for not only recurrent acute guttate psoriasis, but also new

episodes of chronic plaque psoriasis (3). Recent studies have

demonstrated that the pathophysiology of psoriasis is closely

associated with antimicrobial peptides (AMPs), including

cathelicidin (LL-37), human b-defensins, S100 proteins, and

lipocalin 2 (4–6). AMPs are an essential part of the innate

immune system’s defense against pathogen-based infections

(7). Furthermore, it has been confirmed that infection is

involved in the pathological mechanism of psoriasis. Levels of

keratinocyte-derived antiviral proteins (AVPs) of 2–5-

oligoadenylate synthase 2 (OAS2) were found to be

significantly elevated in both the epidermis and serum of

psoriasis patients (8). Gao et al. found that AVPs, such as

ISG15, MX1, OAS2, OASL, and OAS3, were overexpressed in

cultured human keratinocyte cells (HaCaT) stimulated by tumor

necrosis factor-alpha (TNF-a) in a psoriasis cell model (9).
02
5

Moreover, ISG15, RSAD2, IRF7, MX2, and TRIM22 have been

found to be overexpressed in psoriatic skin. However, another

study found no increased expression of AVPs in skin affected by

atopic dermatitis, a chronic inflammatory disease similar to

psoriasis (10). It is therefore of interest to determine the link

between skin antiviral phenotype and the pathogenesis of

psoriasis. Therefore, it is imperative to explore the roles of

AVPs in the occurrence of psoriasis.

Herein, we merged five mRNA microarray datasets from the

gene expression omnibus (GEO) database to screen for

differentially expressed genes (DEGs) between psoriasis and

healthy samples. Subsequently, enrichment analysis and

protein–protein interaction (PPI) network analysis were

performed to screen for the hub gene. We then explored the

underlying mechanism of hub genes in a single-cell

transcriptome. The workflow for this study is shown in

Figure S1.
Material and methods

Data sources and preprocessing

We obtained the psoriasis transcriptome dataset from GEO,

which included the GSE13355 dataset (58 psoriatic lesion samples

and 58 non-lesion samples), the GSE30999 dataset (85 psoriatic

lesion samples and 85 non-lesion samples), the GSE34248 dataset

(14 psoriatic lesion samples and 14 non-lesion samples), the

GSE41662 dataset (24 psoriatic lesion samples and 24 non-

lesion samples), the GSE14905 dataset (33 psoriatic lesion

samples and 28 non-lesion samples), and the GSE162183

dataset (including the lesions of 3 patients and similar regions

from 3 healthy donors). Besides these datasets, the GSE85034 (30

psoriatic lesion tissues before and after adalimumab or
frontiersin.org
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methotrexate (MTX) treatment), GSE51440 (39 psoriatic lesion

tissues before and after guselkumab treatment), GSE117468 (41

psoriatic lesion tissues before and after brodalumab treatment and

44 psoriatic lesion tissues before and after ustekinumab

treatment), GSE41664 (36 psoriatic lesion tissues before and

after etanercept treatment), and GSE69967 (26 psoriatic lesion

tissues before and after tofacitinib treatment) datasets are also

included in our study (Table 1).

All patients whose samples were included in this study were

diagnosed with psoriasis vulgaris. The list of cytokines was

obtained from https : //www.immport .org/resources/

cytokineRegistry. During data integration, when a given gene

expression was detected across all five datasets, the genes were

preserved for further analysis. The expression profiles were

integrated via the Combat function of the sva package (11) to

remove the batch effects.
Analysis of differentially expressed genes

The DEGs between psoriasis and normal tissues were

identified by the limma R software package. Moreover, |log2

fold change (FC) |≥ 2, with an adjusted p-value of < 0.05, was set

as the threshold for differentially expressed genes selection.
GO and KEGG pathway enrichment
analyses

The Gene Ontology (GO) and Kyoto Encyclopedia of Genes

and Genomes (KEGG) enrichment analyses were performed

using the clusterProfiler software package (v 4.4.1) to explore the

biological function of the DEGs. GO terms of the KEGG

pathway with a false discovery rate (FDR) < 0.05 were

considered to be significantly enriched.
Frontiers in Immunology 03
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Construction of the protein–protein
interaction network and hub gene
screening

The DEGs were imported into the STRING protein database

(STRING11.5; https://string-db.org/) with a combined score >0.9

was adjusted to obtain the protein–protein interaction network.

The plug-in CytoHubba (http://apps.cytoscape.org/cytohubba)

was used to calculate the topological characteristic parameters

of the nodes in the PPI network to screen out the hub genes. The

degree method was used to explore the hub genes in the PPI

network, and the screening condition was degrees ≥ 10.
Data processing for single-cell RNA
sequencing

The GSE162183 expression matrices were obtained from the

GEO database. Quality control and dimensionality reduction

were performed by the Seurat software package (v4.1.1). For the

initial QC step, we created Seurat objects for the normal and

psoriasis groups and filtered out the cells that expressed < 200

genes. Genes expressed in fewer than 3 cells were also excluded. I

gene expression profiles of the remaining cells were then

normalized, and 2,000 highly variable genes from each sample

were identified by the vst method. All genes were scaled, and the

principal component analysis was conducted. The cells were

clustered by unsupervised clustering (resolution = 0.5) and

visualized by umap using the top 20 principal components.

Cell-type annotation was performed using the singleR software

package (v 1.8.1) and refined with manual annotation.

Integration of all single-cell rank-based gene set enrichment

analyses with the AVPs was performed by irGSEA (v 1.1.2), and

the calculation of the enrichment scoring method was set

as UCell.
TABLE 1 The GEO datasets included in the present study.

GEO accession Diagnosis Treatment Lesional skin Non-lesional Platforms Severity PubMed ID

GSE13355 psoriasis vulgaris None 58 58 GPL570 NA* 19169254

GSE30999 psoriasis vulgaris None 85 85 GPL570 moderate to severe 22763790

GSE34248 psoriasis vulgaris None 14 14 GPL570 NA 23308107

GSE41662 psoriasis vulgaris None 24 24 GPL570 moderate to severe 23308107

GSE14905 psoriasis vulgaris None 33 28 GPL570 NA 18648529

GSE162183 psoriasis vulgaris None 3 3 GPL24676 NA 33958582

GSE85034 psoriasis vulgaris Adalimumab 16 weeks 17 17 GPL10558 moderate to severe 27667537

GSE85034 psoriasis vulgaris MTX 16 weeks 13 13 GPL10558 moderate to severe 27667537

GSE117468 psoriasis vulgaris Brodalumab 12 weeks 41 41 GPL570 moderate to severe 31883845

GSE117468 psoriasis vulgaris Ustekinumab 12 weeks 44 44 GPL570 moderate to severe 31883845

GSE41664 psoriasis vulgaris Etanercept 12 weeks 36 36 GPL570 moderate to severe 23308107

GSE69967 psoriasis vulgaris Tofacitinib 12 weeks 26 26 GPL570 moderate to severe 27059729
*NA, not available.
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Single-nucleus consensus weighted gene
coexpression network analysis

Single-nucleus consensus weighted gene coexpression

network analysis (scWGCNA) is a systematic biological

method used to construct a scale-free network based on

single-cell gene expression profiles. In the present study,

scWGCNA was performed on the expressions and clinical

prototypes found in the GSE162183 dataset. First, we

constructed metacells with k = 200, then a signed similarity

matrix was created. The signed similarity matrix was then raised

to power b = 16, varying between cell types, to emphasize strong

correlations and reduce the emphasis of weak correlations on an

exponential scale. The resulting adjacency matrix was then

transformed into a topological overlap matrix. Modules were

defined using specific module-cutting parameters, including a

minimum module size of 25 genes, a deepSplit score of 2, and a

merge Cut Height of 0.6. Module eigengenes (MEs) were

identified using the package’s ME function, and signed module

membership (MM) was utilized to determine the correlation of

MEs with individual genes. Gene significance (GS) was defined

as the correlation between the gene expression level and the

psoriasis. Modules with the strongest positive correlations with

psoriasis were selected.

Statistical analysis

All statistical analyses were performed on R software

(v4.1.2). Differences between groups were compared by the

Mann-Whitney-Wilcoxon test. The correlation between

immune infiltrating cells and core genes was measured by

Pear’on’s chi-square test. An adjusted p-value of < 0.05 was

considered statistically significant.

Results

Differential gene expression analysis

The GSE13355, GSE30999, GSE34248, GSE41662, and

GSE14905 datasets were merged into an integrated dataset,

which contained 214 psoriatic lesion samples (LS) and 209

non-lesion samples (NL). Before the adjustment, the clustering

of samples was largely driven by batch effect, which is due to

merging the data from different datasets (Figure 1A). After

applying ComBat, the batch effect was mitigated (i.e., samples

from different datasets were mixed together) (Figure 1B).

The gene differential expression in the integrated dataset

was analyzed via the limma package. Based on standard

threshold values for |log2 fold change (FC) |≥ 2, with an

adjusted p-value of < 0.05, 148 DEGs were identified, 125 of

which were up-regulated and 23 of which were down-regulated

(Figures 1C, D) (Table S1).
Frontiers in Immunology 04
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Pathway enrichment analysis and
protein–protein interaction analysis

To further investigate the biological functions of the DEGs,

we performed a pathway enrichment analysis. The result of the

GO enrichment analysis showed that DEGs were mainly related

to defense responses to other organisms, to the antimicrobial

humoral response, and to the response to virus (Figure 2A; Table

S2). The KEGG enrichment analysis showed that DEGs were

mainly associated with viral proteins interacting with cytokines

and cytokine receptors, cytokine–cytokine receptor interactions,

and the interleukin (IL)-17 signaling pathway (Figure 2B)

(Table S3).

To screen for hub genes, we first constructed a protein–

protein interaction (PPI) network with 32 nodes and 1347

interaction edges (Figure 2C). In the PPI network, a total of 11

genes (RSAD2, IFIT1, MX1, ISG15, IFI27, OAS3, OAS2, IFI6,

IRF7, OAS1, and IFI44L) were identified as hub genes with

degrees ≥ 10 (Table S4). All of those genes were AVPs, and were

significantly upregulated in psoriatic lesions (Figure 2D).
GSEA of scRNA-seq

To investigate the expression of AVPs in psoriatic lesions at

single-cell resolution, we collected tissue from 3 psoriasis

patients and tissue of a similar region from 3 healthy donors

and performed single-cell RNA sequencing (scRNA-seq). After

standard data processing and quality control procedures, we

obtained transcriptomic profiles for 24,234 cells. Principal cell

clusters were classified using an unsupervised graph-based

clustering strategy. Cells with similar profiles were annotated

using the singleR package.

The cellular composition is shown in Figure 3A. Single-cell

rank-based gene set enrichment analysis (GSEA) showed that

the enrichment score was higher in keratinocytes (including

suprabasal keratinocyte and basal keratinocyte) (Figure 3B). The

AVP expression levels in cell populations of the psoriatic lesions

and normal skin are shown in Figure S2. ISG15, MX1, IFI44L,

and IFI27 were the characteristic psoriasis genes found in

suprabasal keratinocytes (Table S5).
Use of scWGCNA to screen the
cytokines correlated with AVP expression

The scWGCNA package was used to merge 200 cells into a

metacell, which was then used to screen module genes associated

with psoriasis in the dataset (GSE162183). A dendrogram of

samples with clinical traits were clustered using the average

linkage method and Pearson’s correlation method (Figure 4A).

We determined the soft threshold of 16 by calculating the scale-
frontiersin.org
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free model fit and mean connectivity (Figures 4B, C). Different

module genes in the dynamic tree cut were re-clustered through

a topological similarity strategy. Eventually, seven modules

developed after merging, and the turquoise module was found

to be strongly correlated with psoriasis (Figure 4D). We then

analyzed the correlation of each module with two clinical traits

(normal and psoriasis). We found that AVPs were present in the

turquoise module (cor = 0.39, p = 2.5e−165) (Figure 4E) and

therefore extracted cytokines from that module (Figure 4F; Table

S6). We obtained three cytokines (MIF, IL17RA, and IL36G) and

analyzed the relationship between those cytokines and the AVPs.

Only interleukin-36 gamma (IL36G) was found to positively

correlate with AVPs (Table S7).
High levels of AVPs and IL36G in
suprabasal keratinocytes

Of all the IL36G-expressing cells in the scRNA-seq data,

IL36G-expressing cells were mainly found in suprabasal

keratinocytes (Figure 5A). IL36G was upregulated in psoriatic
Frontiers in Immunology 05
8

skin compared with normal skin (Figure 5B). The IL36G-

expressing suprabasal keratinocytes from normal skin did not

express any AVPs (Figure 5C). The IL36G that was highly

expressed in the suprabasal keratinocytes from the psoriatic

lesions was also highly co-expressed with AVPs (Figure 5D).

Suprabasal keratinocytes from psoriatic lesions expressed more

AVPs and IL36G than suprabasal keratinocytes from the control

skin (Figures 5E, F).
Expression of AVPs and IL36G in patients
with psoriasis before and after therapy

The expression levels of the AVPs and IL36G in psoriatic

lesions were significantly decreased during treatment, especially

at 12 weeks or 16 weeks of treatment. The downward trend was

even more pronounced with biologic therapies (adalimumab,

ustekinumab and brodalumab, tofacitinib, etanercept) than with

MTX (Figures 6A–F). We therefore conclude that biological

therapy is superior to other drugs in reducing the level of AVPs

in psoriasis.
B

C D

A

FIGURE 1

Analysis of the differentially expressed genes within the integrated dataset. (A) Principal component analysis (PCA) before batch effect
adjustment. Samples from the different datasets cluster together. (B) PCA after batch effect adjustment. Samples from different datasets overlap.
Red points: samples from GSE1335. Olive green points: samples from GSE14905. Spring green points: samples from GSE30999. Blue points:
samples from GSE34248. Pink points: samples from GSE41662. (C) The DEG Volcano map shows genes in psoriatic lesion samples (LS) and
non-lesion samples (NL). Up-regulated genes are in red; down-regulated genes are in green. (D) DEG expression heat map of skin tissue, with
high expression in red and low expression in green.
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The correlation between AVPs, IL36G
expression levels, and psoriasis area
severity index scores during therapy

In order to explore the association between the AVPs and

IL36G expression levels in the context of psoriasis severity, we

further investigated the relationship between levels of AVPs and

IL36G and Psoriasis Area Severity Index (PASI) scores during

psoriasis treatment. Levels of AVPs and IL36G were positively

correlated with PASI scores during treatment with adalimumab,

ustekinumab, brodalumab, MTX, and tofacitinib. These results

therefore suggest that AVPs and IL36G play a role in the severity

of psoriasis (Figures 7A–E).
Discussion

It is well accepted that infection with many different

microorganisms or viruses, including b-haemolytic

streptococci, Staphylococcus aureus, Po`rphyromonas gingivalis,

Candida albicans, Chlamydia psittaci, HIV, and hepatitis C

virus, is a common trigger or exacerbation factor for psoriasis

(12). In particular, acute guttate psoriasis is generally thought to

be caused by bacterial infection, such as streptococcal infection
Frontiers in Immunology 06
9

(13). Beyond the classical role of T helper cell 1 (Th1)/Th2

homeostasis and the IL17/IL23 axis, recently described AMPs

have been found to play a role in the immunopathogenesis of

psoriasis, further confirming the relationship between infection

and psoriasis (4). Numerous high-throughput sequencing

studies have suggested that the skin microbiome could play a

role in the pathogenesis and therapeutic effect monitoring of

psoriasis (14–16) and that AMPs could modify host

microenvironments and regulate the colonization of

microorganisms (17). It has been suggested that increased

expression levels of AMPs could be involved in the

pathogenesis of psoriasis (18). AMPs and AVPs are two

important functional protein clusters mediating innate

immune in psoriatic epidermis. However, the role of AVPs in

the keratinocytes of psoriatic lesions remains unelucidated.

In this study, a series of bioinformatics analyses was

performed on microarray and single-cell gene expression

datasets. We found that the DEGs were mainly associated with

a defense response to other organisms, with the type I interferon

(IFN) signaling pathway, with the interactions between viral

proteins and cytokines, and with the cytokine receptor and

cytokine–cytokine receptor interaction pathway. The hub

genes were AVPs (RSAD2, IFIT1, MX1, ISG15, IFI27, OAS3,

OAS2, IFI6, IRF7, OAS1, and IFI44), which were highly
B

C D

A

FIGURE 2

Pathway enrichment analyses and PPI network of DEGs. (A) Bar chart of differentially expressed genes’ GO enrichment analysis. (B) Bubble chart
of differentially expressed genes’ KEGG enrichment analysis. The top 10 pathway enrichments are shown. (C) The PPI network of the DEGs.
(D) Hub genes’ expression between psoriatic lesion samples (LS) and non-lesion samples (NL). p values were calculated using a Wilcoxon
signed-rank test. Asterisks corresponding to p values<0.05 (****< 0.0001).
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expressed within the keratinocytes in psoriatic lesions.

Moreover, IL36G may interplay with ISG15, MX1, IFI44L, and

IFI27 in the execution of antiviral function within

suprabasal keratinocytes.

Recent findings have demonstrated that the genes of AVPs

were overexpressed in psoriatic lesions (8, 10, 19). Zhou et al.
Frontiers in Immunology 07
10
found that the keratinocyte-derived OAS2 expression level was

positively correlated with PASI scores and decreased after

therapy (8). Moreover, in TNF-a–induced HaCaT cells, ISG15

and MX1 were significantly up-regulated (9). Within this series

of AVP genes, Mx proteins, such as MX1, are known for

inhibiting negative-strand RNA viruses (4, 20).
BA

FIGURE 3

Overview of the single-cell landscape for psoriatic lesions. (A) A UMAP view and clustering analysis of combined single-cell transcriptome data
from psoriasis and normal skin (n = 24234). Clusters are distinguished by different colors, with the general identity of each cell cluster shown on
the right. (B) Density scatterplot of AVP gene set. UMAP, uniform manifold approximation and projection; AVP, antiviral protein.
B C

D E F

A

FIGURE 4

Construction of co-expression modules by the scWGCNA. (A) Clustering dendrogram of samples with trait heatmap. (B) The relationship
between the scale-free fit index and various soft-thresholding powers. (C) The relationship between the mean connectivity and various soft-
thresholding powers. (D) The cluster dendrogram of genes in GSE162183. Branches of the cluster dendrogram of the most connected genes
gave rise to 7 gene co-expression modules. (E) Heatmap of the correlation between module eigengenes and clinical phenotype (normal and
psoriasis). (F) Scatter plot describing the relationship between MM and GS in the turquoise module.
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FIGURE 5

Expression of IL36G and AVPs in suprabasal keratinocytes of psoriatic lesions. (A) IL36G expression in total scRNA-seq data is visualized in low-
dimensional space. (B) Violin plot of each cell cluster. (C) Co-expression of IL36G and AVPs in normal skin keratinocytes. (D) Co-expression of
IL36G and AVPs in suprabasal keratinocytes of psoriatic lesions. (E, F) Cells with expression of ISG15, MX1, and IL36G (E) and IFI44L, IFI27, and
IL36G (F) within suprabasal keratinocytes in normal and psoriatic skin are quantified by number of cells.
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FIGURE 6

Expression of AVPs and IL36G during treatment. (A) Expression of AVPs and IL36G during ustekinumab treatment. (B) Expression of AVPs and
IL36G during brodalumab treatment. (C) Expression of AVPs and IL36G during tofacitinib treatment. (D) Expression of AVPs and IL36G during
etanercept treatment. (E) Expression of AVPs and IL36G during adalimumab treatment. (F) Expression of AVPs and IL36G during MTX treatment.
MTX, methotrexate. p values were calculated using a Wilcoxon signed-rank test. Asterisks corresponding to p values<0.05 (*< 0.05, **< 0.01,
***< 0.001, ****< 0.0001) and those with p values> 0.05 as not significant "ns" (stat_compare_means function).
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Interferon-stimulated genes (ISGs) are cellular products that

mediate the type I interferon response against a wide range of

invading viruses. Only a few ISGs, such as ISG15, IRF7, IFIT1,

IFI27, IFI6, and IFI44L, have antimicrobial activity (21). ISG15

(interferon-stimulated gene product 15) participates in many

antiviral signaling pathways to directly promote viral clearance

(22). IFI27 (interferon a–inducible protein 27) is involved in the

proliferation of skin keratinocytes, both in imiquimod-induced

psoriasis-like skin and in HaCaT cells (23). Although extensive

research confirms that the ISG family are involved in various

bacterial and viral infections, the novel functions of AVPs in

psoriatic keratinocytes need to be thoroughly investigated.
Frontiers in Immunology 10
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Although T cells are currently considered to be the main

driver of psoriasis, keratinocytes play an important role in

regulating inflammation and relapse (24). Epidermal

keratinocytes secrete antimicrobial peptides, LL-37, and

cytokines like TNF-a, IL6, and IL36 to activate Th1/Th17

cells, which interact with each other to regulate the

proliferation and differentiation of keratinocytes (25). IL36G is

a pro-inflammatory cytokine whose role in the pathogenesis of

psoriasis has been extensively described (26–29). More

noteworthy is that our findings showed that AVP genes were

abundantly co-expressed with IL36G on psoriatic keratinocytes.

Previous research has suggested that IL36G may be an alarmin
B

C

D

E

A

FIGURE 7

(A–E) The relationship between the expression of three biomarkers and PASI scores during psoriasis treatment. (A) Ustekinumab treatment.
(B) Brodalumab treatment. (C) Tofacitinib treatment. (D) Adalimumab treatment. (E) Methotrexate treatment.
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that signals viral infection (30). One study suggested that IL36G

itself is a novel antiviral protein involved in the defense against

influenza virus (28). Infectious agents may induce the primary

skin barrier layers to produce large amounts of AVPs as a

response. Another study found that Th17 cells derived IL29,

but not type I IFN-mediated psoriatic keratinocyte is responsible

for the expression of the AVPs (31). Whether upregulation of

IL36G and AVPs expression in keratinocytes trigger psoriasis is

currently unknown.

In addition, the expression levels of AVPs and IL36G were

significantly positively correlated with PASI scores, and these levels

decreased dramatically during biological treatment. These

observations indicate that IL36G and AVPs may be related to the

severity of psoriasis and could be used as an indicator for therapeutic

efficacy. Research conducted by D’Erme et al. (26) also found that

IL36G was closely associated with the disease activity of psoriasis.

However, the exact productionmechanism of IL36G andAVPs, and

the regulatory relationship between them in the context of psoriasis,

have still not been sufficiently investigated.

In summary, we demonstrated that the presence of IL36G

may mediate the keratinocyte expression of AVPs such as MX1,

ISG15, IFI27, and IFI44L in psoriasis vulgaris. The co-expression

of AVP genes and IL36G was associated with psoriasis severity

and therapeutic efficacy. Our results also suggest that infection

factors and AVPs produced by keratinocytes may play an

important role in the pathogenesis of psoriasis.
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A corrigendum on

IL36G is associated with cutaneous antiviral competence in psoriasis

by Lu Y-W, Chen Y-J, Shi N, Yang L-H, Wang H-M, Dong R-J, Kuang Y-Q and Li Y-Y
(2022). Front. Immunol. 13:971071. doi: 10.3389/fimmu.2022.971071
In the published article, there was an error in the author list. You-Wang Lu and

Yong-Jun Chen contributed equally to this work and share first authorship. The

corrected author list appears below.

You-Wang Lu 1,2†, Yong-Jun Chen 3†, Nian Shi 3, Lu-Hui Yang 1, Hong-Mei Wang 1,

Rong-Jing Dong 1,2,3*, Yi-Qun Kuang 4,5*, and Yu-Ye Li 1*
†These authors have contributed equally to this work and share first authorship

In the published article, there is an error in the title. Instead of “L36G is associated

with cutaneous antiviral competence in psoriasis”, it should be “IL36G is associated with

cutaneous antiviral competence in psoriasis”.
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Interleukin (IL)-18, an interferon-g inducer, belongs to the IL-1 family of pleiotropic

pro-inflammatory factors, and IL-18 binding protein (IL-18BP) is a native antagonist

of IL-18 in vivo, regulating its activity. Moreover, IL-18 exerts an influential function

in host innate and adaptive immunity, and IL-18BP has elevated levels of

interferon-g in diverse cells, suggesting that IL-18BP is a negative feedback

inhibitor of IL-18-mediated immunity. Similar to IL-1b, the IL-18 cytokine is

produced as an indolent precursor that requires further processing into an active

cytokine by caspase-1 and mediating downstream signaling pathways through

MyD88. IL-18 has been implicated to play a role in psoriasis, atopic dermatitis,

rosacea, and bullous pemphigoid in human inflammatory skin diseases. Currently,

IL-18BP is less explored in treating inflammatory skin diseases, while IL-18BP is

being tested in clinical trials for other diseases. Thereby, IL-18BP is a prospective

therapeutic target.

KEYWORDS

IL-18 binding protein, IL-18, psoriasis, atopic dermatitis, rosacea, bullous pemphigoid,
inflammatory dermatological disease
1 Introduction

Interleukin (IL)-18, first described as an interferon (IFN)-g inducer, is a member of the

interleukin-1 (IL-1) cytokine family. IL-1 cytokines and their receptors are linked to

inflammation, fever, and immunostimulation (1). There are 11 known members of the IL-

1 family termed IL-1a, IL-1b, IL-1 receptor antagonist (Ra), IL-18, IL-33, IL-36a, IL-36b, IL-
36g, IL-36Ra, IL-37, and IL-38, of which IL-1a, IL-1b, IL-18, IL-33, IL-36a, IL-36b, and IL-

36g are pro-inflammatory and IL-1Ra, IL-36Ra, IL-37, and IL-38 are considered anti-

inflammatory (2). The IL-1 and its related family member IL-18 lack signal peptides and

are not readily secreted, except for IL-1Ra. IL-1 family proteins are synthesized as the inactive

precursors in the cytoplasm, and the precursors contain consistent conserved sequence A-X-

D, where A is likely to be an aliphatic amino acid, X represents any amino acid, and D stands

for aspartic acid (2, 3). Furthermore, like IL-1b, the IL-18 precursor is processed by the IL-1b
converting enzyme (ICE, caspase-1) to produce mature and active IL-18 (4). The IL-1 family
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members all have their corresponding receptors, and IL-1 and IL-18

receptors belong to the IL-1 receptor family (containing the Toll/IL-1

receptor (TIR) domain) (5). However, IL-18 activity can be

neutralized, and the interaction with IL-18R is prevented by a

natural inhibitor, IL-18 binding proteins (IL-18BP) (6).

Although discovered only 30 years ago, IL-18 has been reported as

a versatile cytokine that causes a multitude of biological effects

associated with infection, inflammation, and autoimmune processes,

including inflammatory bowel diseases (7, 8), chronic liver disease (9),

adult-onset Still’s disease (10), hemophagocytic syndrome (11),

rheumatoid arthritis (12), idiopathic thrombocytopenic purpura (13),

cancer (14, 15), and cardiac diseases (16). Furthermore, IL-18 and IL-

18BP are also implicated in developing psoriasis, atopic dermatitis

(AD), lupus erythematosus (LE), and other inflammatory skin diseases.

In the past years, researchers reviewed the roles of IL-18 and IL-18BP

on a diversity of skin diseases (17, 18). However, with new advances

and discoveries, to our knowledge, the detailed roles of IL-18 and its

binding protein signaling in skin diseases have not yet been thoroughly

investigated. This literature review will address the most recent updates

regarding IL-18 and IL-18BP in psoriasis, atopic dermatitis, rosacea,

and bullous pemphigoid and discuss the underlying impacts of IL-18

and IL-18BP and inflammatory disease in the skin.
2 IL-18 and IL-18BP

2.1 IL-18

IL-18, first termed IFN-g inducible factor (IGIF), has profound

effects on natural killer and T-helper (Th) cell activation (19, 20).

Furthermore, IL-18 is expressed constitutively in keratinocytes,

macrophages, Langerhans cells (LC), dendritic cells (DC), as well as

epithelial cells in the lack of an inflammatory stimulus (17, 21, 22). IL-

18 gene is located on chromosomes 11 and 9 in humans and mice,

respectively (23). Besides, IL-18 protein is expressed at high

concentrations in human keratinocyte lysates and is released as an

unprocessed 24-kDa form (21). This gene encodes IL-18 protein and

exists as pro-IL-18, mainly localized in the cytoplasm. Precursor

human IL-18 (prohIL-18) has 193 amino acids with 24-kDa

molecular weight converted into an active 18-kDa monomer of 157

amino acids by the cysteine proteinase caspase1-mediated cleavage of

an N-terminal fragment (24). Precursor murine IL-18 (mIL-18) has

192 amino acids, and mature mIL-18 is a polyfunctional cytokine

with 157 amino acids (25).

IL-18 is composed of 12 chains (S1-S12), forming three twisted 4-

strand b-folded sheets, one short a-helix (H1) and one 310-helix (H2).

The three b-sheets fold over one another to form a b-trefoil fold. IL-
18 shares sequence similarity (17%) with IL-1b of the IL-1 family, and

both are structurally related as b-pleated sheet folded molecules (26).

However, IL-18 and IL-1b show significant differences in the length

and conformation of S3-S4, S4-S5, S7-S8, and S11-S12 segments (27).

The essential residues of IL-18 and IL-1b make up sites I, II, III, and

sites A, and B, respectively. Site I comprises Arg13, Asp17, Met33,

Asp35, and Asp132 residues and is positioned on one side of the b-
triplet folding central barrel, while site II consists of six residues (Lys4,

Leu5, Lys8, Arg58, Met60, and Arg104) and is situated at the upper

part of the b-barrel. Comparing the primary and tertiary structures of
Frontiers in Immunology 0219
IL-18 and IL-1b indicates that sites I and II of IL-18 are in equivalent

positions on the sequence and tertiary structure as sites A and B of IL-

1b. Lys79, Lys84, and Asp98 are assembled at the bottom of the barrel,

on the opposite side of site II, which is site III. Sites I and II are

associated with IL-18Ra binding, whereas site III is involved in

cellular responses (27, 28).

Pro-IL-18 processing, maturation, and activation of IL-18 are

primarily mediated through canonical caspase-1 or IL-1b-converting
enzyme induced by inflammasomes. Formation of inflammasomes,

including members of leucine-rich-repeat-(LRR)-NOD-like receptors

(NLR) family and the absence in melanoma 2 (AIM2) in recognition

of microbial or danger signals, leads to the procaspase-1 cleavage into

active caspase-1 enzyme, the intracellular cysteine protease, further

cleaving pro-IL-18 into their mature molecule forms (32, 40).

Moreover, NLRP6 (PYD domains-containing protein 6) can recruit

caspase-1 and atypical caspase-11. Upon recruitment, caspase-11 is

processed and stimulates caspase-1-dependent IL-18 secretion (39).

NLR family CARD domain containing-4 (NLRC4) also can mediate

IL-18 processing via caspase-1 in immune cells (46). In addition,

other alternative pathways regulated by inflammatory cells can also

cause the synthesis and secretion of active IL-18. For example, fas-

ligand signaling can trigger caspase-8 in dendritic cells and

macrophages, which leads to the processing and release of mature

IL-18 (33). Furthermore, IL-18 binding to IL-3 can lead to the release

of mast cell-induced chymase, and in turn, pro-IL-18 can be activated

by chymase (34). And Granzyme B (GrB), a family member of serine

proteases, converts proIL-18 into mature IL-18 in non-hematopoietic

cells such as keratinocytes (35, 36). IL-18 activity is regulated at the

transcriptional and promoter level (37), by post-translational

modification (caspase-1 cleavage), and by binding of the

endogenous inhibitor IL-18BP (29).
2.2 IL-18 receptor

After maturation and activation, IL-18 participates in several

biological functions through the IL-18 receptor chains (IL-18R). IL-

18 combines with the IL-18R which comprises two subunits, one for

the IL-18 receptor conjugated a chain (IL-18Ra) and the other for the
non-conjugated signaling chain (IL-18Rb). Furthermore, IL-18R is a

heterodimeric complex that is a member of the IL-1 receptor family

(30). IL-18Ra is expressed by most cells, while only a few cells, like T

cells, dendritic cells, and mast cells, express the IL-18Rb chain (31).

The ligand-binding IL-18Ra has the same chromosomal location

as IL-1R types I and II, of which ectodomain has three Ig-like

domains (D1, D2, and D3) in a curved shape. The D1 and D2

domains are tightly aligned, forming the D1D2 module, connecting to

the D3 domain via a Linker. Each of the three domains possesses a

bilayer sandwich structure consisting of 6-9 b-strands and at least one
intradomain disulfide bond. IL-18Ra has a similar structure to IL-

1RI. The three domains of IL-18Ra form a grasping hand that wraps

IL-18 inside (41). The IL-18Rb (also known as IL-18 receptor

accessory protein-like (AcPL) molecule) is associated with IL-1R

accessory protein (42) and is required for signaling (43). IL-18Rb
also contains three Ig-like domains, similar to those of IL-18Ra,
except for the disulfide bonds within the domain and the spatial

arrangement of the three domains in the triplet compound. IL-18Rb
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D2 and D3 are closely coupled and directly adjacent to IL-18/IL-

18Ra, whereas D1 is not relevant for the formation of the ternary

compound. Further, the IL-18 and IL-18Ra complex concave

surfaces, where the IL-18 site III and D2 of IL-18Ra are located,

match the convex surfaces of IL-18Rb-D2 (44). In a word, IL-18

activates the downstream signaling process by linking to the low-

affinity IL-18Ra to form a signaling complex, producing an

inactivated IL-18/IL-18Ra binary complex, which recruits the IL-

18Rb chain to develop a high-affinity complex that launches IL-18-

dependent signaling pathway (45) (Figure 1A). In the presence of IL-

18Rb deletion, IL-18/IL-18Ra complex would not be a pro-

inflammatory signal.
2.3 IL-18 binding protein

IL-18BP, with 40-kDa weight, belongs to the Ig superfamily and is

a decoy receptor of IL-18. It resembles the extracellular structural

domain of the immunoglobulin (Ig)-like receptor but without a trans-

membrane and cytosolic domain (4, 38). Previous studies have found

that human and murine IL-18BP (huIL-18BP and muIL-18BP) are

homologous to molluscum contagiosum virus (MCV) and poxviruses,

including smallpox virus (47). Soluble IL-18BP is induced by IFN-g
and is constitutively expressed and secreted by the human spleen and

leukocytes (4, 48). Efficient production of IL-18BP may counteract

excess IL-18 in epithelial cells and antagonizes the pathological

inflammation at the biological barrier (49). Four isoforms of human

IL-18BP (IL-18BP a, b, c, and d) have been identified from the

alternative mRNA splicing of the human gene, which is located on

chromosome 11q13 and has no exon coding for a transmembrane

domain. IL-18BP a and c both have intact Ig domains that neutralize

mature IL-18, whereas the non-binding isoforms b and d lack a
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complete Ig domain at C-terminus, and their biological function is

currently unknown (50). Usually, IL-18BPa represents IL-18BP due to

its high affinity to IL-18 (51). There are two isoforms in mice, IL-

18BPc and IL-18BPd, which possess the identical Ig domain and

neutralize more than 95% of murine IL-18 (50).

Based on the resolved IL-18BP of ectromelia virus (ectv), ectvIL-

18BP was concluded that it comprised of two 4-stranded b-sheets
with a short c’ strand, a helix (H1), and elongated flexible loops

between the b-sheets (52). IL-18BP can balance IL-18-driven

activation by binding mature IL-18, thereby blocking its interaction

with the activated receptor IL-18R, and this affinity is higher than IL-

18Ra (4). IL-18BP has been demonstrated to bind to IL-18 using a

single Ig fold and interact with IL-18 in a manner closely resembling

the D3 domain of IL-18Ra signaling, thus directly preventing the

binding site II between IL-18 and IL-18Ra (41, 52–54). Furthermore,

IL-18BP binds to IL-18 and further forms a blunting complex with IL-

18Ra, preventing IL-18Rb from activating cells (55, 56) (Figure 1B).

IL-18BP can also bind to IL-37, another anti-inflammatory cytokine

of the IL-1 family. IL-37, binding to IL-18BP, forms a complex with IL-

18Rb, depriving it of the b-chain that forms a complex with IL-18Ra as a

functional receptor, thereby enhancing the inhibition of IL-18 activity

(57, 58) (Figure 1C). Besides, a recent study indicates that IL-37 can bind

to IL-18Ra and act as a negative regulator, causing the loss of recruitment

with IL-18Rb (59) (Figure 1D). Under physiological conditions, plasma

IL-18BP concentration is much higher than IL-18, preventing IL-18 from

binding to IL-18Ra and IL-18Rb. Therefore, the concentration of plasma

IL-37 depends on IL-18BP. Indeed, IL-18BP has been reported to be a

potential treatment for several diseases. IL-18BP is an immunoregulatory

binding protein and natural product with attractive therapeutic effects for

diseases that are mediated, in part, by IL-12, IFN-g, or IL-18 itself (38).

Furthermore, IL-18BP is protective against LPS-induced acute lung

injury, which may be related to its regulation of NF-kB and nuclear
B

C D

A

FIGURE 1

Schematic representation of IL-18 binding to IL-18R. (A) The pro-IL-18 is processed by the caspase-1 to produce mature and active IL-18. Mature IL-18
links to the low-affinity IL-18Ra to form an inactivated IL-18/IL-18Ra binary complex, which recruits the IL-18Rb chain to develop a high-affinity
complex that launches IL-18-dependent signaling pathway. (B) IL-18BP binds to IL-18 and further forms a blunting complex with IL-18Ra, preventing IL-
18Rb from activating cells. (C) IL-37 binding to IL-18BP, forms a complex with IL-18Rb, thereby enhancing the inhibition of IL-18 activity. (D) IL-37 binds
to IL-18Ra, causing the loss of recruitment with IL-18Rb.
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factor erythroid 2-related factor 2 (Nrf2) activity (60). In addition,

downregulation of IL-18BP leads to elevated vascular cell adhesion

molecule 1 (VCAM-1) expression, monocyte/macrophage adhesion,

and accelerated atherosclerotic plaque formation in diabetic mice (60).
3 Signaling and function of IL-18
and IL-18BP

The signaling transduction pathways of IL-18 are similar to IL-1b.
Analogous to the IL-1b receptor IL-1R, IL-18R includes a Toll/IL-1

receptor (TIR) domain in the cytosolic region, so the signal into the cell

is first mediated by a molecule known to be an adaptor of TLRs and IL-

1R, myeloid differentiation 88 (MyD88), which docks with the IL-18R

complex and leads to the recruitment and phosphorylation of IL-1

receptor-associated kinases (IRAKs). Both IRAK1 and IRAK4 are

implicated in IL-18 signaling in Th1 and NK cells (61–63). The

IRAKs bind to another adaptor molecule, TNF receptor-associated

factor 6 (TRAF6), which associates with a kinase called TAK1

(transforming growth factor-b-activated kinase 1), the kinase that in

turn phosphorylates nuclear factor kappa B (NF-kB)-induced kinase

(NIK). Moreover, NIK activates the I kappa B (IkB) kinase (IKK),

which phosphorylates IkB, causing IkB ubiquitination and rapid

degradation. Transcription factor NF-kB is then free and migrates

into the nucleus, where it combines with specific regulatory sequences

(kB sites) in the promoter regions of multiple inflammatory genes (e.g.,

IFN-g, IL-8, IL-1b, TNF-a) (64–68). Furthermore, the phosphorylation

of TRAF6 also associates with apoptosis signal-regulating kinase 1

(ASK1) via TAK1, and interfaces with ASK1 causing the activation of

mitogen-activated protein kinases (MAPK)-related signaling

downstream, p38 mitogen-activated protein kinase (p38MAPK), jun

kinase (JNK), phosphoinositide 3-kinase (PI3K)/AKT, extracellular

regulated protein kinases (ERK), resulting in the activation of AP-1

transcription factor (65, 69) (Figure 2A).

Besides, IL-18 can enhance Th1 responses and is essential for

IFN-g production (70). Conversely, the IFN-g-induced soluble
Frontiers in Immunology 0421
IL-18BP inhibits the biological activity of IL-18, thereby reducing

IFN-g production and thus suppressing the Th1 immune responses. It

is readily speculated that a dysregulation of the IL-18/IL-18BP

balance may contribute to chronic inflammation driven by the T-

helper type I cytokine. Indeed, IL-18 has the opposite impacts on Th1

and Th2 activation balance (71). Mature IL-18 with IL-12 or IL-15

induces differentiation of naive T cells into Th1 cells. However,

administration of IL-18 alone mainly results in elevating IgE

expression levels and enhanced IL-4 and IL-13 production by mast

cells, basophils, NK cells, and CD4+ T cells, driving a Th2 response

(72–74). Furthermore, IL-18 and IL-2 promote IL-13 production in

NK cells and T cells. And IL-18 induces histamine release from

basophils in concert with IL-13 (75) (Figure 2B). IL-18 enhances Fas

Ligand (FasL) on natural killer (NK) cells as well, thereby facilitating

FasL-mediated NK cytotoxicity (29).

Furthermore, IL-18 can promote allergic inflammation through

mast cells and basophils to enhance the production of critical factors

that drive atopic inflammation (76). This evidence suggests the

pleiotropic function of this cytokine in promoting immune

responses and inflammation, with IL-18 acting as a key bridge

between innate and adaptive immunity. IL-18 has been found to

have two biological functions, first as a co-stimulator of Th1 cytokine

production, together with IL-2, IL-12, microbial agents, or mitogens

to promote the production of IFN-g. In addition, IL-18 directly

induces tumor necrosis factor (TNF)-a, IL-1b, CXC, and other

chemokines, Fas ligand, and vascular adhesion molecules, and NF-

kB nuclear translocation, initiating cytokine cascade responses

accompanied by the expression of several pro-inflammatory

markers, possibly as a contributor to inflammation (6, 56, 77).
3.1 IL-18 and IL-18BP in keratinocytes

Keratinocytes (KC) represent makeup 95% of the epidermis and

are considered to play a critical role in skin inflammation and

immune response. In human KC, pro-IL-18 is constitutively
BA

FIGURE 2

Schematic model of the IL-18 signaling pathways and biological functions. (A) Active IL-18 is secreted extracellular, and activation of IL-18R recruits MyD88
into the TIR domain and anchors IRAKs, which bind to TRAF6 associating with TAK1. TAK1 in turn phosphorylates NIK. This is followed by the activation of
IKK, phosphorylation of IkB, and finally nuclear translocation of NF-kB, which regulates the transcription of inflammatory genes. In addition, the TRAF6
activates ASK1 through TAK1, and contributes to activate p38MAPK, JNK, PI3K/AKT and ERK, leading to the activation of AP-1. (B) IL-18 enhances Th1
production of IFN-g which in turn induces IL-18BP inhibits IL-18. Mature IL-18 with IL-12 or IL-15 induces differentiation of naive T cells into Th1 cells.
Alternatively, IL-18 alone elevates IgE and actives mast cells, basophils, NK cells, and CD4+ T cells to produce IL-13 and IL-4, driving a Th2 response.
Furthermore, IL-18 and IL-2 promote IL-13 production in NK cells and T cells and, in conjunction with IL-13, induce histamine release from basophils.
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expressed (22), and compared to monocytes, PBMC, or leukocytes,

keratinocytes produce large amounts of pro-IL-18 (78). It has been

found that in human keratinocyte cell line HaCaT, ultraviolet B

(UVB) irradiation time- and dose-dependently promotes the

production of IL-18, which is selectively mediated through reactive

oxygen intermediates (ROI) production and activator protein-1 (AP-

1) activation (79). IL-18R is also present in keratinocytes, signifying

that IL-18, released from keratinocytes, acts in an autocrine or

paracrine manner on surrounding keratinocytes (80). Besides, INF-

g significantly upregulates IL-18BPa mRNA expression in HaCaT

cells, while IL-18 mRNA expression levels were not affected (81).

In addition to their barrier function, epidermal keratinocytes can

sense harmful pathogens through pattern recognition receptors (PRRs).

Besides Toll-like receptors (TLRs), epidermal keratinocytes also have

nucleotide-binding oligomerization domain (NOD)-like receptors

(NLRs), which is an intracellular PRR (82). Inflammasomes are large,

complex proteins consisting of NLR, the adapter protein- ASC

containing a carboxy-terminal caspase-recruitment domain of the

apoptosis-associated speck-like protein, and caspase-1, an inducer of

IL-1b and IL-18 that promotes inflammation and inflammatory cell

death. NLR interacts directly with caspase-1 via caspase activation and

recruitment domain (CARD) or by the ASC linking NLR to caspase-1

(83). There are five PRRs (NLRP1, NLRP3, NLRC4, pyrin, and AIM2)

that form various inflammasomes. In addition, other members of the

NLR family and the PYHIN family, including NLRP6, NLRP7, NLRP12,

and IFI16 (g-interferon-inducible protein 16), can also be found form

different inflammasomes (84). Upon detecting danger signals,

inflammasomes initiate the immune response by activating caspase-1

to cleave precursors of IL-1b and IL-18, releasing mature IL-1b and IL-

18. Dai et al. found that cytoplasmic double-stranded RNA (dsRNA) is

significant in mediating the activation of NLRP3 inflammasomes,

causing the release of mature IL-1b and IL-18 and that cytosolic

dsRNA-activated protein kinase (PKR) is a potent factor in human

primary keratinocytes through dsRNA-mediated activation of NLRP3

inflammasomes (82). Besides, Papale et al. revealed that NLRP12

expression was inversely related to IL-18 production in KC (85).

Zhang et al. demonstrated that activation of AIM2 by PKR upregulates

the production of mature IL-1b and IL-18 in human keratinocytes (86).

Fenini et al. found that NLRP1 inflammasomes have an essential

function in UVB perception and subsequent secretion of IL-1b and IL-

18 from keratinocytes (87). Moreover, Galbiati et al. speculated that

contact allergens could induce oxidative stress, which activates

inflammasome and releases high mobility group protein B1 (HMGB1),

further activating TLR4 which leads to the neo-synthesis of IL-18 in

human KC (88). The IFN-g-induced chemokines CXCL9 (chemokine C-

X-C motif ligand 9), CXCL10, and CXCL11 recruit Th1 cells by binding

to CXCR3 (chemokine C-X-C motif receptor 3) on the cell surface (89)

and significant infiltration of Th1 cells are seen in inflammatory skin

diseases. In keratinocytes, IL-18 enhances the mRNA expression of

CXCL9, CXCL10, and CXCL11 induced by IFN-g. Further, it is

suggested that IFN-g activates STAT1 via JAK1/JAK2 and/or

p38MAPK, leading to CXCL9, CXCL10, and CXCL 11 production. In

addition, IFN-g can also affect the activation of IRF-1 (interferon

regulatory factor-1), which is only responsible for CXCL11 through

p38MAPK, while IL-18 enhances this activation through PI3K/AKT and

MEK/ERK. IL-18 induces NF-kB activity through MEK/ERK and PI3K/

AKT pathways, thus enhancing IFN-g-induced CXCL9 secretion (75).
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In human dermal fibroblasts (HDF), IL-18 regulates

transcription factor Ets-1 activation via the ERK pathway, thereby

reducing collagen expression and inhibiting TGF-b-induced
collagen production. Therefore, IL-18 exerts antifibrotic activities

in dermal fibroblasts (90). The IL-18 expression level is reduced,

indicating that IL-18 is closely associated with hypertrophic scar

formation in hypertrophic scar fibroblasts and hypertrophic scar

tissue. Recent studies have revealed that IL-18 facilitates apoptosis

in hypertrophic scar fibroblasts by enhancing the production of Fas

ligand (FasL), and rhIL-18 upregulates Caspase-3, Caspase-8,

Caspase-9, and FADD (FAS-associated death domain) expression

in a dose-dependent manner (91). FasL is a ligand for Fas that binds

specifically to Fas, and FADD recognizes the death domain (DD),

which in turn forms a death-inducing signal complex (DISC) with

caspase-8, further activating caspase-3 and delivering it to the

cytoplasm, thereby launching the caspase cascade and apoptosis

(92). Consequently, rhIL-18 can inhibit cell proliferation in

hyperplastic scars by increasing FasL expression to initiate

apoptosis, and it is a promising target for the therapy of

hyperplastic scars.
3.2 IL-18 and IL-18BP in immune cells

The keratinocytes are exposed to external irritation and release of

IL-18, which acts on surrounding keratinocytes and affects immune

cells (DC, LC, macrophages, among others) in the skin, thus causing

an inflammatory response. Langerhans cells, a population of antigen-

presenting and myeloid-derived immature dendritic cells, reside in

the epidermis and are the first to encounter skin pathogens, and LC

are activated into mature DC in response to various stimuli. IL-18

induces LC migration and DC accumulation, with mature LC

migrating to skin-draining lymph nodes where they deliver antigens

to CD4+ T cells and regulate the adaptive immune response. In

addition, IL-18 acts synergistically with IL-12 to stimulate Th1

production of INF-g. IL-18 does not induce Th1 differentiation but

upregulates IL-12Rb expression, thereby enhancing IL-12-mediated

Th1 development (93, 94).

Neutrophils are participants in innate immunity and are

responsible for bacterial killing when pathogens invade, influencing

inflammatory and immune responses by producing large numbers of

cytokines. In parallel to phagocytic and microbicidal features,

neutrophils are essential in initiating and/or amplifying

inflammatory and immune responses (95). Unstimulated

neutrophils secrete IL-18BP and IL-18, a neutrophils activator,

inducing the expression and release of multiple inflammatory

cytokines in neutrophils (96, 97). Fortin et al. revealed that IL-18

induced the production of IL-8, CCL3/Mip-1a, CCL4/Mip-1b, and
CCL20/Mip-3a from human neutrophils and affected the expression

of IL-8, Mip-1a, and Mip-1b through the p38MAPK, ERK, PI3K/

AKT, and IKK/NF-kB pathways (96).

In human peripheral blood mononuclear cells (PBMC), mature

IL-18 induces IL-8 production. Furthermore, IL-18BP inhibits IL-12-

induced IFN-g generation in PBMC. IL-18 stimulation results in IL-8

synthesis increased in macrophages. IL-18 induces IFN-g synthesis by
T-cells and natural killer cells, whereas IL-12, mitogens, or microbial

agents, are necessary for IL-18 to induce the production of IFN-g (72).
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4 IL-18 and IL-18BP in inflammatory
dermatological diseases

To date, many reports revealed the dysregulation of IL-18 in

inflammatory skin diseases, and IL-18 has been speculated to be a

possible marker for diverse disorders. Here, the topic mainly focuses

on psoriasis, atopic dermatitis, bullous pemphigoid, and rosacea;

other disorders, including cutaneous lupus erythematosus,

dermatomyositis, and allergic contact dermatitis, are also reviewed.

IL-18 inhibitors and IL-18BP drugs in clinical trials and preclinical

studies for the treatment of inflammatory skin diseases or related

diseases were summarized in Table 1.
4.1 Psoriasis

Psoriasis is a common cutaneous inflammatory disease with

different variants, including plaque psoriasis, pustular psoriasis,

guttate psoriasis, and erythrodermic psoriasis (100). The pathogenesis

of genetics and immunity in psoriasis is widely accepted (101). Triggers

from exogenous or endogenous environments in genetically susceptible

individuals activate the immune system and activate cell networks,

including keratinocytes, plasmacytoid dendritic cells, macrophages, and

T cells, primarily the Th1 and Th17 pathways (102, 103) (Figure 3).

Many reports have focused on the significance of IL-18 in

psoriasis. Patients with psoriasis had significantly higher levels of

IL-18 in the lesions and in the serum compared to healthy controls

(104). In previous studies, serum or plasma IL-18 concentration has

been correlated with the severity of psoriasis and the Psoriasis Area

and Severity Index (PASI), and therefore, IL-18 may be considered a

possible biomarker of psoriasis (105–107). Recently, Deepti Verma

et al. revealed that patients with psoriasis (without treatment)

exhibited high plasma IL-1b and IL-18 levels, while normal plasma

levels of IL-1b and IL-18 in psoriasis patients treated with anti-TNF

agents (108). Moreover, Niu et al. explored the possible pathological

mechanisms of IL-18 in psoriasis and reported that IL-18 might

exacerbate pronounced inflammation and impact pathological
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features to cause micro-abscesses and scale formation through

upregulating pro-inflammatory cytokines and reducing protective

cytokines in a mouse model of imiquimod-induced psoriasis (109).

Furthermore, a recent study found that recombinant mouse (rm) IL-

18 synergized with rmIL-23 to induce prominent inflammation,

upregulate the levels of IFN-g and CXCL9, and enhance psoriasis-

like epidermal hyperplasia, indicating that IL-18 might cooperate with

IL-23 to induce a Th1 immune reaction, thereby aggravating psoriatic

inflammation (110). Besides, IL-18 has been shown to facilitate the

production and maintenance of Th17 cells, and Zhang et al. found

that IL-18-neutralizing antibody could block the Th17 immune

response in the psoriasis-like mouse model (46, 111). These pieces

of evidence indicate that IL-18-mediated T cell response may hold an

implicated role in psoriasis, and the inhibition of IL-18 can be a

potential therapy for psoriasis.
4.2 Atopic dermatitis

Atopic eczema or atopic dermatitis (AD) is the most common

inflammatory skin disorder. The primary pathogenesis of AD

includes the skin barrier defect and immune dysregulation,

especially innate and Th2 immune response (112). IL‐18 is a

marker for innate immune activation, and many reports have

indicated elevated serum levels of IL-18 in AD patients (113–115).

Restriction fragment length polymorphism suggested that GG

genotype was correlated significantly with elevated serum IL-18

levels, and the G allele of the IL-18 gene (rs 187238) was a risk

factor for AD (116). GG genotype of IL-18 in AD patients was related

to elevated levels of IgE and pruritus. GG genotype and G-allele in the

-137 position of IL-18 increased the risk of AD in the Polish

population (117, 118). Besides, Inoue Y et al. revealed consistently

upregulated IL-18 levels in the horny layer of skin lesions in AD

patients than in healthy controls, and IL-18 levels in the horny layer of

patients colonized with Staphylococcus aureus (S. aureus) were

significantly higher compared with those who were not (119).

Moreover, McAleer MA et al. measured multiple cytokines and
TABLE 1 Drugs targeting IL-18 and IL-18BP for inflammatory dermatological diseases and related diseases.

Drug Target mechanism Status Drug category Indication

Tadekinig alfa (AB2 Bio SA)/r-hIL-18BP/
recombinant Interleukin-18 Binding Protein

IL-18 IL-18 inhibitor Phase III recombinant human
IL-18 binding protein

Macrophage Activation Syndrome/Immune
System Diseases/Adult-Onset Still’s Disease (98,
99)

CMK-389 IL-18 IL-18 inhibitor Phase II Biological products Atopic Dermatitis/Pulmonary Sarcoidosis

Camoteskimab/AEVI-007/CERC-007/
MEDI-2338/

IL-18 IL-18 inhibitor Phase I Monoclonal antibody Adult-Onset Still’s Disease/Autoimmune
Diseases/

ST-067 IL-18 IL-18 agonist Phase II Biological products Melanoma/Carcinoma/Non-Small Cell Lung
Cancer

APB-R3/long acting IL-18 binding protein
(Aprilbio)

IL-18 IL-18 inhibitor Drug
discovery

Fusion protein Adult-Onset Still’s Disease/Rheumatoid Arthritis/
Inflammatory Bowel Diseases

Tadekinig alfa (Yeda Pharma) IL-18 IL-18 inhibitor Phase II
(terminated)

recombinant human
IL-18 binding protein

Psoriasis/Rheumatoid Arthritis/Crohn Disease/
Autoimmune Diseases

AMP18P1RA/IL-18bp-Fc-IL-1ra IL-18,
IL-1R1

IL-18 Inhibitor,
IL-1R1
Antagonist

Preclinical
(progression-
free)

Fusion protein Psoriasis/Myocardial Ischemia/Neoplasm
Metastasis
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chemokines in the stratum corneum and plasma from AD and

healthy children (120). As far as these cytokines are concerned, IL‐

18 was the most significantly elevated biomarker in the AD skin

compartment (121, 122). Furthermore, IL‐18 showed one of the

strongest associations with barrier function and AD severity (120).

AD skin lesions have many skin-infiltrating cells, including CD8+ T

cells, which can release granzyme B to cleave pro-IL-18, thus

triggering inflammation activation (36). Additionally, S. aureus,

particularly important in the pathogenesis of AD, can secrete

staphylococcal enterotoxin B, which promotes IL-18 production

(123). Konishi et al. reported that IL-18 played an essential role in

developing AD-like dermatitis in specific transgenic mice (124).

Recently, Chen JL et al. pointed out that IL-18 knockout mice

reduced aggravated AD−like lesions compared to AD−like mice

induced by MC903 (125). Studies have implicated that the

pathogenesis of AD is mediated in part by Th2, which promotes

IL-4 and IL-13 production and induces IgE (126). IL-18 enhances Th1

and Th2 responses, respectively (127); thus, IL-18 may induce IgE in

AD. IL-18 increases IL-4, IL-13, and histamine levels by activating

mast cells and basophils. IgE and mast cells can promote the

production of a variety of inflammatory mediators (125, 128, 129).

Hence, IL-18 may help evaluate the progression of AD, and IL-18

inhibition may be a prospective therapeutic target for AD.
4.3 Rosacea

Rosacea is a classical inflammatory dermatosis with various

clinical manifestations, including erythema, telangiectasias, papules,

pustules, phymatous changes in the central face, and even ocular
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involvement (130). Indeed, external stimuli, innate and acquired

immune dysfunction combined with neurovascular dysregulation

play critical roles in the pathophysiological mechanisms for rosacea

(131). Among these factors, the cathelicidin LL-37 activation pathway

is the best understood and most classical pathway. Under triggers

such as UV radiation, demodex folliculorum, increased Toll-like

receptor (TLR) 2 causes the activation and release of matrix

metalloproteases (MMPs) and kallikrein 5 (KLK5), which leads to

the LL-37 cleavage from its precursor. In addition, a range of pro-

inflammatory conditions, including NF-kB activation, leukocyte

chemotaxis, and influence on vascular endothelial growth factor

(VEGF) and angiogenesis, are induced by activated LL-37 (132).

Moreover, recent studies illustrated the critical roles of mast cells and

Th1/Th17 cells on rosacea (133–136).

The usefulness of IL-18 in rosacea is not yet clear. Firstly, Salamon

et al. found elevated serum concentration of IL-18 in rosacea patients

by ELISA (137). However, Casas C et al. obtained epidermal mRNA

from lesional samples by scratching the skin surface and found that

compared with the control group, the rosacea group showed

significantly decreased expression of IL-18 no matter the subtype

(138). In 2015, Kim M et al. found that IL-18 expression in rosacea

patients was upregulated by immunohistochemical staining of skin

biopsies (139). They also revealed that treatment with recombinant

erythroid differentiation regulator 1 (Erdr1), a negatively regulated

conserved factor of IL-18, resulted in significant improvement in a

rosacea-like BALB/c mouse model and downregulation of IL-18.

TLR2 or TLR4 can increase IL-18 expression in different cell types;

TLR2 and TLR4 can activate and then facilitate IL-18 maturation and

secretion (140). IL-18 is a critical modulator of CD8+ T-cell activation

and is a mediator of angiogenesis due to its ability to induce
FIGURE 3

Schematic of the role of IL-18 and IL-18BP in psoriasis. The activated inflammasomes directly recruit and cleave procaspase-1 into caspase-1, whose
proteolysis activate the pro-inflammatory cytokine IL-18. Besides, proIL-18 were cleaved by GrB in KCs. Inflammatory cytokines including IL-12 and IL-23
produced by Naïve T together with IL-18 facilitate the differentiation of Th1 and Th17 cells, respectively. The Th1 cells secrete IFN-g and Th17 cells
secrete IL-17 both contributing to psoriasis. However, IL-18BP binds to IL-18 blocking the development of psoriasis.
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endothelial tube formation (141). Moreover, increased mast cells in

rosacea may be associated with IL-18. Whether the IL-18 plays a role

in rosacea through angiogenesis or mediating inflammation needs

further study.
4.4 Bullous pemphigoid

Bullous Pemphigoid (BP) is one of the most common bullous

autoimmune skin diseases. It is characterized by symmetric tense bullae

on urticarial, erythematous, or normal skin, with histopathology of

subepidermal blisters, inflammatory infiltrates, especially eosinophils in

the dermis, and direct immunofluorescence showing deposition of IgG

and C3 along the basement membrane region (142). BP180 is critical in

the autoimmunity of bullous pemphigoid (143, 144). The dysregulation

of IL-18 levels was first reported by Fang et al., who found elevated

levels of IL-18 in serum, blister fluid, and lesional skin in BP patients,

and a positive correlation between the serum IL-18 levels and the titers

of anti-BP180-NC16A autoantibody. More importantly, they reported

a dramatic decrease in mRNA expressions of the NLRP3-caspase-1-IL-

18 axis components and the serum IL-18 level in BP patients after

effective treatment (145). Similarly, Esmaili et al. illustrated that serum

IL-18 levels were higher in untreated BP patients admitted for the first

time than in control and treated BP patients (146). Besides, they also

found a weak significant correlation between BP180 with IL-18 levels.

Recently, Margaroli C et al. revealed that blister fluid from BP patients

was enriched in multiple inflammatory factors, including IL-18 (147).

Although there is no in-depth research on the relationship between IL-

18 and BP, high levels of IL-18 in serum, blister fluid, and lesional skin

in patients with BP indicated that IL-18 might be a key biomarker

in BP.
4.5 Others

Lupus erythematosus is a chronic, multisystemic, genetically and

environmentally induced disease with abnormal immune regulation.

The patients may have cutaneous lupus erythematosus (CLE) and/or

systemic lupus erythematosus (SLE) (148). CLE patients have a

substantial amount of apoptotic keratinocytes in their lesions and

epidermal keratinocytes, which are thought to be the target cells for

immune damage (149). Wang et al. indicated that IL-18 might trigger

inflammation in CLE, causing a high TNF-a response and a low IL-12

response, promoting cytokine imbalance and providing a pro-

apoptotic microenvironment for keratinocytes. Thus, IL-18BP may

play a vital value in the clinical therapy of CLE (149).

Dermatomyositis (DM) is an autoimmune disease that affects the

skin, muscles, and lungs and is characterized by a skin rash and is

associated with prominent muscle weakness (150, 151). DM lesions

are histologically similar to CLE lesions and are frequently confusing

to distinguish. Ekholm et al. found that endothelial progenitor cells in

DM, as in SLE, are characterized by phenotypic and functional

abnormalities, which may be triggered by the type I IFN/IL-18 axis

(152). Besides, Tsoi et al. confirmed the presence of high type I IFNs

in DM skin, including IFN-k. Their team has found that IL-18 was the

only elevated cytokine in DM lesions, and that IL-18 combined with

the expression of LCE2D (late cornified envelope 2D), LCE1B (late
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cornified envelope 1B), KRT80 (keratin 80) and TPM4 (Tropomyosin

4) to clearly differentiate DM from CLE lesions (151). Hance, IL-18

can be a valuable biomarker for DM disease activity.

Allergic contact dermatitis is also a common clinical skin

condition, and since allergens are often unavoidable, improving the

inflammation caused by re-exposure to allergens becomes the

primary treatment. IL-18 significantly contributed to the induction

of contact hypersensitivity (CHS) by increasing the recruitment of

IFN-g producing T cells to inflammation foci. Wang et al. reported

that during the induction phase of CHS, LC migrating into the lymph

nodes (LN) produced large amounts of functional IL-18, which acted

synergistically with IL-12 to induce IFN-g production and

significantly contributed to the initiation of CHS (93). In addition,

it was shown that plasma levels of free IL-18 and IL-18BP were

significantly higher in eczema patients than in healthy controls and

that the IL-18BP/IL-18 molar concentration ratio was reduced (153).

IL-18BP not only reduced symptoms after exposure to 2,4-

dinitrofluorobenzene (DNFB) but also significantly reduced

inflammation in mice with previously untreated CHS (154); taken

together, IL-18BP is a candidate for the therapeutic indication of

allergic contact dermatitis and CHS.
5 Conclusion and perspective

IL-18, a member of the IL-1 family, plays a critical role in the

pathogenesis of some skin inflammatory diseases. However, the specific

signaling mechanism of IL-18 in inflammatory-related diseases (e.g. in

rosacea and bullous pemphigoid) remains to be further explored. The

IL-18 natural blockers, IL-18BP, has been applied successfully in an

emergency case of auto-inflammatory HPS/macrophage activation

syndrome. Moreover, the protective properties of recombinant IL-

18BP were characterized. Overexpression of IL-18BPc in mice

reduces the incidence and severity of encephalomyelitis in mice and

decreases Th17 responses, and transfection of IL-18BPd-expressing

plasmids in vivo improves murine atherosclerosis (155, 156). IL-18

opponent and IL-18BP agonist couple are promising candidates for

therapy of diverse medical conditions, including acute and chronic

inflammation. Accordingly, IL-18BP has shown potential therapeutic

capacity in cutaneous inflammation.
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92. Aguirre A, Shoji KF, Sáez JC, Henrıq́uez M, Quest AF. FasL-triggered death of
jurkat cells requires caspase 8-induced, ATP-dependent cross-talk between fas and the
purinergic receptor P2X(7). J Cell Physiol (2013) 228:485–93. doi: 10.1002/jcp.24159

93. Wang B, Feliciani C, Howell BG, Freed I, Cai Q, Watanabe H, et al. Contribution of
langerhans cell-derived IL-18 to contact hypersensitivity. J Immunol (2002) 168:3303–8.
doi: 10.4049/jimmunol.168.7.3303

94. Chang JT, Segal BM, Nakanishi K, Okamura H, Shevach EM. The costimulatory
effect of IL-18 on the induction of antigen-specific IFN-gamma production by resting T
frontiersin.org

https://doi.org/10.1074/jbc.273.45.29445
https://doi.org/10.1038/ncomms6340
https://doi.org/10.3389/fimmu.2013.00289
https://doi.org/10.1038/nature04516
https://doi.org/10.1038/nature04516
https://doi.org/10.1073/pnas.96.20.11537
https://doi.org/10.4049/jimmunol.168.5.2282
https://doi.org/10.4049/jimmunol.168.5.2282
https://doi.org/10.1016/j.bbagrm.2018.01.020
https://doi.org/10.1073/pnas.97.3.1190
https://doi.org/10.1016/j.cellsig.2019.109388
https://doi.org/10.1073/pnas.0809086106
https://doi.org/10.1107/s2053230x15006871
https://doi.org/10.1038/s41598-017-00532-x
https://doi.org/10.1093/ajcn/83.2.447S
https://doi.org/10.1016/j.nucmedbio.2011.02.012
https://doi.org/10.1111/imr.12605
https://doi.org/10.1073/pnas.212519099
https://doi.org/10.1038/ni.3103
https://doi.org/10.1016/j.bbrc.2018.09.193
https://doi.org/10.1093/rheumatology/ken257
https://doi.org/10.1084/jem.189.7.1129
https://doi.org/10.4049/jimmunol.170.8.4031
https://doi.org/10.3389/fmed.2021.639103
https://doi.org/10.1016/s1359-6101(00)00015-0
https://doi.org/10.1046/j.1523-1747.2000.00917.x
https://doi.org/10.1016/s1074-7613(00)80378-7
https://doi.org/10.1016/s1074-7613(00)80378-7
https://doi.org/10.1172/jci1379
https://doi.org/10.1186/1756-8722-5-66
https://doi.org/10.1016/j.cell.2016.08.076
https://doi.org/10.1002/1521-4141(200011)30:11%3C3147::Aid-immu3147%3E3.0.Co;2-j
https://doi.org/10.1002/1521-4141(200011)30:11%3C3147::Aid-immu3147%3E3.0.Co;2-j
https://doi.org/10.4049/jimmunol.161.7.3400
https://doi.org/10.4049/jimmunol.161.7.3400
https://doi.org/10.1002/1521-4141(200007)30:7%3C1998::Aid-immu1998%3E3.0.Co;2-u
https://doi.org/10.1002/eji.200636420
https://doi.org/10.1155/2016/4743176
https://doi.org/10.1046/j.1523-1747.1999.00704.x
https://doi.org/10.1016/s0006-291x(02)02433-6
https://doi.org/10.1007/s004030100237
https://doi.org/10.1007/s004030100237
https://doi.org/10.1006/bbrc.1999.2064
https://doi.org/10.1111/exd.13334
https://doi.org/10.1007/s13238-013-0001-4
https://doi.org/10.1111/imm.13046
https://doi.org/10.1007/s00204-016-1806-8
https://doi.org/10.1080/2162402x.2016.1160182
https://doi.org/10.1016/j.jid.2018.07.016
https://doi.org/10.1038/jid.2014.203
https://doi.org/10.1046/j.1523-1747.1999.00730.x
https://doi.org/10.1046/j.1523-1747.1999.00730.x
https://doi.org/10.1038/jid.2009.302
https://doi.org/10.1016/j.burns.2020.07.008
https://doi.org/10.1002/jcp.24159
https://doi.org/10.4049/jimmunol.168.7.3303
https://doi.org/10.3389/fimmu.2023.955369
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2023.955369
cells is IL-12 dependent and is mediated by up-regulation of the IL-12 receptor beta2
subunit. Eur J Immunol (2000) 30:1113–9. doi: 10.1002/(sici)1521-4141(200004)
30:4<1113::Aid-immu1113>3.0.Co;2-p

95. Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev
Immunol (2006) 6:173–82. doi: 10.1038/nri1785

96. Fortin CF, Ear T, McDonald PP. Autocrine role of endogenous interleukin-18 on
inflammatory cytokine generation by human neutrophils. FASEB J (2009) 23:194–203.
doi: 10.1096/fj.08-110213

97. Robertson SE, Young JD, Kitson S, Pitt A, Evans J, Roes J, et al. Expression and
alternative processing of IL-18 in human neutrophils. Eur J Immunol (2006) 36:722–31.
doi: 10.1002/eji.200535402

98. Gabay C, Fautrel B, Rech J, Spertini F, Feist E, Kötter I, et al. Open-label,
multicentre, dose-escalating phase II clinical trial on the safety and efficacy of tadekinig
alfa (IL-18BP) in adult-onset still’s disease. Ann Rheum Dis (2018) 77:840–7. doi: 10.1136/
annrheumdis-2017-212608

99. Kiltz U, Kiefer D, Braun J, Schiffrin EJ, Girard-Guyonvarc’h C, Gabay C. Prolonged
treatment with tadekinig alfa in adult-onset still’s disease. Ann Rheum Dis (2020) 79:e10.
doi: 10.1136/annrheumdis-2018-214496

100. Armstrong AW. Psoriasis. JAMA Dermatol (2017) 153:956–6. doi: 10.1001/
jamadermatol.2017.2103%JJAMADermatology

101. Boehncke WH, Schön MP. Psoriasis. Lancet (2015) 386:983–94. doi: 10.1016/
s0140-6736(14)61909-7

102. Hugh JM,Weinberg JM.Update on the pathophysiology of psoriasis.Cutis (2018) 102:6–12.

103. Armstrong AW, Read C. Pathophysiology, clinical presentation, and treatment of
psoriasis: A review. Jama (2020) 323:1945–60. doi: 10.1001/jama.2020.4006

104. Arican O, Aral M, Sasmaz S, Ciragil P. Serum levels of TNF-alpha, IFN-gamma,
IL-6, IL-8, IL-12, IL-17, and IL-18 in patients with active psoriasis and correlation with
disease severity. Mediators Inflamm (2005) 2005:273–9. doi: 10.1155/mi.2005.273

105. Flisiak I, Klepacki A, Chodynicka B. Plasma and scales levels of interleukin 18 in
comparison with other possible clinical and laboratory biomarkers of psoriasis activity.
Biomarkers (2006) 11:194–200. doi: 10.1080/13547500600565735

106. Gangemi S, Merendino RA, Guarneri F, Minciullo PL, DiLorenzo G, Pacor M,
et al. Serum levels of interleukin-18 and s-ICAM-1 in patients affected by psoriasis:
preliminary considerations. J Eur Acad Dermatol Venereol (2003) 17:42–6. doi: 10.1046/
j.1468-3083.2003.00647.x

107. Forouzandeh M, Besen J, Keane RW, de Rivero Vaccari JP. The inflammasome
signaling proteins ASC and IL-18 as biomarkers of psoriasis. Front Pharmacol (2020)
11:1238. doi: 10.3389/fphar.2020.01238

108. Verma D, Fekri SZ, Sigurdardottir G, Bivik Eding C, Sandin C, Enerbäck C.
Enhanced inflammasome activity in patients with psoriasis promotes systemic
inflammation. J Invest Dermatol (2021) 141:586–595.e585. doi: 10.1016/j.jid.2020.07.012

109. Niu XL, Huang Y, Gao YL, Sun YZ, Han Y, Chen HD, et al. Interleukin-18
exacerbates skin inflammation and affects microabscesses and scale formation in a mouse
model of imiquimod-induced psoriasis. Chin Med J (Engl) (2019) 132:690–8. doi: 10.1097/
cm9.0000000000000140

110. Shimoura N, Nagai H, Fujiwara S, Jimbo H, Yoshimoto T, Nishigori C.
Interleukin (IL)-18, cooperatively with IL-23, induces prominent inflammation and
enhances psoriasis-like epidermal hyperplasia. Arch Dermatol Res (2017) 309:315–21.
doi: 10.1007/s00403-017-1735-2

111. Zhang W, Guo S, Li B, Liu L, Ge R, Cao T, et al. Proinflammatory effect of high-
mobility group protein B1 on keratinocytes: an autocrine mechanism underlying psoriasis
development. J Pathol (2017) 241:392–404. doi: 10.1002/path.4848

112. Sullivan M, Silverberg NB. Current and emerging concepts in atopic dermatitis
pathogenesis. Clin Dermatol (2017) 35:349–53. doi: 10.1016/j.clindermatol.2017.03.006

113. Zedan K, Rasheed Z, Farouk Y, Alzolibani AA, Bin Saif G, Ismail HA, et al.
Immunoglobulin e, interleukin-18 and interleukin-12 in patients with atopic dermatitis:
correlation with disease activity. J Clin Diagn Res (2015) 9:Wc01–05. doi: 10.7860/jcdr/
2015/12261.5742
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Immune checkpoint inhibitors (ICIs) are monoclonal antibodies that block key

mediators of tumor-mediated immune evasion. The frequency of its use has

increased rapidly and has extended to numerous cancers. ICIs target immune

checkpoint molecules, such as programmed cell death protein 1 (PD-1), PD

ligand 1 (PD-L1), and T cell activation, including cytotoxic T-lymphocyte-

associated protein-4 (CTLA-4). However, ICI-driven alterations in the immune

system can induce various immune-related adverse events (irAEs) that affect

multiple organs. Among these, cutaneous irAEs are the most common and often

the first to develop. Skin manifestations are characterized by a wide range of

phenotypes, including maculopapular rash, psoriasiform eruption, lichen planus-

like eruption, pruritus, vitiligo-like depigmentation, bullous diseases, alopecia,

and Stevens-Johnson syndrome/toxic epidermal necrolysis. In terms of

pathogenesis, the mechanism of cutaneous irAEs remains unclear. Still, several

hypotheses have been proposed, including activation of T cells against common

antigens in normal tissues and tumor cells, increased release of proinflammatory

cytokines associated with immune-related effects in specific tissues/organs,

association with specific human leukocyte antigen variants and organ-specific

irAEs, and acceleration of concurrent medication-induced drug eruptions. Based

on recent literature, this review provides an overview of each ICI-induced skin

manifestation and epidemiology and focuses on the mechanisms underlying

cutaneous irAEs.

KEYWORDS

CTLA-4, cutaneous manifestation, epidemiology, immune checkpoint inhibitors,
immune-related adverse events, PD-1, PD-L1
1 Introduction

Immune checkpoint inhibitors (ICIs), which are monoclonal antibodies that block key

mediators of tumor-mediated immune evasion, were initially approved for treating patients

with unresectable malignant melanoma (MM) in 2014, and their frequency of use has

rapidly increased in numerous cancers. ICIs target immune checkpoint molecules, such as

programmed cell death protein 1 (PD-1), PD ligand 1 (PD-L1), and T cell activation,

including cytotoxic T-lymphocyte associated protein-4 (CTLA-4) (1). Anti-PD-1 agents
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(cemiplimab, dostarlimab nivolumab, pembrolizumab, and

tislelizumab), anti-PD-L1 agents (atezolizumab, avelumab, and

durvalumab), and anti-CTLA4 agents (ipilimumab and

tremelimumab) have been approved by the Food and Drug

Administration and European Medicines Agency (Table 1). PD-1

is an immune checkpoint receptor expressed on antigen-stimulated

T-cells, and PD-L1 is a ligand of PD-1 (2). In contrast, CTLA-4 is an

inhibitory receptor expressed on the surface of activated T cells that

prevents the binding of CD28 to CD80 and CD86, which are

stimulatory receptors. Blockage of PD-1 and/or CTLA-4 can lead

to the stimulation and augmentation of anti-tumor effects via the

activation of tumor-specific cytotoxic T-cells and inhibition of

regulatory T cells (Tregs) (2). These treatments constitute one of

the most effective strategies for anti-cancer therapy (3).

However, alterations in the immune system induced by these

drugs can lead to various immune-related adverse events (irAEs)

specific to ICI treatment. IrAEs can affect multiple organs such as the

skin, thyroid gland, adrenal glands, pituitary gland, gut, liver, and

lungs (4, 5). Among these, cutaneous irAEs are the most common

and often the first to develop (6). To achieve the most favorable

outcomes for patients with cancer, an early and accurate diagnosis of

irAEs is essential for management, including discontinuation of ICIs

and/or the addition of immunosuppressive agents such as systemic

corticosteroids. Therefore, dermatologists should be aware of various

types of cutaneous irAEs, regardless of whether they are common or

rare. In contrast, the mechanism of cutaneous irAEs remains unclear;

however, several hypotheses have been proposed based on

recent findings.

In this review, we focus on the clinical presentations,

mechanisms, and management of various cutaneous irAEs.
2 The function of PD-1 and CTLA-4

PD-1 is an inhibitory receptor expressed on the surface of

activated T and B cells that induces and maintains peripheral

tolerance against self-reactive T cells (7, 8). PD-1 interacts with
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PD-L1 and PD-L2, which are expressed on antigen-presenting cells

(APCs) and tumor cells, resulting in the suppression of T-cell

activation and tumor-mediated immune evasion. Inhibition of

PD-1 enhances T cell effector function and activation of B cells

and natural killer cells, while PD-1 blockade inhibits the suppressive

function of Tregs in anti-tumor immunity. Furthermore, PD-L1

and PD-L2 play different roles in the immune response (9). In

APCs, stimulation with interferon (IFN)-g and interleukin (IL)-17A

strongly induces PD-L1 expression, whereas PD-L2 expression is

induced by stimulation with IL-4. PD-L1 plays an important role in

Th1 and Th17 type immunity, while PD-L2 is associated with Th2

type immunity. Therefore, PD-1 blockade may shift the immune

balance toward a Th1/Th17 response (9). Furthermore, a recent

study revealed that the binding of PD-1, PD-L2, and PD-1–PD-L1

triggered the clustering of PD-1 with T cell receptor (TCR),

resulting in the formation of TCR-PD-1-PD-L2 signalosomes.

This signalosome suppresses T-cell responses. Similar to the effect

of anti-PD-L1 agents, PD-L2 blockade may exert anti-tumor effects,

although no therapeutic agents target PD-L2 (10). In the future,

anti-PD-L2 agents are expected to be used to treat all types of

cancer. CTLA-4 is expressed on the surfaces of activated T cells and

Tregs. It can bind to B7 molecules (CD80/86) on APCs with a

higher affinity and impede CD28 and B7 binding, suppressing T-cell

activation by reducing IL-2 and IL-2 receptor expression (11, 12).

Moreover, CTLA-4 expression in Tregs mediates immune

inhibitory effects (13). CTLA-4 blocking impedes the binding of

CTLA-4 to B7 and induces the binding of CD28 and B7 to reactivate

T cells. It also decreases the immune-inhibitory effects of Tregs and

further reduces the number of Tregs in tumor tissues via antibody-

dependent cellular cytotoxicity (ADCC) (14).

Tumors and the tumor microenvironment (TME) express

multiple inhibitory pathways and related molecules, resulting in

T-cell dysfunction and immune escape. Although the blockage of

PD-1 and/or CTLA-4 can promote the activation of T cells and

exert an effective anti-tumor function, the exuberant activation of

self-reactive T cells with the resultant autoimmunity is presumed to

be an irAE (8).
TABLE 1 Immune checkpoint inhibitors approved by the Food and Drug Administration and European Medicines Agency.

Immune checkpoint inhibitor Trade name® Target for immunotherapy

Ipilimumab Yervoy® CTLA-4

Nivolumab Opdivo® PD-1

Pembrolizumab Keytruda® PD-1

Cemiplimab Libtayo® PD-1

Dostarlimab Jemperli® PD-1

Tislelizumab No data PD-1

Atezolizumab Tecentriq® PD-L1

Avelumab Bavencio® PD-L1

Durvalumab Imfinzi® PD-L1
CTLA-4, cytotoxic T-lymphocyte antigen 4.
PD-1, programmed cell death 1.
PD-L1, programmed cell death ligand 1.
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3 Mechanisms of cutaneous irAEs

The pathophysiological mechanisms of ICI-induced cutaneous

irAEs are mainly unknown; however, skin manifestations are

thought to occur via several immunological mechanisms. The

proposed mechanisms include (1) activation of T cells against

common antigens in tumor cells and normal tissues, (2) increased

release of inflammatory cytokines and antibodies associated with

immune-related effects in specific tissues and organs, (3) association

with specific human leukocyte antigen (HLA) variants and organ-

specific irAEs, and (4) acceleration of concurrent medication-

induced drug eruptions.
3.1 Activation of T cells against common
antigens in target tumor cells and
normal tissues

This mechanism is involved in the cross-reactivity between

antigens on ICI-targeting tumor cells and self-antigens in normal

tissues. Several studies have shown an association between the

appearance of vitiligo, a cutaneous irAE, and the response to

treatment with ICIs in patients with melanoma (15–18). Vitiligo

is associated with cross-reactivity between melanoma-related

antigens and the melanocytes in normal tissues, both of which are

possible targets of ICI-induced immune responses (19). In addition,

the onset of bullous pemphigoid (BP) may be caused by cross-

reactivity between the skin basement membrane and the targeting

of BP180 on tumor cells (20). In the analysis of patients with non-

small cell lung cancer (NSCLC) treated with anti–PD-1 agents, T

cells that recognize both lung tumor tissues and antigens in normal

skin simultaneously target both organs. These antigens can

stimulate CD4+ and CD8+ T-cells in vitro. Furthermore, antigen-

specific T cells detected in the peripheral blood were found in the

skin lesions and lung tumor tissues of patients treated with an anti-

PD-1 agent. Therefore, T-cell clones can interfere with

autoimmunity-related skin toxicity in patients with NSCLC

treated with anti–PD-1 agent, as well as with tumor regression in

patients who respond well to treatment (21).

These reports indicate that the development of cutaneous irAEs

is associated with the blockade of common antigens that are co-

expressed on both tumor cells and the dermo-epidermal junction

and/or other parts of the skin. However, not all tumor tissues have

potent neoantigens, and tissue-specific antigens can, in principle,

support strong anti-tumor T cell responses with autoimmunity as a

toxic skin effect.
3.2 Increased release of proinflammatory
cytokines and antibodies via activation of T
cells and B cells

This mechanism may involve various immune cells, such as T

and B cells. The blockade of PD-1 and CTLA-4 enhances Th1 and

Th17 cell activity (22, 23). Th17 cells produce IL-17A and IL-22,
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which encourage neutrophil recruitment and the proliferation of

epidermal keratinocytes. Thus, ICIs can promote a secondary

increase in pro-inflammatory cytokines via Th17 cells, resulting

in the exacerbation or induction of psoriasis. At the onset of ICI-

induced lichen planus (LP), anti-PD-1 agents increase T cell

proliferation and IFN-g and IL-2 production in patients with oral

LP (24). It has been shown that nivolumab treatment upregulated

granzyme B and IFN-g in the responding lesions in patients with

metastatic melanoma (25). PD-1 is also expressed on major human

B-cell subsets, including naive and memory B cells, and the

expression of PD-L1 is induced by TLR9 activation. Blockade of

the PD-1/PD-L1 pathway increases B-cell activation, proliferation,

and production of disease-specific autoantibodies, such as anti-

BP180 antibody which is involved in BP (26). These reports suggest

that the increased release of proinflammatory cytokines, such as IL-

2, IL-17A, and IL-22, and B cell activation with the production of

autoantibodies by ICIs treatment are associated with immune-

related damage in specific tissues and organs.
3.3 The association with HLA variants and
the specific irAEs

Specific HLA variants can serve as useful markers of

autoimmune diseases. Indeed, the frequency of specific HLA is

higher in patients with irAEs than in healthy controls (27, 28).

Among cutaneous irAEs, 102 patients with metastatic cancer who

received ICIs treatment were significantly associated with HLA-

DRB1*11:01 and pruritus (OR = 4.53, X2 1,95 = 9.45, P < 0.01) (29).

This result indicates that HLA-DRB1*11:01 may be a useful

predictive marker for the development of pruritus in patients

treated with ICIs, suggesting a genetic etiology for irAEs.

However, the specific mechanism underlying HLA-associated

irAEs remains unclear. Meanwhile, a large cohort study of 530

patients who received ICIs revealed that irAEs in particular organs

and tissues might be associated with certain HLA types (HLA-

DRB3*01:01 and thrombocytopenia, HLA-DPB1*04:02 and

hypokalemia/hyponatremia, leukopenia and anemia, HLA-

A*26:01 and bilirubin elevation); however, HLA heterogeneity has

no significant influence on the occurrence of irAEs. In contrast,

organ-specific irAEs are strongly involved in multiple HLA variants

(27, 28). The molecular mimetic process is tissue-specific, so HLA

that presents certain self-peptides may only be associated with some

subtypes of irAE. Therefore, HLA types might be useful biomarkers

in irAE risk assessments, but it is difficult to identify the association

between HLA variants and the occurrence of irAEs. Heterogeneity-

inducing mechanisms, such as epitope spread, loss of self-tolerance,

and increased inflammatory cytokines, influence the different

subtypes of irAEs (30). Further research is required to identify the

role of HLA in risk assessment and the occurrence of irAEs.
3.4 Allergic mechanisms

MPR, LP/LP-like eruptions, and SJS/TEN/DIHS/DRESS caused

by ICIs are partly considered to involve type IV hypersensitivity
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reactions. ICIs can induce cutaneous reactions through type IV

hypersensitivity. In contrast, patients treated with ICIs develop

cutaneous irAEs from other concomitant medications, which may

resemble the clinical presentation of cutaneous irAEs (31). The

administration of ICIs may have triggered an immune response to

concomitant medications that were previously tolerated, resulting

in the induction of cutaneous irAEs. Indeed, in a retrospective

study, 80% of patients who developed lichenoid eruptions after

treatment with anti-PD-1/PD-L1 agents simultaneously consumed

drugs previously reported to induce lichenoid eruptions (32). The

detailed mechanisms remain unclear, but it is speculated to be due

to the enhancement of inflammatory response via the activation of

the immune system, including T cells and APCs, and the inhibition

of the suppressive function of Tregs by PD-1 blockage (9, 32). Thus,

ICIs may accelerate concurrent medication-induced drug eruptions.
4 Epidemiology of cutaneous irAEs

The incidence of cutaneous irAEs ranges from 30 to 60% in

patients treated with ICIs (33–37). In contrast, the frequency of

cutaneous irAEs differed according to the ICI administered. Anti-

CTLA-4 monotherapy has a higher incidence of cutaneous irAEs

(44-59%) than anti-PD-1 (34-42%) and anti-PD-L1 monotherapy

(up to 20%), whereas combination therapy with anti-PD-1 and anti-

CTLA-4 agents has the highest incidence (59−72%) (38, 39). In the

severity analysis, cutaneous irAEs were observed in approximately

25% of patients treated with anti-CTLA-4 agents, of which 2.4%

were grade 3 and 4 (severe to life-threatening) (40). The incidence

of cutaneous irAEs of grades 3 and 4 is much higher during

treatment with anti-PD-L1 monotherapy (7.2%) than with anti-

PD-1 monotherapy (2.3%) or anti-CTLA-4 monotherapy (4.7%)

(41). In combination therapy, anti-PD-L1 and anti-CTLA-4

therapies were associated with the highest incidence (14.5%)

compared to anti-PD-1 and anti-CTLA-4 therapies (5.4%) (41).

Furthermore, the prevalence of cutaneous irAEs depends on the

type of cancer that is treated with ICIs; cutaneous irAEs are more

likely to occur in MM than in NSCLC (odds ratio [OR] 1.8, 95%

confidence interval [CI] 1.4-2.3) and renal cell carcinoma (RCC)

(OR 1.6, 95% CI 1.2-2.1) (42). Different tumor types have different

incidences and severities of cutaneous irAEs, even though the same

ICIs are used for treatment. The reasons for this observation are not

clear, but the TME, immune infiltrate, adaptive immune response,
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and neoantigen formation may be affected by histology and

therefore explain the different skin toxicities (43, 44).
5 Severity of cutaneous irAEs

The American Society of Clinical Oncology has established a

grading system for the severity of cutaneous irAEs. This system

provides appropriate guidelines for the management of cutaneous

irAEs according to the involvement of body surface area (BSA) and

additional manifestations. Cutaneous irAEs were classified based on

histologic and clinical severity and the percentage of BSA

involvement (Table 2) (45).
6 Clinical presentation

6.1 Maculopapular rash

MPR is the most frequent cutaneous irAE and occurs relatively

early (39, 46). Rashes reported as irAEs often include MPR. A typical

MPR presents as faint erythematous macules and papules that

coalesce into plaques. Rashes are generally observed in the trunk

and extremities, whereas flexural skin, scalp, palms, and face are

rarely involved (Figure 1A). Histopathological features revealed

superficial perivascular dermatitis with infiltration of CD4-

predominant T cells and eosinophils (47, 48). The incidence rate of

MPR differed for each of the ICIs. Anti-CTLA-4 agents are associated

with a higher risk of MPR than anti-PD-1/anti-PD-L1 agents.

Approximately 49–68% of patients receiving anti-CTLA-4 agents

can develop MPR of any grade, compared to 20% of patients

receiving anti- PD1/PDL-1 agents (40, 48, 49). Skin rashes are

widespread; however, almost all patients present with self-limiting

MPR, which can be treated with ICIs. However, MPR sometimes

occurs as an early manifestation of severe cutaneous irAEs such as the

initial presentation of BP, Stevens-Johnson syndrome (SJS)/toxic

epidermal necrolysis (TEN), or drug-induced hypersensitivity

syndrome (DIHS)/drug reaction with eosinophilia and systemic

symptoms (DRESS). The patient should be carefully followed-up

for blister formation, mucositis, epidermal detachment, high fever, or

swollen lymph nodes from a few days to a week after the onset of such

eruptions. In mild cases, MPR is usually treated with topical

corticosteroids, emollients, and oral antihistamine drugs. However,
TABLE 2 Common Terminology Criteria for Adverse Events.

Grade Representative Conditions

1 Asymptomatic with macules/papules covering majorly <10% of BSA

2 Macules/papules covering 10% to 30% of BSA can be symptomatic as well as asymptomatic.

3 About >30% of BSA is covered. The appearance of macules/papules with or without symptoms.

4 It is the most severe cutaneous response and can be life-threatening, such as SJS, TEN, and bullous dermatitis involving about >30% of BSA. Intensive care
should be taken for proper management.
BSA, body surface area.
SJS, Stevens-Johnson Syndrome.
TEN, toxic epidermal necrolysis.
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systemic corticosteroids (0.5-1 mg/kg/day) are administered in

approximately 20% of MPR, and it is estimated that some cases are

refractory to treatment with symptomatic therapy (50). Systemic

corticosteroids should be considered in patients with systemic

symptoms such as fever or widespread erythema multiforme.
6.2 Xerosis and eczematous conditions

Xerosis is often observed in patients treated with anti-PD-1

agents. Various types of eczematous dermatitis are often induced by

xerosis, particularly during winter. Clinical manifestations often

include itchy, poorly demarcated, and erythematous macules and

papules that coalesce into plaques and patches on the trunk and

extremities, whereas seborrheic dermatitis-like lesions are observed

on the face (51). Patients with xerosis are encouraged to moisten

their entire body using topical emollients. Eczematous dermatitis is

treated with topical corticosteroids, calcineurin inhibitors, and oral

antihistamine drugs, depending on the eczematous condition.
6.3 Psoriasis/psoriasiform eruption

Psoriasiform dermatitis induced by ICIs can be divided into

two types: new-onset psoriasis (de novo psoriasis) and worsening

existing psoriasis (reactivated psoriasis) (52). Data from the

European Network for Cutaneous Adverse Events to Oncologic

Drugs revealed that of the 115 ICI-induced psoriasis cases, 30%
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had reactivated psoriasis, and 70% had de novo psoriasis (52). The

patients received either anti-PD-1 (86.1%) or anti-PD-L1 (13.9%)

agents (53). The typical manifestation appears as scaly

erythematous plaques with well-defined borders on the trunk

and extremities, while in some cases, palms/soles are involved,

and small-sized rashes present as guttate-type psoriasis

(Figure 1B) (54). Histopathological features resemble

spontaneous psoriasis, which shows parakeratosis, loss of the

granular layer, acanthosis with elongation of the rete ridges, and

perivascular lymphocytic infiltration. However, lichenoid features,

spongiosis, and infiltration of eosinophils can be observed in ICI-

induced psoriasis (55, 56). ICIs augment Th1 and Th17 activities,

resulting in the production of IL-17, which plays an important

role in the pathogenesis of psoriasis (22, 23). Interestingly,

patients with reactivated psoriasis tend to develop cutaneous

findings early after initiation of ICI therapy compared with

those with de novo psoriasis (50 days vs. 91 days) (57).

Regardless of the type of psoriasis, ICI-induced psoriasis is

treated with topical corticosteroids, vitamin D3 analogs, and

narrowband ultraviolet B phototherapy (50, 57). If lesions

persist despite these treatments, systemic treatments such as

methotrexate, apremilast, retinoids, and biologics can be

administered (50, 57–59). However, biologics, particularly

tumor necrosis factor-a inhibitors, are contraindicated in

patients with active malignancy. In contrast, the use of

infliximab for other life-threatening irAEs has been reported,

and data on its use in ICI-induced psoriasis are purely

descriptive. Hence, IL-17 or IL-23 inhibitors may be preferable.
A B
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FIGURE 1

Common cutaneous irAEs. (A) Maculopapular rash. Erythematous macules and papules on the trunk. (B) Psoriasiform eruption. Scaly keratotic
erythema plaques on the gluteal region and lower limbs. (C) Lichen planus-like eruption. Erythematous patches with scale and hyperkeratosis on the
hands and lower limbs. (D) Vitiligo. Depigmented macules developing into plaques on the forearm. irAEs, immune-related cutaneous adverse events.
Written informed consent was obtained from the individual(s) for the publication of any identifiable images or data included in this article.
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6.4 Lichen planus/lichen planus-like
eruption

LP/LP-like eruptions are more often observed in patients

treated with anti-PD-1/PD-L1 agents than in those treated with

CTLA-4 agents (60, 61). Clinically, LP/LP-like eruptions are

observed in 0.5−6% of patients treated with ICIs (48, 62, 63). In a

single-institution cohort study, LP/LP-like eruptions affected 17%

of patients with metastatic melanoma treated with anti-PD-1 agents

(64). Rashes generally show itchy, red to violaceous, flat-topped

papules or plaques on the extremities and trunk (Figure 1C) (32, 60,

64). Interestingly, unlike spontaneous LP, ICI-induced LP-like

eruptions are rarely observed in the oral mucosa (60).

Histopathological features included hyperkeratosis, interface

changes with dense band-like superficial infiltration of

lymphocytes, and keratinocyte apoptosis in the basal layer of the

epidermis. Unlike typical LP, epidermal spongiosis, parakeratosis,

eosinophils, and necrosis are observed in ICI-induced LP-like

eruptions (60, 61, 64). Furthermore, gene expression profiling and

immunohistochemical staining showed upregulation of toll-like

receptor (TLR) 2 and TLR4 and increased CD14+ and CD16+

monocytes in patients with lichenoid dermatitis. Thus, the innate

immune response may be involved in the onset of LP/LP-like

eruptions via the activation of CD14/TLR signaling (65). The

treatment of LP/LP-like eruptions mainly consists of topical

corticosteroids, which allow the continuation of ICIs therapy. In

intractable cases, systemic treatment, including oral corticosteroids,

retinoids, cyclosporine, and narrowband ultraviolet B

phototherapy, has also been reported to be effective in intractable

cases (38, 66).
6.5 Vitiligo

Vitiligo is an autoimmune disease characterized by loss of

melanocyte function in the epidermis. ICI-induced vitiligo is

frequently observed in melanoma patients, whereas other

cancers are less commonly reported. Vitiligo affects 2–9% of

patients with melanoma treated with anti-CTLA-4 agents and

7–11% of those treated with anti-PD-1 agents or combination

therapy (38). Unlike idiopathic vitiligo, the clinical features of ICI-

induced vitiligo are characterized by its occurrence in photo-

exposed areas, which consist of flecked macules that coalesce into
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patches without koebnerization (Figure 1D) (67). In the treatment

with anti-PD-1 agents, depigmentation is induced by the

activation of CD8+ cytotoxic T cells against melanoma-

associated antigens (MART-1/MelanA, gp100, and tyrosinase-

related proteins 1 and 2) shared by normal melanocytes and

melanomas (18, 68). Unfortunately, no definitive treatment for

ICI-induced vitiligo has been reported, and most cases do not

improve after ICI discontinuation. However, the onset of

depigmentation during ICI therapy is significantly associated

with favorable results in melanoma (69, 70).
6.6 Bullous diseases

Autoimmune bullous diseases are rare cutaneous irAEs

characterized by autoantibodies against basement membrane

proteins BP180 and BP230 (71–76). The incidence of

autoimmune bullous diseases, including BP, bullous lichenoid

dermatitis, and linear IgA bullous dermatosis, is approximately

1% in patients administered anti-PD-1/PD-L1 agents (77). The

clinical manifestations of ICI-induced BP include tense bullae and

erythematous erosions on the trunk and extremities, while

involvement of the mucous membrane is less frequent (Figure 2)

(77, 78). The histopathological features of ICI-induced BP are

similar to those of spontaneous BP, which shows subepidermal

blistering with eosinophilic infiltration and linear deposition of

complement component 3 (C3) and immunoglobulin G (IgG) in

the basement membrane zone on direct immunofluorescence (73).

Blockade of the PD-1/PD-L1 pathway enhances B cell activation,

resulting in the production of autoantibodies such as anti-BP180

antibody and inflammatory cytokines. Moreover, basement

membrane components are also expressed in cancers and in the

production of autoantibodies against different epitopes (cross-

reactivity), thus causing ICIs to induce the development of BP

(20). Mild cases are generally treated with a combination of high-

potency topical corticosteroids and doxycycline with or without

niacinamide (79). Severe cases typically require systemic

corticosteroids (0.5−1.0 mg/kg/day prednisone) that are slowly

tapered over the course of 1–2 months and the addition of

rituximab, which is a B cell-depleting anti-CD20 antibody (77, 79,

80). The development of BP is linked to favorable tumor response to

anti-PD-1 agents and decreased mortality (81); however, other

studies did not support this finding (20).
FIGURE 2

Bullous pemphigoid eruption. Multiple small tense bullae on extremities. Written informed consent was obtained from the individual(s) for the
publication of any identifiable images or data included in this article.
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6.7 Alopecia

Alopecia is less frequent but represents a significant proportion of

irAEs. The incidence of ICI-induced alopecia is approximately 1–2%

(82–84). ICI-induced alopecia shows a phenotype similar to alopecia

areata, in which hair follicles are impaired by CD8+ T-cells (85). The

clinical manifestations of alopecia vary, ranging from well-

circumscribed patches or diffuse hair loss on the scalp to alopecia

universalis (Figure 3) (86). Histopathological examination revealed a

perifollicular lymphocytic inflammation. The hair follicle dermal

sheath expresses PD-L1, and PD-1 blockade directly induces

alopecia areata, alopecia totalis, or alopecia universalis via CD4+

and CD8+ T cell–mediated immune response (85). Alopecia is

usually treated with intralesional and topical corticosteroids as well

as systemic immunomodulators (86, 87).
6.8 Pruritus

Pruritus is the second most common cutaneous irAE

associated with ICIs. The overall incidence of pruritus is

reported to be 13–20% (38, 88). Symptoms are commonly grade

1 or 2 in severity, with high-grade pruritus rarely reported (<2% of

patients) (46, 88). In another report, pruritus affected 14−47% of

patients, of whom the highest incidence was observed in patients

receiving anti-CTLA-4 agents (25−36%) and combination therapy

(33−47%) (38). The onset of pruritus is associated with a specific

HLA. In an analysis of 102 patients receiving anti-PD-1, anti-

CTLA-4, or combination therapy, a significant correlation was

found between HLA-DRB1*11:01 and pruritus (29). Pruritus

often complicates other skin changes such as erosions,

ulcerations, hyperpigmentation, or prurigo nodules, but it can

also occur independently of any other skin changes. Pruritus is

commonly observed on the trunk and scalp, whereas the face,

soles, anterior neck, and genitalia are rarely involved (38, 89).

Pruritus is mainly treated with oral antihistamine drugs and

emollients with or without topical corticosteroids (35, 90). In

grades 3 and 4 severity, severe itchiness affects the quality of life

and sometimes requires discontinuation of ICIs (35, 90).
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6.9 Scleroderma

ICI-induced scleroderma-like lesions are rare cutaneous irAEs

(Figure 4). Terrier et al. summarized 10 cases (5 males and 5

females), which consisted of 6 cases of systemic sclerosis (2 limited

and 4 diffuse types) and 4 cases of morphea (2 localized and 2

generalized types) (91). The ICIs administered to these 10 patients

included nivolumab in 4 cases and pembrolizumab in 6 cases (91).

Interestingly, sclerotic skin changes were observed more rapidly

with pembrolizumab than with nivolumab. This result indicates

that inhibition of PD-1/PD-L1 may be associated with the onset of

scleroderma-like lesions. Indeed, blockade of the PD-1/PD-L1

pathway induces macrophage polarization to the profibrotic M2

type, resulting in excessive production of extracellular matrix

proteins via fibroblast activation (92). Th17 is also involved in the

pathogenesis of systemic sclerosis, and blockage of PD-1 leads to a

shift in the immune balance toward a Th1/Th17 response (9).

Regarding the treatment of scleroderma-like lesions, six patients

with generalized skin lesions were treated with high-dose

corticosteroids, and almost all showed improvement in skin

thickness (92).
6.10 SJS/TEN/DIHS/DRESS

Severe cutaneous drug eruptions, including Stevens-Johnson

syndrome (SJS) and toxic epidermal necrolysis (TEN), are rare with

ICIs treatment, but life-threatening cutaneous adverse drug

reactions are characterized by high fever, widespread detachment

of the epidermis, and erosions, and mucositis. However, the

incidence of ICI-induced SJS/TEN remains unknown. To date, 20

cases of SJS/TEN have been reported, including 12, six, and two

cases associated with the use of pembrolizumab, nivolumab, and

atezolizumab, respectively (37). The clinical and histopathological

features of ICI-induced SJS/TEN were similar to those of SJS/TEN

caused by other drugs (Figure 5). It has been speculated that PD-L1

is typically undetectable in epidermal keratinocytes, but ICI

treatment increases PD-L1 expression, which induces apoptosis of

PDL-1 expressing keratinocytes by activated cytotoxic CD8+ T cells
FIGURE 3

Alopecia areata. Circumscribed patches of hair loss on the parietal region. Written informed consent was obtained from the individual(s) for the
publication of any identifiable images or data included in this article.
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(93). In addition, ICI-induced skin damage shows a similar gene

expression profile as SJS/TEN from other causative drugs, with

increased expression of inflammatory chemokines, cytotoxic

mediators (perforin and granzyme B), and apoptosis-promoting

molecules (Fas Ligand) (94, 95). Furthermore, the dysfunction of

Tregs and enhancement of co-stimulatory factors are associated

with SJS/TEN pathogenesis. Degranulation of CTL and NK cells,

which induces apoptosis of keratinocytes, has been implicated in the

association between CD49/NKG2C and HLA-E. Additional

implicated factors include Fas/FasL, PD-L1-expressing T cells and

epidermal cells, and CD40/CD40L interactions at the dermal-

epidermal junction (96, 97). In the management of SJS/TEN, it

should be discontinued. Treatment with high-dose corticosteroids

(0.5-1.0 mg/kg/day prednisone) is recommended because the

mechanism of adverse events involves T-cell immunodirected

toxicity. In addition to systemic corticosteroids, adjuvant

therapies based on a combination of immunosuppressive agents,

such as oral cyclosporine, intravenous immunoglobulin (IVIG),

and/or plasmapheresis therapy, have been proposed (98). However,

the effect of immunosuppressive agents on cancer is unknown;

therefore, the decision to use immunosuppressive agents should be
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made in consultation with the oncologist in charge. The mortality

rates of SJS and TEN are 10% and 50%, respectively (94).

Drug-induced hypersensitivity syndrome (DIHS)/drug reaction

with eosinophilia and systemic symptoms (DRESS) can also be

induced by ICIs but are rare cutaneous irAEs. In the three published

cases of ICI-induced DIHS/DRESS, the causative ICIs consisted of

one case of use of nivolumab and one case of use of ipilimumab

(99–101). Patients developed renal and hepatic involvement,

although steroid-responsive multiorgan dysfunction could have

occurred due to either DIHS/DRESS or direct ICIs toxicity. For

the management of DIHS/DRESS, discontinuation of ICIs and

administration of systemic corticosteroids (1.0 mg/kg/day

prednisone) a required. In contrast to SJS/TEN, systemic

corticosteroids should be tapered slowly over at least 6–8 weeks

to reduce the risk of recurrence.
7 Time to onset of cutaneous irAEs

The time from the initiation of ICIs treatment to the onset of

irAEs is generally weeks to months. Among the various irAEs,
A B

FIGURE 4

Scleroderma. (A) Skin thickening and hardening causing the stiffness of the fingers and hands. (B) Skin thickening and hardening with pigmentation on
the trunk. Written informed consent was obtained from the individual(s) for the publication of any identifiable images or data included in this article.
A B

FIGURE 5

Toxic epidermal necrolysis. (A) Erythematous macules, bullae, and erosions on the trunk. (B) Hemorrhagic erosion of the lip. Written informed
consent was obtained from the individual(s) for the publication of any identifiable images or data included in this article.
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cutaneous irAEs are the earliest complications to develop (47, 102).

However, the duration from the initiation of ICIs to the onset of

cutaneous irAEs differs depending on the type of skin rash. Figure 6

summarizes the time to the onset of each cutaneous irAE. MPR

occurs within the first 3–6 weeks of ICIs treatment initiation (40, 48,

49). Similar to MPR, psoriasiform rash appears three weeks after the

initiation of ICIs treatment (54, 57). In contrast, other studies have

shown that the time from ICIs treatment initiation to psoriasis

development ranges from 5− to 12 weeks (53, 103). These

differences may be due to de novo or reactivated psoriasis (57).

The onset of LP/LP-like eruptions occurs later than that of

psoriasiform rash and MPR, with an onset ranging from 6 to 12

weeks (34, 48). In another report, LP/LP-like eruptions occurred

anywhere from 3 to 52 weeks after the initiation of ICIs treatment

(32). The occurrence of vitiligo is characterized by late onset, with

the time to development varying from seven weeks to several

months (median onset time of approximately 26 weeks) after ICIs

initiation (46, 104, 105). The onset of alopecia is also delayed,

occurring within 12–24 weeks of the initiation of ICIs treatment

(83). The time to the onset of BP eruptions also varied according to

previous reports. Previously, BP eruptions had been reported to

occur at 13-15 weeks (48), but more recent studies have reported

that they can occur anywhere between 3− and 80 weeks after ICI

therapy initiation (71, 72, 78). Pruritus can develop 1− to 27 weeks

after initiating ICIs (106). Since the onset of ICI-induced

scleroderma is very rare, the detailed time from ICI initiation to

onset is unknown. However, in 10 published cases, the time from

ICIs therapy initiation to scleroderma onset ranged from 6− to 48

weeks (91, 107–110). The onset of severe cutaneous adverse

reactions, including SJS, TEN, and DIHS/DRESS, varies from one

− to 20 weeks (94). The average onset time is reported to be 8.9

weeks for SJS and 5.4 weeks for TEN; however, they can occur

within a week of the first administration of ICIs (111). Interestingly,
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different types of skin eruptions can develop in the same individual

at different times, depending on the type of lesion.
8 Association with cutaneous irAEs
and prognosis

Patients who develop irAEs are generally considered to have a

high anti-tumor response. In patients with malignant melanoma

treated with nivolumab, overall survival was improved in patients

who developed irAEs and in those with a higher number of irAEs

(16). Interestingly, in a large cohort analysis of the association

between cutaneous irAEs and survival rates within six months of

anti-PD-1/PD-L1 therapy, the incidence of cutaneous irAEs

correlated with decreased mortality (112). Furthermore,

cutaneous irAEs often precede irAEs in other organs and are

expected to be biomarkers for the development of secondary

irAEs and overall survival. Thompson et al. examined the clinical

types of cutaneous irAEs and other organ irAEs and found an

association between mucosal lesions and overall irAEs as well as

psoriasis-like skin rash and endocrine organ irAEs (113). In a

retrospective study, lichenoid and spongiotic dermatitis were

identified as biomarkers of favorable tumor response in patients

receiving anti-PD- 1/PD-L1 therapy (114). Another study focused

on the histopathology of cutaneous irAEs and their prognosis.

Hirotsu et al. showed associations between vacuolar lesions and

pneumonia, psoriasis-like histology and musculoskeletal and

multiple other organ irAEs, and bullous histology and

ipilimumab–nivolumab combination therapy (114). Spongiform

changes and lichenoid reactions are associated with progression-

free survival and decreased mortality, whereas vacuolar

degeneration and superficial perivascular dermatitis increase the

risk of mortality (115).
FIGURE 6

Time to onset of cutaneous immune-related cutaneous adverse events. MPR, Maculopapular rash; SJS, Stevens-Johnson Syndrome; TEN, toxic
epidermal necrolysis; DIHS, Drug-induced hypersensitivity syndrome; DRESS, Drug reaction with eosinophilia and systemic symptoms; irAEs,
immune-related cutaneous adverse events.
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9 Conclusions

ICIs have been approved for many advanced malignancies and

will be developed and used for more malignancies in the future.

Although cutaneous irAEs are the most common adverse events,

most cases are mild (grades 1 and 2), allowing continuous treatment

with ICIs. In contrast, rare and severe cutaneous irAEs such as SJS/

TEN and DIHS/DRESS should be carefully considered for

discontinuation of ICIs and treatment. To achieve the most

favorable outcomes for patients with cancer, early and accurate

diagnosis of irAEs is essential to implement management

steps, including discontinuation of ICIs and/or addition of

immunosuppressive agents such as systemic corticosteroids.

Furthermore, as recent studies have shown, a detailed diagnosis of

cutaneous irAEs may provide useful information regarding patient

prognosis and biomarkers for predicting subsequent irAEs and their

risk factors. Therefore, dermatologists should be aware of many types

of cutaneous features, whether they are common or rare, treatment

strategies for cutaneous irAEs, and their mechanisms of action.
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Keloid is a type of disfiguring pathological scarring unique to human skin. The

disorder is characterized by excessive collagen deposition. Immune cell infiltration

is a hallmark of both normal and pathological tissue repair. However, the

immunopathological mechanisms of keloid remain unclear. Recent studies have

uncovered the pivotal role of both innate and adaptive immunity inmodulating the

aberrant behavior of keloid fibroblasts. Several novel therapeutics attempting to

restore regulation of the immunemicroenvironment have shown variable efficacy.

We review the current understanding of keloid immunopathogenesis and highlight

the potential roles of immune pathway-specific therapeutics.

KEYWORDS

keloid, scar, immunity, macrophages, T lymphocytes, cytokines, signal transduction
1 Introduction

Keloid is a type of pathological scarring unique to human skin. The disorder is

characterized by dysregulated fibroproliferation with excessive production of extracellular

matrix (ECM) and extension beyond the initial wound (1). Keloid scars are often

disfiguring, profoundly impair the quality of life and cause immense physical and

mental distress of affected individuals, especially in those with symptomatic (pruritic,
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painful) and/or hyperpigmented scars (2–4). Limited

epidemiological data suggested a female predominance, and a

higher prevalence among people of darker skin complexion, such

as those of African and Asian descents (5, 6). The prevalence of

excessive scarring in Black, Asians and Caucasians was recently

reported at 2.4%, 1.1% and 0.4%, respectively (6). Association

between excessive scarring and other systemic conditions

including hypertension (7–9), vitamin D deficiency (10, 11), and

atopic dermatitis (12, 13) has been suggested. A recent cohort of the

UK biobank found atopic dermatitis significantly associated with

excessive scarring across ethnic groups (6). Hypertension in Blacks

and vitamin D deficiency in Asians also showed significant

association with keloid formation (6).

In practice, several preventive and therapeutic therapies are

used to manage keloids. Application of silicone gel sheets, topical

corticosteroids, and intralesional corticosteroids are frequently

utilized in individuals with a history of excessive scarring after

trauma or surgeries (14). For established keloids, nonsurgical

management commonly involves intralesional corticosteroids

(e.g., triamcinolone acetonide) (5). Laser-assisted topical steroid

application is a novel alternative with better reported aesthetic

outcome (15). Intralesional injection of botulinum toxin A, 5-

fluorouracil, verapamil, bleomycin, and interferon (IFN)-a2b are

less common measures with varying efficacy (16, 17). Other

methods include laser therapy (18), and intralesional cryosurgery

(19). Monotherapy with radiation is less preferred due to the

requirement of large radiation doses (14). Successful surgical

management of keloids hinges on the ability to minimize dermal

tension (20). Body site-specific techniques have been proposed (14).

The high postsurgical recurrence rate can be ameliorated with

adjunctive radiation and/or local corticosteroids (14). There are

also anecdotal reports with tissue-engineered allografts (21) and

platelet-rich plasma (22). The associated adverse effects of

established therapies could be significant, especially with long-

term or repeated treatment. Intralesional corticosteroids, one of

the most frequent methods in both prophylactic and therapeutic

management of keloids, is associated with skin hypo-/hyper-

pigmentation, atrophy, and telangiectasia.

The pathogenesis of the exuberant scarring remains

incompletely understood. No single determining pathway has

been identified. Instead, roles of several transcription factors,

growth factors, cytokines, ECM proteins, and their associated

regulators/effectors have been implicated in experimental studies.

The dysregulated molecular profile causes imbalance within and

across stages of tissue repair. Wound healing consists of an

overlapping sequence of hemostasis, inflammation, proliferation

and re-epithelization, and remodelling (23, 24). At the

inflammation stage, the innate immune system is activated in

response to the damage-associate molecular patterns (DAMPs)

and other danger signals (23, 24). Cell debris are removed via

phagocytosis of neutrophils (23, 24). Macrophages are later

recruited. In addition to phagocytosis, macrophages play an

important role in the resolution of inflammation, setting the stage

for proliferation (23, 24). The proliferation phase is characterized by

migration of keratinocytes, angiogenesis, and formation of

granulation tissue (23, 24). Remodelling ensues with replacement
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of collagen III with collagen I and regression of blood vessels (23,

24). Across the stages, there is a complex interplay between immune

cells and fibroblasts. Moreover, the outcome of subsequent stages is

closely associated with the integrity and functionality of prior events

(23). Hence, excessive scarring could arise as primary dysfunction

of the remodelling phase or secondary to an exaggerated

inflammatory response (23, 25).

The etiology of keloids is likely multifactorial and hinges on a

constellation of factors, including genetic predisposition (26–34),

inflammation (35–39), mechanical stress (40–43), tissue hypoxia

(44–48), delayed-type hypersensitivity (49), and metabolic

dysfunction (50, 51). Familial cases of autosomal dominant

inheritance with incomplete clinical penetrance and variable

expression have been described (52–54). Several immune

pathway-associated susceptible genotypes have been identified,

including polymorphisms of interleukin (IL)-6 and transforming

growth factor (TGF)-b receptors (26–28, 55–57). Moreover,

immune cell infiltration is a hallmark of keloid tissue. Preferential

recruitment of immune cells modulates the process of skin repair

via interaction with keloid fibroblasts (58, 59). Since the 1970s, the

immunological aspect of keloid formation has been proposed (60–

63), and a potential role for autoimmunity was frequently evoked in

early reports (60, 63). With the advent of novel technologies and

laboratory methods, the interest in the immunological landscape of

keloid formation has led to vigorous investigations over the past

two decades.

The reticular dermis has been proposed as the main locale of

chronic inflammation underscoring the formation of keloid scars

with upregulation of various proinflammatory cytokines,

including IL-1a, IL-1b, IL-6, and tumor necrosis factor (TNF)-a
(35). Interestingly, there appeared to be a concomitant excess of

regulatory cell types and cytokines (64, 65). Study of keloid

histology demonstrated altered expression of ECM molecules

with increased type I/III collagen ratio, and a hypercellular

dermis with increased numbers of fibroblasts, mast cells and

macrophages, as well as varying presence of lymphocytes (1, 36,

64, 66–75). Keloid tissue also harbored a higher percentage of

mesenchymal stem cells, and the amount of which was found to be

correlated with disease recurrence (76). The role of myofibroblasts

is less defined. A recent report found that myofibroblasts, a key

feature of cultured fibroblasts in several reports, are not

characteristic of keloid lesion in vivo (77). The concept of keloid

microenvironment has been frequently evoked to describe the

complex cellular and molecular interplay that gives rise to and

sustains keloidogenesis . Recent technologies , such as

identification of differentially expressed genes via examination

of RNA sequencing data sets (74, 75, 78–80), have led to more

extensive analysis of keloid tissue. A skewed T helper (Th) 2

phenotype was recently characterized (81–85), along with a

potential co-susceptibility of keloids and atopic dermatitis (6,

12, 86). Moreover, even in the absence of comorbid atopic

dermatitis, both lesional and non-lesional skin of patients with

chronic keloids exhibit Th2 predominance (81). These features of

heightened immune response were validated in a recent

transcriptomic study, in which a globally elevated expression of

several immune pathways over the entire integument of keloid
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patients was seen, especially the Th2 and Janus kinase (JAK) 3

pathways. Increased expression of T cell, regulatory T cell (Treg),

and dendritic cell (DC) markers was also observed, along with the

expression of the innate, Th1- and Th17/Th22-signaling pathways

(85). The change in cellular composition and function is

accompanied by increased levels of IL-6, IL-10, IL-17, TGF-b,
and TNF (38, 39, 48, 78, 85, 87–94). Increase in IL-4, IL-13, IL-18,

granulocyte colony-stimulating factors, and granulocyte-

monocyte colony-stimulating factors, were also observed (39,

82–85, 87, 88). On the other hand, reduced expression of

potential anti-inflammatory mediators, such as IL-34 and IL-37,

has been reported (85, 87, 95, 96). Single-cell RNA sequencing and

spatial transcriptomics (72, 97–99), as well as epigenetics (34, 100)

are emerging fields utilized to reveal potential pathophysiological

features of keloids. One single-cell RNA sequencing study

identified a distinct macrophage-centered communication

regulatory network that may favor transition and proliferation

of M2 macrophages (72). In addition to the local characteristics,

corresponding abnormalities in the cytokine profile have been

identified in the peripheral blood of keloid patients (39). Serum

soluble human leukocyte antigen-E (sHLA-E) was recently

identified as a potential biomarker of keloid occurrence and

recurrence (101). Furthermore, aberrant immune cell

composition and activity are increasingly recognized in the non-

lesional skin of keloid patients (81, 82, 85). Reports on the

involvement of humoral immunity were less consistent. Anti-

hnRNPA2B1, an autoantibody against RNA-associated proteins,

was found to be significantly elevated in the serum of keloid

patients (73). The same study also showed deposition of

immunoglobulins (IgA, IgM) and complements (IgA, IgM, C3

and C1q) via immunofluorescence in keloid skin tissue (73). These

findings suggest a systemic pathological process underscoring the
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development of keloids, such that the risk-benefit of repeated local

therapy for susceptible individuals is called into question. Further

studies are required to elucidate the origin of the keloid-prone

immunological signatures.

In th i s rev iew , current unders tand ing of ke lo id

immunopathogenesis is discussed, with highlights of potential

pathway-targeted therapeutics.
2 The roles of immune cells
in keloid formation

2.1 Mast cells as profibrotic mediators

Mast cells cluster in tissue exposed to the external environment.

In human skin, mature mast cells are abundant near the

vasculature, lymphatics, nerves, and fibroblasts, and play a crucial

role in wound healing by initiating inflammation, facilitating re-

epithelialization, and inducing angiogenesis (68). It has been

postulated that mast cells contribute to profibrotic chronic

inflammation as well as to the common symptoms (pruritus and

erythema) associated with keloid scars (Figure 1). Silicone gel

sheeting has been shown to reduce mast cell infiltration in keloid

lesions and thus provide symptomatic relief (102).

Increased intralesional and perilesional mast cells can be

observed in keloid tissue, both perivascularly and within

abnormal collagen bundles (36, 103). Degranulated mast cells are

frequently seen in contact with active fibroblasts, indicating the

presence of cell–cell interaction (67, 103). Attenuation of such

cellular crosstalk has been achieved by blockading the

phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of

rapamycin (mTOR) pathway using green tea extract (polyphenol
FIGURE 1

The role of mast cells in keloid pathogenesis. Degranulated mast cells crosstalk with activated keloid fibroblasts via the PI3K/Akt/mTOR pathway,
leading to more collagen synthesis. Enzymes, growth factors, and cytokines released upon mast cell degranulation contribute to activation of the
RAS, upregulation of keloid fibroblasts, angiogenesis, and cutaneous symptoms. AT-II, angiotensin II; FGF-2, fibroblast growth factor 2; IL,
interleukin; PDGF, platelet-derived growth factor; PI3K/Akt/mTOR, phosphatidylinositol-3-kinase/Akt/mammalian target of rapamycin pathway; RAS,
renin–angiotensin system; TGF-b, transforming growth factor-b; TNF-a, tumor necrosis factor-a; VEGF, vascular endothelial growth factor.
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EGCG), with a corresponding reduction in type I collagen

production (104). Several pro-angiogenic factors are released by

mast cells, including vascular endothelial growth factor (VEGF),

fibroblast growth factor-2, platelet-derived growth factor, IL-6,

tryptase, and chymase. Tryptase, a serine protease, is one of the

most potent inducers of tissue angiogenesis. Tryptase-positive mast

cell density and keloid angiogenesis are positively correlated (105).

The use of transdermal tryptase inhibitors for hypertrophic scars

and keloids has been described with symptomatic benefit (105).

Mast cell chymase expression and activity are heightened in keloid

tissue. The enzyme is profibrotic and stimulates fibroblast

proliferation and collagen synthesis via the TGF-b1/Smad

signaling pathway (106). Mast cell-derived chymase enhances

angiotensin II expression, leading to local activation of the renin-

angiotensin system and upregulation of TGF-b1, TNF-a, platelet-
derived growth factor, and IL-1b in keloid fibroblasts (107).

Chymase inhibitors have been shown to possess antifibrotic

property in skin (108), cardiovascular system (109), and liver

(110) in animal models. Other means of mast cell antagonization,

e.g., with mast cell stabilizers (111) or tyrosine kinase inhibitors

(112), have not been tested in keloids.
2.2 Macrophage polarization
and chronic inflammation

M1 (classically activated, CD68-positive) and M2 (alternatively

activated, CD163-positive) are two well-established macrophage

subgroups. The two phenotypes possess opposing properties, with

the former exerting a pro-inflammatory effect and the latter an anti-

inflammatory effect (113). An imbalance between M1 and M2

macrophages has been described in several chronic inflammatory

conditions such as rheumatoid arthritis (114). Normal wound

healing is characterized by an orchestrated transition from M1-

predominant early inflammatory stages to M2-predominant

restitution (115). Dysregulation of this process leads to either

prolonged inflammation with delayed wound closure or increased

scarring. M2 macrophages are disproportionally elevated in keloid
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lesions (69–72, 74), in part due to local enrichment of Th2

cytokines. Although not yet verified, M2 dominance has also been

linked to macrophage sensitivity to mechanical signals, including

skin tension and stiffness (42). M2 macrophages initiate wound

closure via secretion of TGF-b1, a potent inducer of both fibroblast

proliferation and their differentiation into myofibroblasts (115).

Moreover, M2 macrophages induce transcription factor forkhead

box P3 (FOXP3) expression in circulating CD3+ T cells,

contributing to the formation of Tregs (64) (Figure 2).

Interestingly, while M2 predominance is clearly present,

expression of both M1 (inducible nitric oxide synthase [iNOS],

IL-12)- and M2 (IL-10, TGF-b)-associated genes and proteins is

enhanced keloid lesions compared to normal skin (64).
2.3 Tregs-derived TGF-b1 and
collagen expression

The numbers of Tregs are increased in keloid lesions (64, 65).

Tregs proliferate after cellular contact with dermal fibroblasts in the

presence of IL-15 in chronically inflamed skin (116). In keloids, they

promote preferential accumulation of collagen III in the presence of

anti-CD3/CD28 (65). In patients with multiple keloid scars, the

local infiltration of Tregs was found to be coupled with a reduction

in circulating CD4+ CD25high FOXP3+ Tregs (117). Whether the

apparent excess of local Tregs is pathogenic or merely represents a

response to inflammation remains unclear. TGF-b1 and IL-10 are

key cytokines secreted by Tregs and exert an autocrine effect (118,

119). The former mediates elaboration of matrix proteins and

stimulates the production of IL-6 by mast cells (120), while the

latter downregulates proinflammatory macrophages and promotes

B cell activation and immunoglobulin secretion (121) (Figure 3).

Interestingly, IL-10, rather than IFN-g, antagonizes the TGF-b1
effect on keloid fibroblasts (93, 122). In muscle, Tregs are known to

accumulate at injured sites and modulate the polarization of M1

macrophage to M2 macrophage (123). It is likely that they assume a

similar coordinating role in wound healing. Further investigations

are required to determine the extent to which Tregs alter the
FIGURE 2

The role of macrophages in keloid pathogenesis. M2 macrophages predominate in keloids, resulting in activation of keloid fibroblasts, Treg
differentiation, and fibrosis and angiogenesis. IGF-1, insulin-like growth factor 1; IL, interleukin; PDGF, platelet-derived growth factor; TGF-b1,
transforming growth factor b1; Th, helper T cells; Treg, regulatory T cell; VEGF, vascular endothelial growth factor.
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balance between M1 and M2 macrophages and contribute

to keloidogenesis.
2.4 Chronic stimulation and exhaustion of
CD8+ T cells

In normal skin, the majority of T cells are CD45RO+ memory T

cells. The same holds true in keloids, with a significantly higher

proportion of effector memory CD8+ T cells (TEM) and CD103

+CD8+ resident memory T cells (TRM) (117). TRM are known to

trigger an exaggerated inflammatory response to stimuli (124).

Keloid memory T cells are less adept at producing TNF-a and

more prone to generating IFN-g (117). FOXP3+ CD8- memory T

cells are also defective with decreased IL-10 secretion, resulting in

exuberant but dysregulated T cell responses in keloids (117).

Further adding to the dysregulation, the expression of granzyme

B+ CD8+ cytotoxic T cell is downregulated in keloids, a feature

presumably related to the characteristic uncontrolled growth. A

recent single-cell RNA study discovered that chronic antigenic

stimulation in keloids result in enhanced surface NKG2A

expression on CD8+ T cells and natural killer (NK) cells (125,

126), with resultant suppression of cytotoxic T cells via the

NKG2A-soluble human leukocyte antigen-E (sHLA-E) axis (101).

IL-15 (127) and TGF-b (128) were implicated in this process. The

enhanced expression of the NKG2A/CD94 complex on CD8+

cytotoxic T cells is correlated with progression of keloids. The

level of sHLA-E reflects clinical response to intralesional therapy

(triamcinolone and 5-fluorouracil) and predicts recurrence risk

(101). Furthermore, the degree of sHLA-E elevation could

differentiate keloid scars from certain malignant mimics, with the

former exhibiting significantly higher levels of sHLA-E (101).

Monalizumab, a humanized anti-NKG2A IgG4 monoclonal

antibody, exerts an antitumor effect by unleashing both cytotoxic

T cells and NK cells (125). The agent has been tested in clinical trials

as part of the immunotherapeutic regimens for advanced solid

organ cancers, such as recurrent/metastatic squamous cell

carcinoma of the head and neck (129), unresectable stage III non-

small-cell lung cancer (130), and recurrent gynecologic
Frontiers in Immunology 0546
malignancies (131). Further studies are required to determine the

therapeutic potential of NKG2A/CD94 blockade for keloids.
2.5 Dendritic cells

Dermal infiltration of factor XIIIa (FXIIIa)-positive DCs is

increased in keloid scars comparing to hypertrophic scars and

mature scars (132, 133). These potent antigen-presenting cells are

thought to take part in the pathogenic epidermal–dermal

interactions in keloids (132), and DC-derived TGF-b could

contribute to the differentiation of Tregs. RNA sequencing study

confirmed increase of DC markers CD80 and CD86, as well as

markers typical of atopic DCs (OX40L+, FCϵR1+) in both lesional

and nonlesional skin of keloid patients (85). Unlike in atopic

dermatitis, where DCs have been linked to mast cell activation

and Th2, Th17 and Th22 differentiation (134, 135), the exact action

of DCs in keloids is less clear.
2.6 Natural killer cells

Flow cytometric analyses of keloid single-cell suspensions have

shown an unusually high number of NK cells (79). Although their

role in keloidogenesis is less well described, NK cells express the

surface NKG2A/CD94 complex and thus are implicated in the

NKG2A-sHLA-E axis (101). Therefore, it is possible that NK cell

activity is relatively suppressed in the TGF-b-rich, chronically
inflamed keloid milieu, and that a phenomenon paralleling

uncontrolled cancerous growth due to NK and cytotoxic T cell

exhaustion is likely present.
3 Key cytokine pathways
in keloid formation

Keloids are characterized by dysregulation of multiple signaling

pathways and associated cytokines. The best described are IL-6/IL-

17, IL-4/IL-13, canonical and non-canonical TGF-b1, and JAK/

STAT signaling (Figure 4).
3.1 The essential role of IL-6 in
inflammation

IL-6 signals through the JAK1–signal transducer and activator

of transcription (STAT) 3 pathway and the extracellular signal-

regulated kinase (ERK) 1/2–mitogen-activated protein kinase

(MAPK) pathway. Both pathways have been implicated in keloid

ECM gene expression and collagen synthesis (90, 92). IL‐6 and the

soluble IL‐6 receptor (sIL-6R) are essential for collagen production

(136). Similar to patients with systemic sclerosis (137), patients with

keloids show elevated IL-6 in the serum and skin (38, 55, 90). In

addition, IL-6 polymorphisms have been associated with

susceptibility to keloid formation across populations (55–57).
FIGURE 3

The role of regulatory T cells in keloid pathogenesis. Tregs exert
effects through the action of IL-10 and TGF-b1, leading to
suppression of M1 macrophages, activation of keloid fibroblasts, and
mast cell production of IL-6. IL, interleukin; TGF-b1, transforming
growth factor b1; Tregs, regulatory T cells.
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IL-6 is pivotal to the transition from acute to chronic inflammation

via initiation of a profibrotic state (138–140). Specifically, the cytokine

modulates the fibrogenic crosstalk between fibroblasts and

keratinocytes by inducing proinflammatory cytokines (IL-1b and

TNF-a) in monocytes via MAPK and nuclear factor kappa-light-

chain-enhancer of activated B cell (NF-kB) signaling (141).

Keratinocyte growth factor production by fibroblasts is enhanced,

and the activated keratinocytes in turn produce oncostatin M,

triggering STAT3 signaling in dermal fibroblasts (141). IL-6

production is increased in response to enhanced TGF-b1 signaling as

a downstream effector (via PI3K and p38-MAPK) (142), and in turn it

enhances TGF-b1 production by macrophages (64), creating a positive

feedback loop. IL-6 is also crucial to Th2 and M2 macrophage

polarization by initiating IL-4 secretion by CD4+ T cells) and

upregulating IL-4 receptors (IL-4R) on macrophages (141). Of note,

several experimental therapies for keloids and other forms of cutaneous

fibrosis directly or indirectly antagonize IL-6. Examples include

corticosteroids, verapamil, angiotensin receptor blocker/angiotensin

converting enzyme inhibitors, tocilizumab, pirfenidone, and

ultraviolet A (87, 141). TNF-a-stimulated gene-6 (TSG-6), a protein

suppressed in keloid fibroblasts, has been shown to attenuate IL-1b, IL-
6, and TNF-a when intradermally injected into hypertrophic scars

(143). The IL-17/IL-6 axis is crucial to sustaining a cytokine-rich,

chronically inflamed niche, augmented by an autocrine loop with

increased differentiation of Th17 and subsequent heightened secretion

of IL-6 (38). IL-17-mediated enhancement of stromal cell-derived

factor-1 (SDF-1) in keloid fibroblasts further reinforces Th17

differentiation via STAT3 mediation (89). This hyperinflammatory

milieu is the most prominent perilesionally (89). Through upregulation

of hypoxia-inducible factor-1a (HIF-1a) and STAT3, IL-17 impairs

autophagy of both normal and keloid fibroblasts, resulting in increased
Frontiers in Immunology 0647
necroptosis and fibrosis. Antagonization of IL-17 via HIF-1a or SDF-

1a suppression has been demonstrated in vitro (48, 89).
3.2 The role of type 2 immunity: IL-4/IL-13

Several studies have investigated the association between

keloids and other conditions characterized by the Th2 response.

The results are variable, with some studies reporting a positive

correlation with atopic dermatitis (6, 12, 13, 81). Th2 immunity is

involved in normal wound healing as well as various fibrotic

conditions (144). IL-4 and IL-13 are key Th2 cytokines that have

wide-ranging influence across cell types as their receptors are

commonly present (144). The binding of IL-4 and IL-13 to their

cognate receptors activates the IL-4Ra/STAT6 signaling pathway, a
TGF-b-independent profibrotic mechanism (145). Both IL-4 and

IL-13 independently participate in normal and pathogenic healing.

Topical IL-4 significantly accelerates the rate of fibrotic tissue

formation, whereas IL-4 antisense oligonucleotides attenuate the

healing process in animal models (146). In mouse models of

systemic sclerosis, anti-IL-4 monoclonal antibodies prevent

progression of cutaneous fibrosis by reducing dermal collagen

deposition (147). On the other hand, IL-13 has been shown to

directly contribute to fibroblast proliferation and differentiation. IL-

13 enhances the expression of type I collagen, a-smooth muscle

actin (a-SMA), and other essential proteins involved in

fibrogenesis. Furthermore, tissue inhibitors of metalloproteinases

are attenuated while matrix metalloproteinases are upregulated in

keloid fibroblasts treated with IL-13 (83).

The expression of IL-4, IL-13 and their respective receptors is

enhanced in keloid scars (81–83, 85, 144, 145). Regression of
FIGURE 4

Signaling pathways involved in keloid formation. Several downstream pathways of TGF-b1 participate in keloid pathogenesis. Mechanical stimuli exert
an effect through Rho/ROCK and YAP/TAZ, leading to the modulation of canonical TGF-b1 signaling. The interleukin family of cytokines and NEDD4
exert profibrotic action via STAT3, independent of TGF-b1. ERK, extracellular signal-regulated kinase; IL, interleukin; JAK, Janus kinase; JNK, c-Jun
N-terminal kinase; mTOR, mammalian target of rapamycin; NEDD4, neural precursor cell expressed, developmentally downregulated 4; PI3K,
phosphatidylinositol-3-kinase; ROCK, RhoA/Rho-associated protein kinase; STAT3, signal transducer and activator of transcription 3; TGF-b1,
transforming growth factor b1; TYK2, tyrosine kinase 2; YAP/TAZ, Yes-associated protein/transcriptional coactivator with PDZ-binding motif.
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chronic keloids has been achieved with Th2-targeting therapy with

dupilumab (an anti-IL-4Ra agent) in a case report (81). Others

showed variable efficacy (148, 149). Molecular profiling of keloids

with RNA sequencing demonstrated a significant increase in Th2

expression in both lesional and non-lesional skin of keloid patients

(85). The relative dominance of the Th2 response has been

attributed to the anti-apoptotic effect conferred to CD4+ T cells

by IL-4 (39). IL−4− and IL−13−activated macrophages (M2

macrophages) are critical to resolving inflammation during

wound repair (150, 151). In chronic inflammation, these

cytokines have been shown to upregulate miR-142-5p and

suppress miR-130a-3p in macrophages, leading to a sustained

profibrogenic phenotype (152). Human dermal fibroblasts treated

with IL-4 and IL-13 exhibit drastically elevated levels of periostin

mRNA with enhanced secretion (82). Periostin is an important

promoter of RhoA/Rho-associated protein kinase (ROCK)

pathway-mediated TGF-b1 secretion impliacted in pathological

scarring (82, 153). In systemic sclerosis, periostin is correlated

with skin disease severity (154), and the serum level of IL-13

recflects severity of both skin fibrosis (155). The clinical utility of

these biomarkers in keloids remains to be determined.
3.3 The pivotal role of TGF-b1

TGF-b1 is one of the most studied mediators of fibrosis. It is

frequently implicated in keloid pathogenesis. TGF-b1 has a wide range
of cellular sources, including fibroblasts, monocytes, T cells, and platelets

(156). As a key regulator offibrogenesis, this pleiotropic cytokine plays a

pivotal role in various cutaneous and solid organ fibrotic disorders, as

well as in tumorigenesis via induction of cancer-associated fibroblasts

(156). Several monoclonal antibodies, small molecule inhibitors, small

interfering RNAs (siRNAs), and antisense oligodeoxynucleotides

targeting TGF-b1 signaling are currently under development (156).

The induction by TGF-b1 of various growth factors, including

connective tissue growth factor (CTGF) and VEGF, is crucial to the

maintenance of the ECM.Moreover, TGF-b1 exerts an autocrinal effect
that downregulates dipeptidyl peptidase-4 (DPP4) expression,

contributing to a chronically inflamed state with elevated levels of

the extracellular C-X-C motif chemokine ligand 12 (CXCL12) (157).

Fibroblasts in keloids are considerably sensitive to TGF-b compared to

those in hypertrophic scars (158, 159). These abnormal fibroblasts are

able to overcome Fas-mediated apoptosis when augmented by TGF-b1
(160). TGF-b1-induced smooth muscle actin (SMA) expression in

keloid fibroblasts contributes to increased cell rigidity, a phenomenon

common to both keloids and scleroderma (161). SMA expression is

linked to wound contracture, and the process can be inhibited with

treatment with recombinant human decorin, TNF-like weak inducer of

apoptosis (TWEAK), and SB-431542, a novel specific inhibitor of TGF-

b1 receptor kinase (162). TGF-b1 is also capable of upregulating C-

MYC and its downstream splicing regulator polypyrimidine tract-

binding protein—a key factor in tumorous growth—in keloid

fibroblasts (163). Furthermore, altered interaction between TGF-b
isoforms at the receptor level in keloid fibroblasts has been described

(164–167). The ratio of these isoforms may cause a tendency to fibrosis

(168). Accordingly, a novel truncated type II TGF-b receptor has been
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designed as an anti-scarring agent (169, 170). Both canonical and non-

canonical TGF-b1 signaling are implicated in modulating the keloid

keratinocytes to possess a metabolic profile similar to those undergoing

epithelial–mesenchymal transition with increased invasiveness (45,

171–173).
3.3.1 Modulators of the TGF-b1/Smad pathway
The canonical TGF-b signaling is enhanced in keloids, and strategic

targeting of TGF-b1/Smad has been shown to retard keloid fibroblasts

in vitro or in animal models (Supplemental Table 1). Upstream

modulators of the TGF-b1/Smad pathway, including activating

transcription factor 3 (174), CR6-interacting factor 1 (175), NLR

family CARD domain containing 5 (NLRC5) (176), and nuclear

receptor subfamily 3, group C, member 1 (NR3C1), are overexpressed

in keloid fibroblasts. HIF-1a and high temperature requirement factor

A1 activate the TGF-b1/Smad pathway and promote keloid formation

(46, 177). S100A4, a small, calcium-binding protein involved in skin and

solid organ fibrosis, is upregulated in keloid fibroblasts and inhibited by

calcimycin (178). Syndecan-1, a cell surface proteoglycan highly

expressed in wounds, also enhances the pathway in keloids (179).

Post-translational sumoylation amplifies TGF-b1/Smad signal

transduction in keloids (47).

MicroRNAs are small regulatory RNAs capable of altering post-

translational gene expression. In keloid fibroblasts, the anti-fibrotic

regulators miR-200c (180), miR-92b (181), miR-1224-5p (182), and

miR-133a-3p (183) are expressed at low levels and pro-fibrotic miR-

21is overexpressed, altering the activity of the TGF-b1/Smad pathway

(184). Peroxisome proliferator-activated receptor-g agonists have been
shown to induce miR-92b expression and thus lower TGF-b1
expression in keloids (181). MicroRNA expression is modulated by

long-noncoding RNAs. In keloids, fibroblast behavior is altered in the

presence of different long-noncoding RNAs (180, 185–188). For

example, LINC01116 contributes to a pro-fibrotic state in keloid

tissue via editing of miR-3141 (185). In addition, the BMP and

activin membrane-bound inhibitor (189), Dickkopf-3 (190), and the

receptor for activated C-kinase 1 (191) attenuate TGF-b1-induced
fibrosis; all are downregulated in keloid fibroblasts. Smad-7 provides

negative feedback to the TGF-b1/Smad system. The molecule is

suppressed due to a marked increase in the level of TGF-b inducible

early gene-1 in keloids (192). Downregulation of TRAF3IP2 in keloid

fibroblasts by FOXO4 attenuates the growth of keloid scars (193). IL-37

is a broad inhibitor of innate inflammation and regulator of TGF-b
(194, 195). Recent studies have uncovered its role in modulating several

metabolic pathways and a potential role in reversing trained immunity

(196). As seen in idiopathic pulmonary fibrosis (197), lower serum

levels of IL-37 were found to indicate higher keloid severity (95).
3.3.2 Non-canonical TGF-b pathways
Several non-canonical TGF-b pathways are involved in keloid

formation. These include the MAPK (94, 198, 199), ERK 1/2 (44, 200)

phosphatidylinositol-3-kinase (P-I3K)/AKT (44, 104, 200–202), c-Jun

amino-terminal kinase (94), p38 mitogen-activated protein kinase

(p38/MAPK) (94, 203–205), and Rho-like (82) signaling pathways.

The multi-kinase inhibitor sorafenib induces cell arrest of keloid
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fibroblasts by blockade of the intracellular TGF-b/Smad and MAPK/

ERK pathways (206). JUN (an oncogene encoding the c-Jun protein)

initiates fibrosis via CD36 in both human and murine hypertrophic

scar fibroblasts, and the blockade of CD36 exerted an anti-scarring

effect in the murine model (207).

3.3.3 Bridge to mechanical transduction:
Reciprocal cross-regulation with the integrin and
Yes-associated protein/transcriptional
coactivator with PDZ-binding motif pathways

Crosstalk between TGF-b and mechanical transduction

pathways is increasingly recognized. Among these pathways, the

integrin pathway (79, 142) and the Hippo/Yes-associated protein/

transcriptional coactivator with PDZ-binding motif (YAP/TAZ)

pathway (43, 208, 209) are the most recognized. In addition, TGF-b
interacts with Wnt/b-catenin activity in dermal fibroblasts,

upregulating ECM genes (210, 211). YAP/TAZ are important

actors in cellular mechanical transduction. These transcriptional

factors are regulated mostly by cell–cell adhesion and cell–ECM

attachment via integrins (212). Conditions that cause stiffening of

the ECM, such as inflammation, lead to a lower threshold of YAP/

TAZ activation (212). IL-6 is also known to activate YAP through

gp130 signaling (212). Activated YAP/TAZ translocate into keloid

fibroblast nuclei, a step required for wound healing (208). In liver

cirrhosis, YAP/TAZ contribute to tissue fibrosis via enhanced SMA

expression, promoting the transformation of fibroblasts into

myofibroblasts. YAP/TAZ are also implicated in the sustained

profibrotic transcriptional profile of idiopathic pulmonary fibrosis

(213). Targeted knockdown of YAP or TAZ has been shown to

significantly inhibit the activity and induce apoptosis of keloid

fibroblasts (208). Inhibition of Rho/Rho kinase signaling, a major

upstream regulator of YAP/TAZ, also attenuates fibroblast activity

(82, 214). Manipulation of the YAP/TAZ-associated pathways

could potentially reduce keloid scarring. A recent study identified

a subpopulation of dermal Engrailed-1 lineage-negative fibroblasts

in cell transplantation and transgenic mouse models that could give

rise to scar-forming Engrailed-1 lineage-positive fibroblasts during

adult wound healing (215). The process is initiated by canonical

mechanotransduction signaling and depends on YAP (215).

Inhibition or knockout of YAP prohibits Engrailed-1 activation,

favoring scarless (regenerative) wound healing via Engrailed-1

lineage-negative fibroblasts (215). Verteporfin, a small-molecule

YAP inhibitor, has been proposed as a potential novel agent for

promoting regenerative skin healing without compromising the

healing process (216).
3.4 Janus kinase/signal transducers and
activators of the transcription pathway

STAT3 is highly expressed and phosphorylated in keloid tissue

with increased activation of JAK2 (217). Moreover, STAT3 activity is

correlated with fibroblast proliferation and migration, as well as

collagen deposition, mainly due to dysregulated secretion of

cytokines resulting from altered epithelial–mesenchymal interactions

(218). Attenuation of such activity can be achieved with JAK2/STAT3

inhibitors or STAT3 siRNA (217, 219). Cytokines enriched in the
Frontiers in Immunology 0849
keloid microenvironment, especially IL-6 and OSM, are strong

activators of the JAK/STAT system. Various Th2- and Th17-

cytokines, including IL-4, IL-10, IL-13, and IL-17, also signal through

JAK/STAT (85, 87). IL-6-specific hyperactivation of STAT3 has been

shown to be profibrotic due to the induction of Gremlin (a bone

morphogenetic protein [BMP] antagonist), which in turn sustains

canonical TGF-b signaling (136). Recently, RNA sequencing analyses

confirmed robust expression of JAK3 in keloid tissue (85), and

positioned STAT3 in a feedforward loop regulating a myriad of

downstream target genes involved in keloidogenesis (220). From a

metabolic viewpoint, keloids exhibit accelerated glycolysis reminiscent

of Warburg metabolism, a unique adaptive state presumably induced

by JAK2/STAT3 (50, 221). Interestingly, an in vivo study demonstrated

regulation of keloid fibroblast activity at the cost of a worsened

hyperglycolytic state with JAK1/2 blockade (222). Epigallocatechin-3-

gallate (EGCG), a green tea extract, has been found to possess

chemopreventive properties, including suppression of STAT3

signaling, potentially inhibiting keloid growth (219). ASC-J9, an

inhibitor of STAT3 phosphorylation, has shown efficacy in

suppressing keloid fibroblasts (223). AG490, a selective JAK2/STAT3

inhibitor, and STAT3−specific decoy oligodeoxynucleotides are also

beneficial in vitro (224). Oral small-molecule JAK inhibitors are

effective in treating skin and pulmonary diseases of systemic sclerosis

(225). In a case report, tofacitinib, a pan-JAK inhibitor, facilitated

control of keloid scar (226).

STAT3 was recently discovered as a transcription factor for the

neural precursor cell expressed, developmentally downregulated 4

(NEDD4) gene (227). NEDD4 encodes a ubiquitin ligase involved

in protein degradation and has been associated with susceptibility to

keloids (30, 32, 33, 228–231). NEDD4 transcript variant 3 is

overexpressed in keloid skin and is responsible for heightened

activation of NF-kB via interaction with receptor interacting

protein, an adaptor protein (29). NF-kB is more prominent in

keloids than in normal skin and contributes to impaired apoptosis

of fibroblasts (37, 232). Aspirin may potentially prevent this effect

(232). NEDD4 regulates cell contact inhibition and T cell factor/b-
catenin transcriptional activity (231). It is also linked to fibronectin

and type 1 collagen expression (231). A positive feedback loop

between STAT3 and NEDD4 has been described (29), and silencing

of NEDD4 also attenuates STAT3 (29, 227), making NEDD4 a

potential therapeutic target in keloids.
4 Other potential therapeutics

Fibroblast activation protein (FAP), a membrane-bound enzyme

with structural similarity to DPP4, is found almost exclusively on

activated fibroblasts and myofibroblasts under pathological conditions

(233), making it a potential target for selective inhibition. Similar to

DPP4, FAP upregulates extracellular CXCL12 (234). In addition to its

enzymatic activity against the ECM (and thus its association with lesion

invasiveness (234, 235), the molecule is likely pluripotent with

immunomodulatory properties (234). The FAP expression level is

enhanced in keloid fibroblasts (234, 235) and FAP modulation has

been shown to attenuate the invasiveness of scars (235). As a marker of

pathological fibroblast activation, FAP is a novel subject of interest in
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solid tumors and connective tissue disorders. Previous studies have

shown that FAP chimeric antigen receptor-T cell therapy may be

limited by systemic toxicity as FAP is also expressed on multipotent

bone marrow stromal cells (236, 237). On the other hand, FAP-

inhibiting radiopharmaceuticals have shown theranostic promise in

various malignancies and other disorders characterized by tissue

fibrosis, such as systemic sclerosis (238), rheumatoid arthritis (239),

and IgG4-related disease (240). Targeted photodynamic therapy with

an anti-FAP photosensitizer exhibits a dose-dependent therapeutic

effect on skin fibroblasts of patients with systemic sclerosis (238).

Additional pathway abnormalities, such as Notch and Toll-like

receptor signaling pathways, have been implicated in keloid

pathogenesis (51, 241, 242). Human adipose-, amnion-, bone

marrow- and Wharton’s jelly-derived mesenchymal stem cells

have been shown to inhibit proliferation, migration, and synthesis

of keloid fibroblasts in vitro, presumably though paracrine effects

(243–249). The TGF-b1/Smad and TGF−b2/Smad3 pathways,

Notch-1, and cyclooxygenase-2/prostaglandin E2 cascade were all

implicated (243–245). Further investigations are warranted to

evaluate the in vivo effects of these pathways.
5 Current challenges and future
direction in keloid research

Even with modern technologies, several factors complicate our

understanding of keloidogenesis. The lack of an ideal animal model has

impeded experimental investigations, and the examination of the

nature of keloid scars is limited by sample size. Moreover, the lack of

standardization of the site of tissue sampling complicates the

interpretation of study results. We previously reported that

the inflammatory activity within a keloid scar is most vigorous at the

periphery, corresponding to the gradational change in skin tension

(31). The gene signatures also varied at the leading edge, center and top

of keloid lesions (250). Theoretically, anti-inflammatory measures

would be most beneficial at the initial inflammatory stage of wound

healing and at the periphery of the scar. Anti-fibrotic therapy, on the

other hand, ameliorates the later stages and the more central part of the

lesion before scar maturation. To allow for timely and appropriate (i.e.,

without compromising the healing process) modulation of immune

pathways, the mechanisms regulating the transition and spatio-

temporal overlap across stages need to be better understood. Studies

focusing on explicating the cellular and molecular processes of wound

healing, could be of immense value to our understanding and

management of keloid disorder.
6 Conclusions

The keloid microenvironment is characterized by an exuberant

inflammatory response to mechanical and non-mechanical stimuli,

resulting in a complex interplay between various hyperactivated

immune components with an ultimately profibrotic cytokine profile
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and signaling. Manipulation of isolated elements or pathways has

shown variable efficacy, mostly in an experimental setting. Keloid is

increasingly characterized by an inflammatory process, and local

treatment might be insufficient for long-term control. Newer

biologics and small molecule drugs allow for more specific and

systemic targeting of immune pathways. For both approved and

experimental drugs, a critical issue is the timing of intervention, as

premature suppression of either inflammation or fibrosis could

impair wound healing. Further investigations to disentangle the

delicate process of wound healing are thus crucial for a more

targeted management of keloids.
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Andrés J, et al. The anti-inflammatory cytokine interleukin-37 is an inhibitor of trained
immunity. Cell Rep (2021) 35(1):108955. doi: 10.1016/j.celrep.2021.108955

197. Kim MS, Baek AR, Lee JH, Jang AS, Kim DJ, Chin SS, et al. Il-37 attenuates
lung fibrosis by inducing autophagy and regulating tgf-b1 production in mice. J
Immunol (2019) 203(8):2265–75. doi: 10.4049/jimmunol.1801515

198. Kuo YR, Wu WS, Wang FS. Flashlamp pulsed-dye laser suppressed tgf-Beta1
expression and proliferation in cultured keloid fibroblasts is mediated by mapk
pathway. Lasers Surg Med (2007) 39(4):358–64. doi: 10.1002/lsm.20489

199. He S, Liu X, Yang Y, Huang W, Xu S, Yang S, et al. Mechanisms of
transforming growth factor Beta(1)/Smad signalling mediated by mitogen-activated
protein kinase pathways in keloid fibroblasts. Br J Dermatol (2010) 162(3):538–46.
doi: 10.1111/j.1365-2133.2009.09511.x

200. Cui J, Li Z, Jin C, Jin Z. Knockdown of fibronectin extra domain b suppresses
tgf-b1-Mediated cell proliferation and collagen deposition in keloid fibroblasts ViaAkt/
Erk signaling pathway. Biochem Biophys Res Commun (2020) 526(4):1131–7.
doi: 10.1016/j.bbrc.2020.04.021

201. Zhang Q, Qian D, Tang DD, Liu J, Wang LY, Chen W, et al. Glabridin from
glycyrrhiza glabra possesses a therapeutic role against keloid Via attenuating Pi3k/Akt
and transforming growth factor-b1/Smad signaling pathways. J Agric Food Chem
(2022) 70(35):10782–93. doi: 10.1021/acs.jafc.2c02045

202. Song R, Li G, Li S. Aspidin pb, a novel natural anti-fibrotic compound,
inhibited fibrogenesis in tgf-b1-Stimulated keloid fibroblasts Via pi-3k/Akt and smad
signaling pathways. Chem Biol Interact (2015) 238:66–73. doi: 10.1016/
j.cbi.2015.06.005

203. Liang CJ, Yen YH, Hung LY, Wang SH, Pu CM, Chien HF, et al. Thalidomide
inhibits fibronectin production in tgf-b1-Treated normal and keloid fibroblasts Via
inhibition of the P38/Smad3 pathway. Biochem Pharmacol (2013) 85(11):1594–602.
doi: 10.1016/j.bcp.2013.02.038

204. XiaW, Longaker MT, Yang GP. P38 map kinase mediates transforming growth
factor-Beta2 transcription in human keloid fibroblasts. Am J Physiol Regul Integr Comp
Physiol (2006) 290(3):R501–8. doi: 10.1152/ajpregu.00472.2005

205. Daian T, Ohtsuru A, Rogounovitch T, Ishihara H, Hirano A, Akiyama-Uchida
Y, et al. Insulin-like growth factor-i enhances transforming growth factor-Beta-Induced
extracellular matrix protein production through the P38/Activating transcription
factor-2 signaling pathway in keloid fibroblasts. J Invest Dermatol (2003) 120(6):956–
62. doi: 10.1046/j.1523-1747.2003.12143.x

206. WangW, QuM, Xu L, Wu X, Gao Z, Gu T, et al. Sorafenib exerts an anti-keloid
activity by antagonizing tgf-b/Smad and Mapk/Erk signaling pathways. J Mol Med
(Berl) (2016) 94(10):1181–94. doi: 10.1007/s00109-016-1430-3

207. Griffin MF, Borrelli MR, Garcia JT, Januszyk M, King M, Lerbs T, et al. Jun
promotes hypertrophic skin scarring Via Cd36 in preclinical in vitro and in vivo
mode l s . S c i T ran s l Med ( 2021 ) 13 (609 ) : e abb3312 . do i : 10 . 1126 /
scitranslmed.abb3312

208. Gao N, Lu L, Ma X, Liu Z, Yang S, Han G. Targeted inhibition of Yap/Taz alters
the biological behaviours of keloid fibroblasts. Exp Dermatol (2022) 31(3):320–9.
doi: 10.1111/exd.14466

209. Zhao MJ, Chen SY, Qu XY, Abdul-Fattah B, Lai T, Xie M, et al. Increased
Cthrc1 activates normal fibroblasts and suppresses keloid fibroblasts by inhibiting tgf-
b/Smad signal pathway and modulating yap subcellular location. Curr Med Sci (2018)
38(5):894–902. doi: 10.1007/s11596-018-1959-1

210. Hamburg-Shields E, DiNuoscio GJ, Mullin NK, Lafyatis R, Atit RP. Sustained
b-catenin activity in dermal fibroblasts promotes fibrosis by up-regulating expression
of extracellular matrix protein-coding genes. J Pathol (2015) 235(5):686–97.
doi: 10.1002/path.4481

211. Sato M. Upregulation of the Wnt/Beta-catenin pathway induced by
transforming growth factor-beta in hypertrophic scars and keloids. Acta Derm
Venereol (2006) 86(4):300–7. doi: 10.2340/00015555-0101

212. Zanconato F, Cordenonsi M, Piccolo S. Yap and taz: A signalling hub of the
tumour microenvironment. Nat Rev Cancer (2019) 19(8):454–64. doi: 10.1038/s41568-
019-0168-y

213. Panciera T, Azzolin L, Cordenonsi M, Piccolo S. Mechanobiology of yap and
taz in physiology and disease. Nat Rev Mol Cell Biol (2017) 18(12):758–70. doi: 10.1038/
nrm.2017.87

214. Kiya K, Kubo T, Kawai K, Matsuzaki S, Maeda D, Fujiwara T, et al. Endothelial
cell-derived endothelin-1 is involved in abnormal scar formation by dermal fibroblasts
Frontiers in Immunology 1455
through Rhoa/Rho-kinase pathway. Exp Dermatol (2017) 26(8):705–12. doi: 10.1111/
exd.13264

215. Mascharak S, desJardins-Park HE, Davitt MF, Griffin M, Borrelli MR, Moore
AL, et al. Preventing engrailed-1 activation in fibroblasts yields wound regeneration
without scarring. Science (2021) 372(6540):eaba2374. doi: 10.1126/science.aba2374

216. Clark RAF. To scar or not to scar. N Engl J Med (2021) 385(5):469–71.
doi: 10.1056/NEJMcibr2107204

217. Lim CP, Phan TT, Lim IJ, Cao X. Stat3 contributes to keloid pathogenesis Via
promoting collagen production, cell proliferation and migration. Oncogene (2006) 25
(39):5416–25. doi: 10.1038/sj.onc.1209531

218. Lim CP, Phan TT, Lim IJ, Cao X. Cytokine profiling and Stat3 phosphorylation
in epithelial-mesenchymal interactions between keloid keratinocytes and fibroblasts. J
Invest Dermatol (2009) 129(4):851–61. doi: 10.1038/jid.2008.337

219. Park G, Yoon BS, Moon JH, Kim B, Jun EK, Oh S, et al. Green tea polyphenol
epigallocatechin-3-Gallate suppresses collagen production and proliferation in keloid
fibroblasts Via inhibition of the Stat3-signaling pathway. J Invest Dermatol (2008) 128
(10):2429–41. doi: 10.1038/jid.2008.103

220. Lee YS, Liang YC, Wu P, Kulber DA, Tanabe K, Chuong CM, et al. Stat3
signalling pathway is implicated in keloid pathogenesis by preliminary transcriptome
and open chromatin analyses. Exp Dermatol (2019) 28(4):480–4. doi: 10.1111/
exd.13923

221. Vinaik R, Barayan D, Auger C, Abdullahi A, Jeschke MG. Regulation of
glycolysis and the warburg effect in wound healing. JCI Insight (2020) 5(17):e138949.
doi: 10.1172/jci.insight.138949

222. McCann KJ, Yadav M, Alishahedani ME, Freeman AF, Myles IA. Differential
responses to folic acid in an established keloid fibroblast cell line are mediated by Jak1/2
and Stat3. PloS One (2021) 16(3):e0248011. doi: 10.1371/journal.pone.0248011

223. Hong YK, Wu CH, Lin YC, Huang YL, Hung KS, Pai TP, et al. Asc-J9 blocks
cell proliferation and extracellular matrix production of keloid fibroblasts through
inhibiting Stat3 signaling. Int J Mol Sci (2022) 23(10):5549. doi: 10.3390/ijms23105549

224. Zhou Y, Sun Y, Hou W, Ma L, Tao Y, Li D, et al. The Jak2/Stat3 pathway
inhibitor, Ag490, suppresses the abnormal behavior of keloid fibroblasts. In vitro. Int J
Mol Med (2020) 46(1):191–200. doi: 10.3892/ijmm.2020.4592

225. Moriana C, Moulinet T, Jaussaud R, Decker P. Jak inhibitors and systemic
sclerosis: A systematic review of the literature. Autoimmun Rev (2022) 21(10):103168.
doi: 10.1016/j.autrev.2022.103168

226. Kazemi T, Farah R, Hordinsky M. Oral janus kinase inhibitors may have a
beneficial role in the treatment of keloidal scars: A case report. In press. (2020).

227. Wang Y, Yuan B, Qiao L, Yang H, Li X. Stat3 operates as a novel transcription
factor that regulates Nedd4 in keloid. Biochem Biophys Res Commun (2019) 518
(4):638–43. doi: 10.1016/j.bbrc.2019.08.110

228. Farag AGA, Khaled HN, Hammam MA, Elshaib ME, Tayel NR, Hommos SEI,
et al. Neuronal precursor cell expressed developmentally down regulated 4 (Nedd4)
gene polymorphism contributes to keloid development in egyptian population. Clin
Cosmet Investig Dermatol (2020) 13:649–56. doi: 10.2147/ccid.S253603

229. Zhao Y, Liu SL, Xie J, Ding MQ, Lu MZ, Zhang LF, et al. Nedd4 single
nucleotide polymorphism Rs2271289 is associated with keloids in chinese han
population. Am J Transl Res (2016) 8(2):544–55.

230. Ogawa R, Watanabe A, Than Naing B, Sasaki M, Fujita A, Akaishi S, et al.
Associations between keloid severity and single-nucleotide polymorphisms:
Importance of Rs8032158 as a biomarker of keloid severity. J Invest Dermatol (2014)
134(7):2041–3. doi: 10.1038/jid.2014.71

231. Chung S, Nakashima M, Zembutsu H, Nakamura Y. Possible involvement of
Nedd4 in keloid formation; its critical role in fibroblast proliferation and collagen
production. Proc Jpn Acad Ser B Phys Biol Sci (2011) 87(8):563–73. doi: 10.2183/
pjab.87.563

232. Zhu G, Cai J, Zhang J, Zhao Y, Xu B. Abnormal nuclear factor (Nf)-kappab
signal pathway and aspirin inhibits tumor necrosis factor alpha-induced nf-kappab
activation in keloid fibroblasts. Dermatol Surg (2007) 33(6):697–708. doi: 10.1111/
j.1524-4725.2007.33146.x

233. Niedermeyer J, Kriz M, Hilberg F, Garin-Chesa P, Bamberger U, Lenter MC,
et al. Targeted disruption of mouse fibroblast activation protein.Mol Cell Biol (2000) 20
(3):1089–94. doi: 10.1128/mcb.20.3.1089-1094.2000

234. Fitzgerald AA, Weiner LM. The role of fibroblast activation protein in health
and malignancy. Cancer Metastasis Rev (2020) 39(3):783–803. doi: 10.1007/s10555-
020-09909-3

235. Dienus K, Bayat A, Gilmore BF, Seifert O. Increased expression of fibroblast
activation protein-alpha in keloid fibroblasts: Implications for development of a novel
treatment option. Arch Dermatol Res (2010) 302(10):725–31. doi: 10.1007/s00403-010-
1084-x

236. Tran E, Chinnasamy D, Yu Z, Morgan RA, Lee CC, Restifo NP, et al. Immune
targeting of fibroblast activation protein triggers recognition of multipotent bone
marrow stromal cells and cachexia. J Exp Med (2013) 210(6):1125–35. doi: 10.1084/
jem.20130110

237. Roberts EW, Deonarine A, Jones JO, Denton AE, Feig C, Lyons SK, et al.
Depletion of stromal cells expressing fibroblast activation protein-a from skeletal
muscle and bone marrow results in cachexia and anemia. J Exp Med (2013) 210
(6):1137–51. doi: 10.1084/jem.20122344
frontiersin.org

https://doi.org/10.1016/j.jid.2016.12.019
https://doi.org/10.1111/jocd.15009
https://doi.org/10.1111/imr.12605
https://doi.org/10.1073/pnas.1324140111
https://doi.org/10.1016/j.celrep.2021.108955
https://doi.org/10.4049/jimmunol.1801515
https://doi.org/10.1002/lsm.20489
https://doi.org/10.1111/j.1365-2133.2009.09511.x
https://doi.org/10.1016/j.bbrc.2020.04.021
https://doi.org/10.1021/acs.jafc.2c02045
https://doi.org/10.1016/j.cbi.2015.06.005
https://doi.org/10.1016/j.cbi.2015.06.005
https://doi.org/10.1016/j.bcp.2013.02.038
https://doi.org/10.1152/ajpregu.00472.2005
https://doi.org/10.1046/j.1523-1747.2003.12143.x
https://doi.org/10.1007/s00109-016-1430-3
https://doi.org/10.1126/scitranslmed.abb3312
https://doi.org/10.1126/scitranslmed.abb3312
https://doi.org/10.1111/exd.14466
https://doi.org/10.1007/s11596-018-1959-1
https://doi.org/10.1002/path.4481
https://doi.org/10.2340/00015555-0101
https://doi.org/10.1038/s41568-019-0168-y
https://doi.org/10.1038/s41568-019-0168-y
https://doi.org/10.1038/nrm.2017.87
https://doi.org/10.1038/nrm.2017.87
https://doi.org/10.1111/exd.13264
https://doi.org/10.1111/exd.13264
https://doi.org/10.1126/science.aba2374
https://doi.org/10.1056/NEJMcibr2107204
https://doi.org/10.1038/sj.onc.1209531
https://doi.org/10.1038/jid.2008.337
https://doi.org/10.1038/jid.2008.103
https://doi.org/10.1111/exd.13923
https://doi.org/10.1111/exd.13923
https://doi.org/10.1172/jci.insight.138949
https://doi.org/10.1371/journal.pone.0248011
https://doi.org/10.3390/ijms23105549
https://doi.org/10.3892/ijmm.2020.4592
https://doi.org/10.1016/j.autrev.2022.103168
https://doi.org/10.1016/j.bbrc.2019.08.110
https://doi.org/10.2147/ccid.S253603
https://doi.org/10.1038/jid.2014.71
https://doi.org/10.2183/pjab.87.563
https://doi.org/10.2183/pjab.87.563
https://doi.org/10.1111/j.1524-4725.2007.33146.x
https://doi.org/10.1111/j.1524-4725.2007.33146.x
https://doi.org/10.1128/mcb.20.3.1089-1094.2000
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.1007/s10555-020-09909-3
https://doi.org/10.1007/s00403-010-1084-x
https://doi.org/10.1007/s00403-010-1084-x
https://doi.org/10.1084/jem.20130110
https://doi.org/10.1084/jem.20130110
https://doi.org/10.1084/jem.20122344
https://doi.org/10.3389/fimmu.2023.1117630
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lee et al. 10.3389/fimmu.2023.1117630
238. Dorst DN, van Caam APM, Vitters EL, Walgreen B, Helsen MMA, Klein C,
et al. Fibroblast activation protein targeted photodynamic therapy selectively kills
activated skin fibroblasts from systemic sclerosis patients and prevents tissue
contraction. Int J Mol Sci (2021) 22(23):12681. doi: 10.3390/ijms222312681

239. Mousavi MJ, Farhadi E, Vodjgani M, Karami J, Tahmasebi MN, Sharafat Vaziri
A, et al. Role of fibroblast activation protein alpha in fibroblast-like synoviocytes of
rheumatoid arthritis. Iran J Allergy Asthma Immunol (2021) 20(3):338–49.
doi: 10.18502/ijaai.v20i3.6335

240. Schmidkonz C, Rauber S, Atzinger A, Agarwal R, Götz TI, Soare A, et al.
Disentangling inflammatory from fibrotic disease activity by fibroblast activation
protein imaging. Ann Rheum Dis (2020) 79(11):1485–91. doi: 10.1136/annrheumdis-
2020-217408

241. Chen J, Zeng B, Yao H, Xu J. The effect of Tlr4/7 on the tgf-b-Induced smad
signal transduction pathway in human keloid. Burns (2013) 39(3):465–72. doi: 10.1016/
j.burns.2012.07.019

242. Bagabir RA, Syed F, Rautemaa R, McGrouther DA, Paus R, Bayat A.
Upregulation of toll-like receptors (Tlrs) 6, 7, and 8 in keloid scars. J Invest
Dermatol (2011) 131(10):2128–30. doi: 10.1038/jid.2011.163

243. Li J, Li Z, Wang S, Bi J, Huo R. Exosomes from human adipose-derived
mesenchymal stem cells inhibit production of extracellular matrix in keloid fibroblasts
Via downregulating transforming growth factor-b2 and notch-1 expression.
Bioengineered (2022) 13(4):8515–25. doi: 10.1080/21655979.2022.2051838

244. Yuan R, Dai X, Li Y, Li C, Liu L. Exosomes from mir-29a-Modified
adipose-derived mesenchymal stem cells reduce excessive scar formation by
Frontiers in Immunology 1556
inhibiting tgf-b2/Smad3 signaling. Mol Med Rep (2021) 24(5):758. doi: 10.3892/
mmr.2021.12398

245. Yang J, Li S, He L, Chen M. Adipose-derived stem cells inhibit dermal
fibroblast growth and induce apoptosis in keloids through the arachidonic acid-
derived cyclooxygenase-2/Prostaglandin E2 cascade by paracrine. Burns Trauma
(2021) 9:tkab020. doi: 10.1093/burnst/tkab020

246. Liu J, Ren J, Su L, Cheng S, Zhou J, Ye X, et al. Human adipose tissue-derived
stem cells inhibit the activity of keloid fibroblasts and fibrosis in a keloid model by
paracrine signaling. Burns (2018) 44(2):370–85. doi: 10.1016/j.burns.2017.08.017

247. Sato C, Yamamoto Y, Funayama E, Furukawa H, Oyama A, Murao N, et al.
Conditioned medium obtained from amnion-derived mesenchymal stem cell culture
prevents activation of keloid fibroblasts. Plast Reconstr Surg (2018) 141(2):390–8.
doi: 10.1097/prs.0000000000004068

248. Fang F, Huang RL, Zheng Y, Liu M, Huo R. Bone marrow derived
mesenchymal stem cells inhibit the proliferative and profibrotic phenotype of
hypertrophic scar fibroblasts and keloid fibroblasts through paracrine signaling. J
Dermatol Sci (2016) 83(2):95–105. doi: 10.1016/j.jdermsci.2016.03.003

249. Arno AI, Amini-Nik S, Blit PH, Al-Shehab M, Belo C, Herer E, et al. Effect of
human wharton's jelly mesenchymal stem cell paracrine signaling on keloid fibroblasts.
Stem Cells Transl Med (2014) 3(3):299–307. doi: 10.5966/sctm.2013-0120

250. Taylor A, Budd DC, Shih B, Seifert O, Beaton A, Wright T, et al. Transforming
growth factor beta gene signatures are spatially enriched in keloid tissue biopsies and ex
vivo-cultured keloid fibroblasts. Acta Derm Venereol (2017) 97(1):10–6. doi: 10.2340/
00015555-2462
frontiersin.org

https://doi.org/10.3390/ijms222312681
https://doi.org/10.18502/ijaai.v20i3.6335
https://doi.org/10.1136/annrheumdis-2020-217408
https://doi.org/10.1136/annrheumdis-2020-217408
https://doi.org/10.1016/j.burns.2012.07.019
https://doi.org/10.1016/j.burns.2012.07.019
https://doi.org/10.1038/jid.2011.163
https://doi.org/10.1080/21655979.2022.2051838
https://doi.org/10.3892/mmr.2021.12398
https://doi.org/10.3892/mmr.2021.12398
https://doi.org/10.1093/burnst/tkab020
https://doi.org/10.1016/j.burns.2017.08.017
https://doi.org/10.1097/prs.0000000000004068
https://doi.org/10.1016/j.jdermsci.2016.03.003
https://doi.org/10.5966/sctm.2013-0120
https://doi.org/10.2340/00015555-2462
https://doi.org/10.2340/00015555-2462
https://doi.org/10.3389/fimmu.2023.1117630
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers in Immunology

OPEN ACCESS

EDITED BY

Chun-Bing Chen,
Linkou Chang Gung Memorial Hospital,
Taiwan

REVIEWED BY

Xiaorong Yang,
Shandong University, China
Hao Wang,
Shenzhen University, China

*CORRESPONDENCE

Jinsheng Huang

huangjinsh@sysucc.org.cn

Mengge Gao

foc9779@126.com

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 30 September 2023

ACCEPTED 19 March 2024

PUBLISHED 28 March 2024

CITATION

Li X, Huang L, Yan Y, Rong Y, Chen X, Gao M
and Huang J (2024) Deciphering the causal
association and co-disease mechanisms
between psoriasis and breast cancer.
Front. Immunol. 15:1304888.
doi: 10.3389/fimmu.2024.1304888

COPYRIGHT

© 2024 Li, Huang, Yan, Rong, Chen, Gao and
Huang. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Original Research

PUBLISHED 28 March 2024

DOI 10.3389/fimmu.2024.1304888
Deciphering the causal
association and co-disease
mechanisms between psoriasis
and breast cancer
Xujia Li1,2,3,4†, Lingli Huang1,2,3,4†, Yue Yan1,2,3,4†, Yuming Rong1,2,3,4,
Xuxian Chen1,2,3,4, Mengge Gao5* and Jinsheng Huang1,2,3,4*

1VIP Department, Sun Yat-sen University Cancer Center, Guangzhou, China, 2State Key Laboratory of
Oncology in South China, Sun Yat-sen University Cancer Center, Guangzhou, China, 3Collaborative
Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center, Guangzhou, China,
4Guangdong Provincial Clinical Research Center for Cancer, Sun Yat-sen University Cancer Center,
651 Dongfeng Road East, Guangzhou, China, 5Department of Clinical Nutrition, Huadu District
People’s Hospital, Southern Medical University, Guangzhou, Guangdong, China
Background: Prior research has indicated a link between psoriasis and the

susceptibility to breast cancer (BC); however, a definitive causal relationship

remains elusive. This study sought to elucidate the causal connection and shared

underlying mechanisms between psoriasis and BC through bidirectional

Mendelian randomization (MR) and bioinformatic approaches.

Methods: We employed a bidirectional MR approach to examine the potential

causal connection between psoriasis and BC. Genetic data pertaining to psoriasis

and BC were sourced from extensive published genome-wide association

studies. The inverse -variance weighted or wald ratio served as the primary

method for estimating causal effects. Sensitivity analysis of the MR results was

applied with multiple methods. Leveraged datasets from the Gene Expression

Omnibus and the Cancer Genome Atlas repositories to identify common

differentially expressed genes, shedding light on the shared mechanisms

underlying these two conditions.

Results: TheMR analysis revealed that when considering psoriasis as an exposure

factor, the incidences of BC (OR=1.027) and estrogen receptor negative (ER-) BC

(OR=1.054) were higher than in the general population. When using Her2+ BC as

an exposure factor, the risk of psoriasis was 0.822 times higher (OR=0.822) than

in the general population. Sensitivity analysis indicated that the results were

robust. Transcriptome analysis showed that CXCL13 and CCL20were activated in

both BC and psoriasis. Both diseases were also linked to neutrophil chemotaxis,

the IL-17 pathway, and the chemokine pathway.

Conclusion: The results suggest that psoriasismay increase the risk of BC, especially

ER- BC, while reverse MR suggests a decreased risk of psoriasis in Her2+ BC.

Transcriptome analysis revealed a shared mechanism between psoriasis and BC.
KEYWORDS

psoriasis , breast cancer, causal effect, Mendelian randomization, co-
disease mechanisms
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1 Introduction

Breast cancer (BC) is one of the most prevalent malignant

tumors affecting the female population (1). In the year 2020, there

were approximately 2.3 million fresh BC cases reported worldwide,

comprising 11.7% of the total cancer incidents (2). Psoriasis is a

chronic immune-mediated disease (3), and the association between

autoimmunity and cancer is well recognized (4). While the

pathophysiology of psoriasis remains intricate, we have

pinpointed a crucial role played by T cells. Furthermore, specific

pathological processes, including the activation of the tumor

necrosis factor (TNF)/interleukin (IL-)23/IL-17 cytokine axis,

contribute significantly to the differentiation and activation of

effector T cells, as well as their accumulation within affected

tissues (5, 6). Epigenetic modifications play a significant role in

the molecular pathogenesis of psoriasis, as they can modify gene

expression without altering the underlying genomic sequence (7, 8).

Changes in epigenetic characteristics have been evident across

various autoimmune diseases (9). Despite previous research

revealing an association between psoriasis and the risk of BC (10,

11), elucidating the precise role of psoriasis in the development of

BC remains a formidable challenge. Further investigations are

warranted to ascertain the existence of causal genetic molecular

mechanisms linking these two conditions.

Genome-wide association studies (GWAS) have transformed

the landscape of complex disease genetics by uncovering

associations between genotypes and phenotypes through the

examination of millions of genetic variations (12). GWAS is a

comprehensive genomic analysis technique designed to uncover

associations between common single nucleotide polymorphisms

(SNPs) and various diseases or traits. It offers novel avenues for

comprehending the pathogenesis of complex diseases. Mendelian

Randomization (MR) analyses utilize genetic variants as

instrumental variables (IVs), typically in the form of SNPs, to

infer potential causality—that is, the link between an exposure

factor and an outcome (13–15). Since SNPs are randomly allocated

during conception and remain unaffected by confounding factors,

MR analysis minimizes the influence of confounders and reverse

causation. Consequently, MR analysis can provide more robust

evidence compared to traditional observational studies in

establishing causality (15, 16).

We undertook this European-based investigation to delve into

the potential causal linkage between psoriasis and BC. This study

enhances our comprehension of the involvement of psoriasis in the

initiation and advancement of BC. Additionally, it lends support to

the advancement of more efficient cancer surveillance initiatives for

the early detection of cancer or precancerous lesions, thus

mitigating the burden of care.
2 Methods

To investigate the causal relationship between psoriasis and BC,

we employed a bidirectional two-sample MR approach. In this

investigation, we employed psoriasis and BC as both exposure and

outcome variables. To ensure the rigor of our study, we employed
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independent genetic variants as IVs, subject to meeting three critical

criteria: (1) IVs were required to exhibit a robust association with

the exposure; (2) no pleiotropic association of IVs with any known

confounders; (3) IVs were assessed for their lack of association with

outcome, except when related to exposure. We acquired genetic

data for psoriasis and BC from distinct and non-overlapping GWAS

datasets to ensure the independence of our analyses (Figure 1A).

Furthermore, we systematically reviewed prior studies (Figure 1B)

and conducted a transcriptome-based investigation into shared

mechanisms (Figure 1C) between these two conditions. For this

research, we adhered to the STROBE-MR statement for reporting

MR studies (Supplementary Table S1) (17). Given that the datasets

used in this study were available from public databases, additional

ethical approval or informed consent were not required.
2.1 MR analysis

2.1.1 Data sources
Data regarding psoriasis were sourced from FinnGen (https://

www.finngen.fi) and the European Bioinformatics Institute (EBI)

(https://www.ebi.ac.uk/). These databases comprised 216,752 and

33,394 individuals of European descent, respectively. Importantly,

our analysis did not identify any weak IVs, and all F-statistics > 10,

indicating minimal bias due to weak instruments (Supplementary

Table S2). The FinnGen’s primary objective is to collect and

scrutinize genomic and health data from 500,000 participants in

the Finnish BioBank, with the aim of enhancing our comprehension

of genomic influences on health (18, 19). EBI offers freely accessible

bioinformatics resources to the scientific community, champions

fundamental research, offers training opportunities, and

disseminates state-of-the-art technologies (20). EBI is responsible

for the management and upkeep of various extensive public

bioinformatics databases, spanning diverse domains like

genomics, proteomics, chemoinformatics, transcriptomics, and

systems biology. Additionally, EBI provides a diverse array of

tools to aid researchers in the analysis and sharing of information.

BC data were sourced from the Integrative Epidemiology Unit

(IEU) database (IEU Open GWAS project) (https : / /

gwas.mrcieu.ac.uk/) and the FinnGen database, both of which are

associated with GWAS studies related to cancer. In reverse MR

analyses, all F-statistics > 10, signifying minimal bias stemming

from weak IVs (Supplementary Table S3). Within the IEU database,

there were 89,677, 50,225, and 69,970 individuals of European

descent included for BC, estrogen receptor-negative (ER-) BC,

and ER-positive (ER+) BC data, respectively. As for the FinnGen

database, it encompassed data from 102,359 and 103,530 European

individuals for Her2- and Her2+ BC, respectively. The IEU database

encompasses a wealth of information, comprising over 214.7 billion

genetic associations drawn from 42,484 GWAS summary

datasets (21).

Furthermore, to strengthen the credibility of the findings, we

extracted data on BC and psoriasis from the UK Biobank (UKB)

cohort as testing dataset. The UKB cohort is a prospective general

population cohort that was assessed at baseline between 2006 and

2010 at 22 different assessment centers in the UK. A total of 502,628
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participants aged between 40 and 70 years were recruited to

complete questionnaires covering topics such as lifestyle,

sociodemographic characteristics, physical and mental health, and

habitual food intake (22, 23). Summary data for the UKB cohort

were available from the IEU database. Supplementary Table S4

displayed the characteristics of the psoriasis and BC datasets.

2.1.2 Instrumental variable selection
To ensure the robustness of our conclusions regarding the

mutual risk of morbidity between psoriasis and BC, we

implemented rigorous quality control measures to select the most

appropriate IVs. Here are the key steps we followed: (1) we identified

SNPs that displayed significant associations with exposure (psoriasis

or BC) across the entire genome, employing a significance threshold

of P < 5 × 10-8; (2) we applied a minor allele frequency (MAF)

threshold of 0.01 for the specific variant of interest; (3) to minimize

the potential for biased results, we carefully chose SNPs strongly

associated with exposure (psoriasis or BC) that demonstrated no

linkage disequilibrium (LD) (R2 < 0.01, and clumping distance =

10,000 kb); (4) we excluded palindromic SNPs (e.g., those with A/T

or G/C alleles) to prevent any distortions in chain orientation or

allele coding. In order to ensure a sufficient number of SNPs, we also

tried to infer positive strand alleles, using allele frequencies for

palindromes; (5) we cross-referenced these alleles with the human

genome reference sequence (build 37) and removed any SNPs that

were unspecified or duplicated; (6) Following the PhenoScanner

database (24), these SNPs as IVs were examined whether they might

be strongly associated with the occurrence of BC (estrogen,

reproductive factors, and so on) or psoriasis (mechanical stress,

smoking, alcohol use, and so forth).
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2.1.3 MR analysis and sensitivity analysis
We employed a two-sample MR study to explore the potential

causal relationship between psoriasis and BC, encompassing both

ER and Her2 receptor subtypes. When the number of SNPs was

greater than or equal to two, we utilized the inverse-variance

weighted (IVW) method as the primary analysis approach (25).

In cases where only one SNP was available, we employed the Wald

ratio method for analysis. Additionally, we applied supplementary

methods, including weighted mode (26), MR-Egger (27), weighted

median (28), and simple mode (29). In certain scenarios, the IVW

method demonstrated slightly superior performance compared to

the other methods (28). To reduce false positives in the findings, we

corrected the results of all MR analyses for multiple testing using the

method of false discovery rate (FDR). FDR < 0.05 indicated a

significant causal effect, while FDR ≥ 0.05 and P < 0.05 denoted a

suggestive causal effect.

To ensure the reliability of our findings, we conducted

sensitivity analysis. Firstly, we employed MR-Pleiotropy Residual

Sum and Outlier (PRESSO) (30) and examined the MR-Egger

intercept to evaluate the potential presence of horizontal

pleiotropy. The MR-PRESSO method allowed us to identify and

exclude SNPs that might introduce bias. P ≥ 0.05 indicated the

absence of horizontal pleiotropy, allowing us to include the

remaining SNPs in the MR analysis. A deviation of the MR-Egger

intercept from the origin signaled potential horizontal pleiotropy of

the IVs (P < 0.05), while no evidence of horizontal pleiotropy was

indicated when P ≥ 0.05. Secondly, as a supplementary sensitivity

analysis, we employed the weighted median method to assess the

robustness of the MR estimates. Thirdly, we calculated the F-

statistic to gauge the potential bias stemming from weak
B
C

A

FIGURE 1

Flow of study design. (A) Principles and main processes of Mendelian randomization; (B) Literature screening process for systematic evaluation;
(C) Transcriptome-based co-morbidity exploration process. MR, Mendelian randomization; BC, Breast cancer, IVs, Instrumental variables; SNP, Single
nucleotide polymorphisms; IVW, Inverse-variance weighted; PPI, Protein-Protein Interaction; LD, Linkage disequilibrium; KB, Pairwise distance.
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instrumental variables. F-statistic < 10 suggested a weak IV, which

could introduce bias and therefore needed to be excluded (31).

Additionally, we utilized Cochran’s Q statistic to detect

heterogeneity within the IVW models. If the Q-value exceeded

the number of instruments minus one, it suggested the presence of

heterogeneity and ineffective instruments. P < 0.05 indicated the

potential existence of heterogeneity (32). Lastly, all results that

appeared statistically significant were validated using the testing

dataset to investigate the robustness of the MR analysis as well as to

reduce possible potential false-negative errors after FDR correction.

All these analyses were conducted using the open-source

stat is t ical software R (vers ion 4.3 .0) along with the

TwoSampleMR package (version 0.5.7).

2.1.4 Reverse-direction MR analysis
We explored the potential causal relationship between BC and

psoriasis through reverse-direction MR analysis. In our analysis,

when only one SNP was identified, we employed the wald ratio

method for this single-SNP analysis. Given the limited availability

of only one SNP for analysis, we were unable to conduct

assessments for heterogeneity, pleiotropy, and sensitivity.

Furthermore, when there were multiple SNPs characterized, we

utilized five MR methods including IVW, weighted mode, MR-

Egger, weighted median, and simple mode. The sensitivity analysis

was conducted in the same way as the forward MR.
2.2 Systematic evaluation approach

We conducted a comprehensive search across four databases

(Embase, PubMed, Cochrane Library, and Web of Science) to

identify studies investigating the association between psoriasis

and BC. Our search included keywords such as psoriasis, BC, and

disease risk. The search period extended from the inception of the

database to September 2023. Inclusion criteria were as follows: (1)

prospective or retrospective studies, (2) confirmed diagnoses of

both psoriasis and BC, (3) studies examining the risk of BC in

psoriasis patients, (4) availability of complete primary data suitable

for direct or indirect statistical analysis, and (5) publication of

articles in the English language. Exclusion criteria encompassed: (1)

diagnosis of malignancy prior to psoriasis diagnosis, (2) studies

lacking sufficient published data for analysis, and (3) articles falling

into categories such as meta-analyses, letters, commentaries,

editorial materials, case reports, or expert opinions. Ultimately,

four studies meeting these criteria were identified and subjected to

systematic evaluation. The evaluation encompassed new BC cases,

incidence rates per 100,000 person-years (PY), hazard ratios (HR),

odds ratios (OR), and standardized incidence rates (SIR).
2.3 Transcriptome analysis

2.3.1 Data acquisition and processing
We obtained the datasets for psoriasis and BC from the Gene

Expression Omnibus (GEO) and the Cancer Genome Atlas
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(TCGA). Differential expression analysis was conducted using the

limma package. In this analysis, we set a log2Foldchange threshold

of 0.5 for the three psoriasis datasets (GSE13355, GSE14905, and

GSE30999), and a log2Foldchange threshold of 1.5 for the TCGA-

BRCA dataset of BC. All adjusted P < 0.05 were considered

statistically different. Differentially expressed genes (DEGs) were

identified separately for each dataset, and the DEGs obtained were

then taken to be intersected. The results of this intersection analysis

were visualized using upset plots and Venn diagrams. To validate

the findings, we further examined the DEGs in both the GEO and

TCGA datasets. Supplementary Table S5 provided details on the

characteristics of the transcriptome dataset.

2.3.2 Functional enrichment analysis
Gene ontology (GO) and The Kyoto Encyclopedia of Genes and

Genomes (KEGG) were used to further explore relevant biological

pathways and higher genomic functions. We used the

clusterProfiler and org.Hs.eg.db packages to enrich the KEGG

pathway and evaluate the GO functionality of possible targets.

The threshold was set to P < 0.01.

2.3.3 Protein-protein interaction network analysis
Potential protein interactions with DEGs were collected and

integrated by using the STRING database (https://string-db.org/).

The obtained genes were analyzed by PPI network analysis.

Cytoscape was used for further subsequent analysis and

visualization. The top 3 genes related signaling pathways were

reconstructed through the CytoHubba and MCODE.

2.3.4 Receiver operator characteristic curve
ROC curves were performed by using the pROC package

(v1.17.0.1) and plotted with the ggplot2 package. Area under the

curve (AUC) more than 0.7 has the good diagnosis accuracy.
3 Results

3.1 MR analysis

3.1.1 Genetic instruments
Following a rigorous quality control process, we selected a total

of 146 genetic variants (SNPs) associated with the exposure

phenotype for the psoriasis validation analysis, with a significance

threshold set at P < 5 × 10-8 (Supplementary Table S2). For the

reverse MR analysis focused on BC, 87 genetic variants (SNPs)

linked to the exposure phenotype were used (Supplementary Table

S3). The specific count of selected IVs and the screening process

were provided in Supplementary Tables S2, S3.

3.1.2 Causal relationship between psoriasis
and BC

In our MR study, we observed that while the application of

various analytical methods, including MR-Egger, weighted mode,

simple mode, and weighted median, did not reveal a significant
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correlation between psoriasis and BC (P > 0.05), the analysis

employing the IVW approach indicated that psoriasis indeed

represents a risk factor for BC development and there was a

causal relationship between them. These findings established that

psoriasis (OR=1.027, 95% CI: 1.003-1.050, P=0.021, FDR=0.054) is

approximately 1.027 times more likely to predispose individuals to

BC compared to the general population when considered as an

exposure factor (Supplementary Table S6; Figures 2, 3). Meanwhile,

the IVW results suggested that compared to the normal population,

psoriasis was associated with a 1.056-fold increased risk of

developing ER- BC (OR=1.056, 95% CI: 1.010-1.103, P=0.015,

FDR=0.054), whereas there was no statistically significant

difference in the risk of developing ER+ BC (P > 0.05;

Supplementary Table S6; Figures 2; S1, S2). The results of the

remaining four MR analysis methods were in general agreement

with the IVW results. In addition, no causal relationship was

observed between psoriasis and the Her2 receptor subtype of BC

(Supplementary Figures S3, S4).

Remarkably, when we conducted a reverse MR analysis, an

unexpected revelation emerged. It came to light that the Her2+ BC

actually functions as a protective factor against psoriasis and there

was a causal relationship between them. The wald ratio analysis

demonstrated that employing the Her2+ BC subtype as an exposure

factor (OR=0.822, 95% CI: 0.679-0.995, P=0.044, FDR=0.059)

results in a 0.822-fold reduction in the risk of psoriasis

development when compared to the general population

(Supplementary Table S7; Supplementary Figure S5). When BC

and its other subtypes (ER-, ER+, and Her2-) were investigated as

exposures, we did not identify the causal relationship between these

exposures and psoriasis risk (Supplementary Table S7;

Supplementary Figures S5–S7).

3.1.3 Sensitivity analysis
To ensure the robustness of our MR causal effect estimates, we

conducted multiple sensitivity analysis. Cochran’s Q test indicated

that all of our results were devoid of bias and showed no signs of

heterogeneous associations (Supplementary Table S8).
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Additionally, a pleiotropy test employing both the MR-Egger

intercept and MR-PRESSO methods yielded all P > 0.05,

signifying an absence of pleiotropy (Supplementary Table S8).

Furthermore, sensitivity analysis suggested that the results were

no heterogeneity or pleiotropy when BC and ER subtype of BC were

utilized as exposures for reverse MR (Supplementary Table S9).

However, during the reverse MR analysis, only a single SNP was

identified when utilizing the Her2 receptor subtype of BC as the

exposure variable. Consequently, we were unable to perform

heterogeneity test or pleiotropy test in this context

(Supplementary Table S9).

Furthermore, we employed the leave-one-out method for

sensitivity analysis. After individually excluding each SNP, our

findings revealed that no single SNP exerted a significant

influence on the overall causal estimates derived from all

instrumental variables. This reaffirmed the reliability of the results

obtained in our MR study (Supplementary Tables S10, S11).

Finally, to further confirm the causal relationship between

psoriasis and breast cancer, we performed the MR analysis again

for statistically significant exposures and outcomes using the testing

dataset. In the testing dataset, the IVW results indicated that

psoriasis remained a risk factor contributing to an elevated risk of

BC development (OR=1.001, 95% CI: 1.000-1.003, P=0.032),

whereas there was no causal association between Her2+ BC and

psoriasis risk (OR=1.000, 95% CI: 0.999-1.001, P=0.907;

Supplementary Figure S9). The results of the other four methods

were generally consistent with the IVW results. However, due to the

unavailability of the testing dataset for ER- BC, the causal

relationship between psoriasis and ER- BC was unable to validate.
3.2 Systematic evaluation

Our study also included a comprehensive evaluation of

pertinent literature through a systematic review. Among the

studies examined, Boffetta P et al. (33) (SIR=1.27, 95% CI: 1.00-

1.58) and Kimball AB et al. (34) (OR=1.32, 95% CI: 1.24-1.40)
FIGURE 2

The forest plots for psoriasis on breast cancer risk. OR>1 indicates the positive correlation between psoriasis and a particular breast cancer. OR<1
indicates the Negative correlation between the two. The P < 0.05 indicated statistical significance. MR, Mendelian randomization; ER-, ER-negative;
ER+, ER-positive; SNP, Single nucleotide polymorphism; OR, Odds ratio; 95%CI, 95% confidence interval; NSNP, Number of SNP; FDR, False
discovery rate; BC, Breast cancer.
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indicated that psoriasis serves as a risk factor for BC. Conversely,

studies conducted by Chiesa Fuxench ZC et al. (35).

(HR=1.04, 95% CI: 0.97-1.12) and Prizment AE et al. (36)

(HR=1.00, 95% CI: 0.70-1.50) suggested that there was no

significant difference in BC incidence between patients with

psoriasis and the general population (Table 1).
3.3 Transcriptome-based exploration of
co-morbid mechanisms

3.3.1 CXCL13 and CCL20 activation in psoriasis
and BC

To provide further clarity regarding the association between

psoriasis and BC, we selected three GEO datasets related to psoriasis

and performed screening with a log2Foldchange threshold of 0.5.

Subsequently, we conducted differential expression analysis using

the limma package. In the GSE13355 dataset, we identified 199 up-

regulated genes and 123 down-regulated genes (Figure 4A). In the

GSE14905 dataset, we found 149 up-regulated genes and 39 down-

regulated genes (Figure 4B). In the GSE30999 dataset, 266 up-

regulated genes and 156 down-regulated genes were detected

(Figure 4C). For BC, we identified 1843 up-regulated genes and

923 down-regulated genes using the TCGA database with a

log2Foldchange of 1.5 (Figure 4D). By intersecting the differential

genes identified in all four datasets, we identified 15 common genes

(Figure 4E) that exhibited high expression in both BC and psoriasis,
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with the exception of INA, WIF1, and TIMP4. We validated the

expression of these 15 genes in the psoriasis dataset GSE117239 and

the BC dataset GSE7904. All of these genes were confirmed in both

datasets, except for TNIP3, RHCG, INA, S100A9, and SERPINB4,

which did not show statistically significant differences in BC

(Figures 4F–H).

To gain deeper insights into the pathways influenced by these

common genes, we conducted enrichment analyses using GO and

KEGG. The results revealed significant enrichments in biological

processes (BP) and molecular functions (MF) related to neutrophil

chemotaxis and peptidase activation. In the KEGG analysis,

pathways related to chemokines and IL-17 were prominently

enriched. However, due to the limited number of genes, the

cellular component (CC) category did not yield any meaningful

pathway enrichments (Figures 5A–C). To further explore the

interactions among these genes, we constructed a protein-protein

interaction (PPI) network using the String database, which revealed

15 hub genes (Figure 5D). Employing CytoHubba and MCODE

algorithms, we identified the top three hub genes as CCL20,

CXCL13, and S100A9, along with another set of top hub genes:

CCL20, CXCL13, and GZMB (Figures 5D–F).

3.3.2 Diagnostic efficacy and prognostic
evaluation of 15 Hub Genes

We assessed the diagnostic efficacy of the 15 hub genes using the

pROC package, considering an AUC greater than 0.7 as indicative

of good diagnostic performance. The results demonstrated that
B

C D

A

FIGURE 3

The causality of psoriasis on breast cancer risk in European populations. (A) Scatter plot. The slope of each line denotes the estimated effect of per
mendelian randomization method. (B) Funnel plot. Vertical lines represent estimates with all SNPs. (C) Forest plot. The red points demonstrate the
integrated estimates using all SNPs together, using IVW method. Horizontal lines represent 95% confidence intervals. (D) Leave-one-out analysis.
Black points depict the IVW method was used to assess the causal effect, excluding single specific variant from the analysis. The red point denotes
the inverse-variance weighted estimate using all SNPs. MR, Mendelian randomization; SNPs, Single nucleotide polymorphisms; IVW, Inverse-
variance weighted.
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CCL20, ADAMDEC1, and CXCL13 exhibited strong diagnostic

performance in both BC and psoriasis. These findings were further

validated in the psoriasis dataset GSE117239 and the BC dataset

GSE7904 (Figures 6A, B).
4 Discussion

Psoriasis, characterized as an autoimmune disease (37, 38), is

closely intertwined with autoimmune deficiencies, which contribute

significantly to cancer development and progression. Epidemiological

investigations have unveiled a robust link between psoriasis and

cancer. For instance, an Italian population-based retrospective study

conducted by Borghi A et al. revealed that individuals afflicted with

plaque psoriasis exhibited an elevated cancer risk (SIR = 1.30, CI 95%:

0.9-1.8). Similarly, a study conducted by Calapai F et al. underscored

an augmented cancer risk in psoriasis patients compared to the

general population. The pathogenesis of psoriasis involves immune

system activation, intricate interplay between T cells, dendritic cells,

and cytokines, including IL-12, IL-17, and IL-23. The equilibrium

between IL-12 and IL-23 assumes paramount importance in

carcinogenesis, and disruptions in IL-12 and/or IL-23 signaling can

potentiate tumor growth. Extensive genetic association studies have

also pinpointed the correlation between single nucleotide

polymorphisms in IL-23 and an escalated risk of malignancy (39).

Furthermore, research conducted by Ahmed AR et al. unveiled the

presence of autoantibodies to laminin-332 (LM-332Pg) across

various autoimmune diseases, including psoriasis, with a

concomitant heightened cancer risk. Nevertheless, the question of

whether psoriasis is associated with an increased risk of developing

BC remains elusive. Hence, we undertook this study with the

objective of exploring the causal connection between psoriasis and

BC, along with investigating the underlying mechanisms of these co-

morbid conditions using transcriptomic approaches.

Our study chosen genetic variants from psoriasis GWAS that

exhibited strong associations and comprehensive genetic data. With
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this study, we found that psoriasis may be a potential risk factor for

BC and established a causal relationship between them. The

implications of these findings could be significant for public

health interventions aimed at mitigating the risk of cancer.

Our MR analysis results revealed a notable association between

Psoriasis as an exposure factor and BC (OR=1.027, 95% CI: 1.003-

1.050, P=0.021), indicating that individuals with Psoriasis are

approximately 1.027 times more likely to develop BC compared

to the general population. These results align with the observations

made by Schairer C et al. (11), who similarly reported an elevated

risk of BC among individuals with psoriasis (OR=1.16, 95% CI:

1.06-1.27). Although the results of MR analysis tended to lose

statistical differences after correction (FDR=0.054), psoriasis was

still found to be a risk factor for BC development in the MR-

PRESSO analysis (P=0.035) and testing cohort (P=0.032),

suggesting that our finding was robust and reliable. In our study,

we also conducted a systematic evaluation of pertinent research

through an extensive literature search. Among the four studies

included, it was observed that two studies (33, 34) provided

evidence supporting the notion that psoriasis could be a risk

factor for BC. In contrast, the remaining two studies (35, 36)

concluded that there was no substantial difference in the

incidence of BC between individuals with psoriasis and the

general population. While it is well-documented that many

autoimmune diseases have a higher prevalence among women,

possibly linked to hormonal factors (40), our study did not

identify an association between psoriasis and the ER+ status in

BC, despite the strong association between BC and hormone levels.

A study conducted by Gadalla SM et al. arrived at a similar

conclusion, indicating that the risk of BC in individuals with

autoimmune diseases is independent of ER status. Interestingly,

our study found that psoriasis led to the higher ER- BC risk

(OR=1.056, 95% CI: 1.010-1.103, P=0.015), which at the same

time might have contributed to the elevated overall BC risk.

Moreover, our study also revealed that psoriasis was not causally

linked to the risk of BC with different Her2 receptor status. Schairer
TABLE 1 Systematic evaluation of the risk of developing psoriasis in relation to breast cancer.

Study Data Sources

Participants, No.
New breast cancer

cases, No.
Incidence per 100

000 PY
Observation
indicators

Control Psoriasis
Total
sample
size

Control Psoriasis Control Psoriasis
Psoriasis
vs Control

Chiesa
Fuxench

ZC

The Health
Improvement

Network (THIN)
937716 198366 1136082 6281 1118 180.87 177.84

HR: 1.04
(0.97-1.12)

Prizment
AE

IWHS/Medicare data/
Lowa SEER

cancer registry
402199 5477 407676 2037 29 510 530

HR: 1.00
(0.70–1.50)

Boffetta P
Swedish

Cancer Register
84003 9773 93776 NA 78 NA NA

SIR: 1.27
(1.00-1.58)

Kimball
AB

Truven Health
Analytics

Marketscan Database
179066 179066 358132 NA NA NA NA

OR: 1.32
(1.24-1.40)
OR, Odds ratio; HR, Hazard ratios; SIR, Standardized incidence rates; NA, Not applicable; PY, Person-years; No, Number.
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et al. demonstrated that psoriasis caused an elevated risk of

progesterone receptor (PR)-positive BC, but not PR-negative BC

(11). Since in the current BC cohort we only have access to a single

ER status or Her2 status, it was not possible to identify BC subtypes

with a diverse combination of PR or other receptors added.

Therefore, the conclusions that psoriasis caused changes in the

risk of single-receptor BC subtypes were not yet comprehensive.

Importantly, the different BC subtypes combined from ER, PR, and

Her2 receptors need to be further refined in larger populations so

that more accurate findings can be drawn.

The forward MR has shown that psoriasis was the risk factor for

the development of BC. Meanwhile, a Swedish population-based

cohort study conducted by Yang H et al. (41) identified Her2+ BC
Frontiers in Immunology 0864
as a risk factor for psoriasis. However, in a surprising twist, our

inverse MR analysis revealed a protective association between Her2

+ BC subtypes and psoriasis, marking a novel and unexpected

discovery. Kim et al. have reported the development of new-onset

psoriasis in a BC patient treated with trastuzumab (Her2 inhibitor)

(42). Although the role of Her2 in the skin is unclear, some evidence

pointed to an active role for Her2 in keratinocyte differentiation

(43). Moreover, De potter et al. demonstrated that in a

subpopulation of differentiated keratinocytes, some Her ligands

activated a signaling pathway of Her2 heterodimers, but not of

epidermal growth factor (EGFR) homodimers (43). Thus, certain

Her2 inhibitors might induce alterations in normal epidermal

differentiation and turnover regardless of EGFR. This to some
B C D

E
F

G

H

A

FIGURE 4

Identification of common genes. (A–D) Volcano plots for differentially genes (DEGs) expression. Red dots represent upregulated gene expression,
whereas blue dots represent downregulated ones, and the grey dots stand for no significant difference. (A–C) Psoriasis dataset; (D) Breast cancer
dataset. (E, F) Venn diagram and heatmap of genes common to both psoriasis and breast cancer. (G, H) Expression of 15 common genes in the
validation datasets. TCGA, The Cancer Genome Atlas; DEGs, Differentially genes; *, Statistically significant. Wilcoxon test. *p<0.05;
**p<0.01; ***p<0.001.
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D E
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FIGURE 5

Enrichment analysis and PPI network of the 15 hub genes. (A-C) GO and KEGG pathway analysis. (D) PPI network. (E, F) The top 3 hub genes were
identified by the CytoHubba and MCODE. GO, Gene ontology; KEGG, The Kyoto Encyclopedia of Genes and Genomes.
B

A

FIGURE 6

Diagnostic efficiency of the 15 hub genes. (A) Diagnostic AUC of 15 hub genes in psoriasis and breast cancer datasets. The AUC greater than 0.7 was
considered to have high accuracy. (B) The AUC value of CCL20, ADAMDEC1, CXCL13 in the validation datasets. AUC, Area under curve; TCGA, The
Cancer Genome Atlas.
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extent implied that Her2+ BC might have the ability to reduce the

risk of psoriasis. Nevertheless, the causal association between Her2+

BC and psoriasis was not validated once again in our testing dataset.

Consequently, although there appeared to be a conflict with the

findings of our forward MR, this conclusion needs to be viewed and

analyzed with caution.

Our study delved into the shared mechanisms underlying these

two conditions using transcriptome analysis. We discovered that

CXCL13 and CCR20 activation was evident in both BC and

psoriasis. Notably, these two genes, along with ADAMDEC1,

demonstrated good diagnostic efficacy for both diseases. Further

exploration through GO and KEGG enrichment analysis unveiled

associations with neutrophil chemotaxis, the IL-17 pathway, and

the chemokine pathway in both conditions. Of particular

importance, IL-17A emerged as a central cytokine in the

pathogenesis of psoriasis, driving the proliferation of epidermal

keratinocytes (44). These keratinocytes, in turn, produce a

multitude of antimicrobial peptides and chemokines, including

CXCL1, CXCL2, CXCL8, and CCL20 (45). CCL20, in particular,

plays a pivotal role in psoriasis by binding to its receptor CCR6.

Moreover, CCL20 has been implicated in the progression of various

cancers, such as liver, colon, breast, pancreatic, and gastric cancers

(46). In summary, our transcriptome results offer insights into the

potential interaction between psoriasis and BC.

Our study carries significant implications for pre-cancer

screening and intervention efforts. While substantial progress has

been achieved in elucidating genetic variations associated with

human diseases, the majority of genetic risk factors remain

enigmatic. Additional biological investigations are warranted to

unveil the intricate interplay between psoriasis and BC.

Human behavior and the environments in which it manifests

are intricate, shaped by the interplay between genetic factors and

environmental influences (47–50). To mitigate confounding factors

inherent in epidemiological investigations, we employed MR

techniques. The SNPs utilized in our study exhibited robust

associations with psoriasis and were subsequently cross-

referenced with the BC database. The outcomes of our sensitivity

analyses demonstrated statistical robustness, revealing the absence

of pleiotropy or heterogeneity. Nonetheless, our investigation does

have certain limitations. Firstly, it’s important to acknowledge that

the key assumptions of MR analysis come with inherent limitations.

Despite our efforts to minimize confounding variables, we cannot

completely rule out the presence of other confounders or potential

multiplicative effects. Secondly, the use of aggregated data from

GWAS introduces the possibility of results being influenced by

variations in quality control and selection criteria across different

studies. Thirdly, it’s important to note that while MR can infer

potential causal relationships, it does not provide insights into

specific biological pathways. Fourth, our study primarily focused

on European populations, which may limit its generalizability to

other ethnic groups. Finally, the limited number of SNPs obtained

in the analysis of Her2+ BC as a protective factor against psoriasis

prevented us from conducting comprehensive heterogeneity,

pleiotropy, and sensitivity analyses, potentially impacting the

robustness of our conclusions. Furthermore, while our study did
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not identify an association between psoriasis and the status of ER

and Her2 receptor in BC, it’s important to acknowledge that the

conclusions may be influenced by the limited sample size. We look

forward to the availability of more SNP data in the future, which

will provide opportunities for further validation and refinement of

our conclusions.
5 Conclusion

Our study conducted a comprehensive evaluation of the

relationship between psoriasis and BC, and we have reached the

following conclusions. When psoriasis was considered as an

exposure factor, it might pose a risk for the development of BC,

especially ER- BC. In addition, when Her2+ BC considered as an

exposure factor, it might exhibit a protective effect against psoriasis.

A causal relationship appeared to exist between the above-

mentioned findings. Transcriptome analysis further suggested a

co-morbid mechanism for psoriasis and BC. In summary, this

research offers novel insights into the genetic correlations and

underlying mechanisms between psoriasis and BC.
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Integrated bioinformatics
combined with machine learning
to analyze shared biomarkers
and pathways in psoriasis and
cervical squamous
cell carcinoma
Luyu Liu1,2†, Pan Yin1,2†, Ruida Yang1,2†, Guanfei Zhang1,
Cong Wu1,2, Yan Zheng1, Shaobo Wu1,2* and Meng Liu1*

1Department of Dermatology, The First Affiliated Hospital of Xi’an Jiaotong University, Xi’an,
Shaanxi, China, 2Department of Medicine, Xi’an Jiaotong University, Xi’an, Shaanxi, China
Background: Psoriasis extends beyond its dermatological inflammatory

manifestations, encompassing systemic inflammation. Existing studies have

indicated a potential risk of cervical cancer among patients with psoriasis,

suggesting a potential mechanism of co-morbidity. This study aims to explore

the key genes, pathways, and immune cells that may link psoriasis and cervical

squamous cell carcinoma (CESC).

Methods: The cervical squamous cell carcinoma dataset (GSE63514) was

downloaded from the Gene Expression Omnibus (GEO). Two psoriasis-related

datasets (GSE13355 and GSE14905) were merged into one comprehensive

dataset after removing batch effects. Differentially expressed genes were

identified using Limma and co-expression network analysis (WGCNA), and

machine learning random forest algorithm (RF) was used to screen the hub

genes. We analyzed relevant gene enrichment pathways using GO and KEGG,

and immune cell infiltration in psoriasis and CESC samples using CIBERSORT.

The miRNA-mRNA and TFs-mRNA regulatory networks were then constructed

using Cytoscape, and the biomarkers for psoriasis and CESC were determined.

Potential drug targets were obtained from the cMAP database, and biomarker

expression levels in hela and psoriatic cell models were quantified by RT-qPCR.

Results: In this study, we identified 27 key genes associated with psoriasis and

cervical squamous cell carcinoma. NCAPH, UHRF1, CDCA2, CENPN and MELK

were identified as hub genes using the Random Forest machine learning

algorithm. Chromosome mitotic region segregation, nucleotide binding and

DNA methylation are the major enrichment pathways for common DEGs in the

mitotic cell cycle. Then we analyzed immune cell infiltration in psoriasis and

cervical squamous cell carcinoma samples using CIBERSORT. Meanwhile, we

used the cMAP database to identify ten small molecule compounds that interact

with the central gene as drug candidates for treatment. By analyzing miRNA-

mRNA and TFs-mRNA regulatory networks, we identified three miRNAs and nine

transcription factors closely associated with five key genes and validated their

expression in external validation datasets and clinical samples. Finally, we
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examined the diagnostic effects with ROC curves, and performed experimental

validation in hela and psoriatic cell models.

Conclusions: We identified five biomarkers, NCAPH, UHRF1, CDCA2, CENPN,

and MELK, which may play important roles in the common pathogenesis of

psoriasis and cervical squamous cell carcinoma, furthermore predict potential

therapeutic agents. These findings open up new perspectives for the diagnosis

and treatment of psoriasis and squamous cell carcinoma of the cervix.
KEYWORDS

psoriasis, cervical squamous cell carcinoma (CESC), immune cell infiltration, machine
learning, biomarkers
Introduction

Psoriasis is a chronic inflammatory and hyperproliferative skin

condition, which is mediated by the immune system. The

inflammatory features have been acknowledged with a deeper

understanding of its biological properties (1–6). Several co-

morbidities such as metabolic syndrome, tumors and

inflammatory diseases can be induced by the cytokines involved

in psoriasis (7–12). In addition, psoriasis patients receiving systemic

and UV therapy are more likely to develop general and organ-

specific cancers (13, 14).

Cervical cancer is a malignant tumor that arises in the cervix and

vagina, with the second highest incidence rate among female tumors

(15). Furthermore, it remains the second most common cause of

cancer-related deaths among women in developing nations (16). The

incidence of cervical cancer is on the rise, necessitating further

exploration of new treatments for cervical squamous cell carcinoma

(17, 18). The grave issue of patients with advanced cervical cancer

experiencing poor prognosis and survival rates persists (19, 20).

Previous studies have shown that the pathogenesis of cervical

cancer is hypothesized to stem from multifactorial interactions

between the host system, HPV(Human Papilloma Virus) infection,

and diverse behavioral, environmental, or inherited variables (21).

Clinical data reveals that the majority of patients presenting

with both cervical cancer and psoriasis exhibit advanced inoperable

stages or postoperative recurrence. These cases are characterized by

pathologically confirmed squamous cell carcinoma, a history of

psoriasis, and a recurrent pattern of immunosuppressive therapy

usage (22, 23). A traditional Chinese medicine known as Wolf

Poison demonstrates dual efficacy—internally for treating cervical

cancer and externally for addressing psoriasis. This dual therapeutic

application suggests a potential common pathogenesis between

cervical cancer and psoriasis (24, 25). In addition, both psoriasis

and cervical squamous cell carcinoma show hyperproliferation of

squamous epithelial cells and both have angiogenic mechanisms

(26–29). Several studies have suggested that prolonged

immunosuppression in individuals with psoriasis hampers
0270
immune responses, elevating their vulnerability to tumorigenesis,

including CESC (30–32). However, the underlying mechanisms of

this comorbidity remain unclear and warrant further investigation.

Thus, this study employs a systems biology approach to

elucidate potential biomolecular mechanisms shared between

psoriasis and CESC. Our findings aim to identify candidate

biomarker signatures that could be common between psoriasis

and cervical squamous cell carcinoma, contributing valuable

insights to the field.
Materials and methods

Data processing

The research flowchart of this research is shown in Figure 1. Data

Source GEO (http://www.ncbi.nlm.nih.gov/geo) is a public database

containing a large number of high-throughput sequencing and

microarray datasets submitted by research organizations around

the world. The epithelial cell microarray dataset of cervical

squamous cell carcinoma patients (GSE63514), including 24

normal 28 cervical squamous cell carcinoma epithelial cell

specimens, was obtained through GEO. Two expression profiling

datasets, GSE13355 and GSE14905, were downloaded from the GEO

database for psoriasis and controls. The GSE13355 dataset consisted

of total RNA extracted from puncture biopsies of 58 patients with

psoriasis and 64 normal healthy controls, and the GSE14905 dataset

consisted of skin biopsy specimens from 21 normal healthy donors

and 56 from 28 patients with psoriasis skin biopsy samples. Batch

correction integration, normalization, and gene ID transformation

were performed on the 2 psoriasis datasets carried out using the R

software package SVA (v4.2.1). RNAseq data for the STAR process of

the TCGA-CESC project were downloaded and organized from The

Cancer GenomeAtlas Program (TCGA) database (https://

portal.gdc.cancer.gov) and extracted in TPM format. Table 1

presents detailed dataset information, including the microarray

platform, sample groups, and numbers.
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FIGURE 1

Flowchart of analytical steps in this study.
TABLE 1 Basic information of datasets used in the study.

Datasets Type
Sample size

Platform
Normal Psoriasis

GSE13355 RNA 64 58 GPL570

GSE14905 RNA 21 33 GPL570

GSE30999 RNA 85 170 GPL570

Control CESC

GSE63514 RNA 24 28 GPL570

TCGA-CESC RNA 3 306
F
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Identification of DEGs

Limma, a differential expression screening method based on

generalized linear models, was utilized to obtain the differential

genes between different comparator groups and the control group.

We conducted the differential analysis using the R package limma

(version 3.40.6) (33). We obtained the expression profiling dataset

and performed multiple linear regression utilizing the lmFit

function. We then utilized the eBays function to compute

moderated t-statistics, moderated F-statistics, and log-odds of

differential expression through empirical Bayes moderation of the

standard errors towards a common value. Finally, we determined

the significance of differences for each gene. Technical terms were

explained upon first usage and the language used was neutral

and objective.
Weighted gene co-expression
network analysis

Using gene expression profiles, we calculated the MAD (Median

Absolute Deviation) of each gene separately, eliminated the top 50%

of genes with the smallest MAD, removed outlier genes and samples

using the goodSamplesGenes method of the R package WGCNA,

and further constructed scale-free co-expression networks using

WGCNA. b is a soft-threshold parameter that can emphasize strong

correlations between genes and penalize weak correlations. The

neighbor-joining matrix was converted to a topological overlap

matrix (TOM), which measures the network connectivity of a gene,

defined as the sum of the neighbor-joining matrices of the gene and

all other genes assigned to the network gene, and the corresponding

dissimilarity (1-TOM) was calculated. To cluster genes with similar

expression profiles into gene modules, we utilized average linkage

hierarchical clustering based on the TOM similarity measure. It

should be noted that the gray modules were classified as the set of

genes unassigned to any module.
PPI network construction and
module analysis

Search Tool for the Retrieval of Interacting Genes (STRING,

http://string-db.org) (version 11.0) searches for relationships

between proteins of interest, such as direct binding relationships,

or coexisting upstream and downstream regulatory pathways, to

construct PPI networks with complex regulatory relationships.
Functional enrichment analysis

Sangerbox (http://www.sangerbox.com/tool) was used for Gene

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) enrichment analysis. Gene Ontology (GO) analysis is a

common technique utilized for conducting large-scale functional

enrichment studies that encompass biological processes, molecular
Frontiers in Immunology 0472
functions, and cellular components (34). Kyoto Encyclopedia of

Genes and Genomes (KEGG) is a popular database for storing

information pertaining to genomes, biological pathways, diseases,

and pharmaceuticals (35). Adjusted P-value < 0.05 was

considered significant.
Machine learning

Machine learning algorithms are used to screen the core genes

for diagnosis. Using the Random Forest (RF) algorithm which

integrates multiple trees for better accuracy through the idea of

ensemble learning, we narrowed down the candidate biomarkers,

which integrates multiple trees for better accuracy through the idea

of ensemble learning. The genes with MeanDecreaseGini > 2 in the

RF model were defined as the central genes.
Immune infiltration analysis

The CIBERSORT algorithm is utilized for evaluating the

percentage of immune cells present in cells or tissues. The bar

graphs show the proportion of each type of immune cell in various

samples, and the “corrplot” R package is used to generate a heat

map of the correlation between 22 immune cells. The vioplot was

used to visualize the differences between the Psoriasis and normal

immune cell groups.
Identification of transcription factors and
miRNAs interact with key genes

Hub transcription factors (TFs) were identified using the

JASPAR database, and the effect of binding of hub miRNAs to

hub gene transcripts on protein expression was detected by miRNet

(https://www.mirnet.ca/). We constructed topological networks of

TFs genes and miRNA genes using Cytoscape software.
Isolation of human primary keratinocytes

Skin samples were obtained from the foreskin tissue of eight

children, aged 6 to 12 years, at Northwest Women’s and Children’s

Hospital in Xi’an, China. Prior to the procedure, the researchers

obtained ethical permits and secured written informed consent

from the parents or legal guardians of the participants. The

researchers isolated primary keratinocytes using the standard

two-step digestion method (36).
Cell culture

The HeLa cells were acquired from ATCC and grew in DMEM

with 10% fetal bovine serum, penicillin (100 U/mL), and

streptomycin (100 mg/mL) at 37°C in a humidified atmosphere

with 5% CO2. PKC was cultured following prior procedures (37).
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Establishment of the psoriatic cell model

PKCs were stimulated by M5 (TNF-a, IL-17A, IL-22, IL-1a, and

oncostatin M) at a concentration of 10 ng/mL for a duration of 24

hours, as previously described (37).
qRT-PCR

RNA extraction and qRT-PCR procedures were conducted

following the previously described method (38). Relevant mRNA

levels were determined utilizing the 2^(-DDCt) formula. The primers

used in the study are summarized in Table 2.
Statistical analysis

All statistical analyses were conducted using R software version

4.2.2 and Sangerbox. To assess the statistical significance between

normally distributed variables in the two groups of continuous

variables, we employed the independent Student’s t-test.

Conversely, differences between non-normally distributed variables

were determined using the Mann-Whitney U-test. The statistical

significance between the two groups of categorical variables was

analyzed using either the chi-square test or Fisher’s exact test.

Estimation of correlation coefficients between different genes was

conducted through Pearson correlation analysis. All statistical tests

conducted were two-sided and the level of statistical significance was

set at a p-value of less than 0.05.
Results

WGCNA identifies key modules in psoriasis
and cervical cancer

The investigators merged two psoriasis-related GEO datasets,

GSE14905 and GSE13355. The data sets were merged and

normalized to ensure uniformity for principal component analysis

and to rectify batch effects. The final training dataset consisted of 91

patients and 85 matched controls, and the evaluation showed that

the data preprocessing was valid and reliable. From the density plot,

we can observe that the sample distributions of the individual

datasets before removing the batch effect varied greatly,

suggesting a batch effect, and after removing the batch effect the
Frontiers in Immunology 0573
data distributions between the individual datasets converged, with

similar means and variances (Figures 2A, B). Weighted gene co-

expression network analysis was conducted utilizing the R package

WGCNA, the genes with expression variance in the top 50% were

used as the screening conditions, and the genes with less volatility

were excluded, and the co-expression network was constructed for

20547 genes of psoriasis and 10,275 genes of cervical cancer.

Combining the analysis of scale independence and average

connectivity, in the psoriasis samples, b=12 was chosen

(Figures 2C, D) as the soft threshold. The minimum module size

was set to 30 and 15 gene modules were obtained (Figure 2G). The

results showed that the brown module had the highest correlation

with psoriasis (correlation coefficient = 0.92, p= 2.2e-72, Figure 2I).

Ultimately, 969 psoriasis-significantly correlated genes were

identified in brown color module with high MM (> 0.8) and GS

(> 0.1) values. In the cervical cancer samples, 8 was chosen as the

optimal soft threshold to build a scale-free network (Figures 2E, F).

Subsequently, cluster analysis was used to identify highly similar

modules with the minimum module size set to 30, sensitivity set to

3, and modules with distances less than 0.25 were merged to obtain

18 gene modules (Figure 2H). The correlation between cervical

cancer and gene modules (Figure 2J) showed that the green module

had the highest correlation with cervical cancer (2270 genes, r=0.71,

p=5.4e-9), and the green module was taken as the key module. The

genes in the green module: MM>0.8 and GS>0.1 were selected as

pivotal genes, and a total of 421 key genes significantly associated

with cervical cancer were identified.
Identification of differentially expressed
genes and machine learning screening of
key genes

By Limma analysis, 2066 differentially expressed genes (DEGs)

between psoriasis patients and healthy controls were identified in the

integrated dataset, of which 1134 genes were up-regulated and 932

genes were down-regulated. These DEGs were presented by volcano

plot visualization (Figure 3A). In addition, the cervical squamous cell

carcinoma dataset generated 6573 DEGs, including 2689 up-regulated

genes and 1586 down-regulated genes (Figure 3B). The DEGs from the

cervical squamous cell carcinoma and psoriasis samples were

intersected with key genes taken from the WGCNA to obtain a total

of 27 genes for subsequent analysis (Figure 3C). 27 genes were

uploaded to the STRING database to construct a protein-protein

interaction network (Figure 3D), then we analyzed the top 10 genes
TABLE 2 Basic information of datasets used in the study.

Gene Forward (5’→3’) Reverse (5’→3’)

CDCA2 TCTGATTCGTTTCATTGCTCGG ACATTTCGATACAGTGCAGGG

CENPN TGAACTGACAACAATCCTGAAGG CTTGCACGCTTTTCCTCACAC

MELK AACTCCAGCCTTATGCAGAAC AACGATTTGGCGTAGTGAGTATT

NCAPH GTCCTCGAAGACTTTCCTCAGA TGAAATGTCAATACTCCTGCTGG

UHRF1 AGGTGGTCATGCTCAACTACA CACGTTGGCGTAGAGTTCCC
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by using the “degree” algorithm with the CytoHubba application in

Cytoscape to identify the key genes, and the color of the nodes

indicated the strength of the correlation (Figure 3E). The color of the

nodes indicates the strength of the correlation. Random forest pairs

were used for screening and finally 16 characterized genes were

identified in psoriasis samples, including MELK, AURKA, CENPN,

CDCA5, KIF2C, NDC80, PRSS3P2, PRC1, DEPDC1B, FOXM1,

UHRF1, WDR53, MCM10, BUB1B, NCAPH, CDCA2(Figure 3F).

Meanwhile, 10 cervical squamous cell carcinoma signature genes

were also identified using RF algorithms, including NCAPH, SMC4,

CENPN, UHRF1, STIL, CDCA2,MELK, ZNF665 (Figure 3G). Next, the

study found that these algorithms identified five overlapping genes
Frontiers in Immunology 0674
(Figure 3H), namely NCAPH, UHRF1, CENPN, CDCA2, MELK which

were used for sebsequent analysis (Table 3).
GO and KEGG enrichment analyses were
performed to identify biological pathways
and diseases associated with key genes

For biological processes in GO enrichment analysis, biological

processes were highly enriched in mitotic cell cycle processes

(Figure 4A, biological processes (BP)). And for the cellular

components in GO, it involves intracellular non-membrane-bound
A B

D E F

G

I

H

J

C

FIGURE 2

Identification and analysis of key module of psoriasis and cervical squamous cell carcinoma by WGCNA. (A) Principal component analysis of the two
original Psoriasis datasets before batch effect correction. (B) Principal component analysis of the corrected Psoriasis dataset. (C, D) Scale
independence and average connectivity plots of psoriasis. (E, F) Scale independence and average connectivity plots of cervical cancer. (G, H) Gene
dendrogram and heatmap of the modular signature gene network. (I, J) Identification of weighted gene co-expression network modules associated
with psoriasis and cervical cancer, and module characterized genes in relation to psoriasis and cervical cancer status.
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organelles, chromosomes, and mitotic regions (Figure 4B, cellular

components (CC)). For the molecular functions enriched in GO,

including nucleotide binding, phosphoribosylation, chromatin

binding (Figure 4C, Molecular Functions (MF)). Based on the KEGG

database further to decipher the biological pathways behind, the

enriched molecular pathways included cell cycle, microRNAs in

cancer, oocyte meiosis, breast cancer, gastric cancer, and mTOR

signaling pathway (Figure 4D). These findings are in line with the

results of GO enrichment analysis, providing further evidence of the

association between cervical squamous cell carcinoma and psoriasis.

The CIBERSORT analysis tool calculated the proportions of 22

types of leukocyte subpopulations in psoriasis and CESC samples,

respectively, including naïve B cells, memory B cells, plasma B cells,

CD8 T cells, CD4 naive T cells, CD4 memory quiescent T cells, CD4

memory-activated T cells, follicular helper T cells, regulatory T cells

(Tregs), g d T cells, resting natural killer (NK) cells, activated NK cells,

monocytes, M0, M1 and M2 macrophages, resting and activated

myeloid dendritic cells, and resting and activated mast cells. We also

explore the relationship of key genes to immune infiltrating cells in

both diseases and found that genes associated with psoriasis can also

play a role in cervical squamous cell carcinoma. Stacked bar graphs of

the two datasets show the percentage of 22 immune cells in each
Frontiers in Immunology 0775
sample (Figure 5A). Analysis of the immune microenvironment in

psoriasis patients revealed significant differences in the abundance of 20

immune cells. Analysis of the immune microenvironment in patients

with cervical squamous cell carcinoma revealed notable variations in

the abundance of seven immune cells. These differences were

statistically significant (Figure 5B). In summary, patients with

psoriasis and cervical squamous cell carcinoma have varying degrees

of multiple immune cell infiltrations, and these immune cell

infiltrations may be potential regulatory points for therapy. Then, the

spearman correlation coefficient between hub genes and the infiltration

level of the immune cell was calculated. As a result, resting mast cells

and CD8T cells were negatively correlated with the expression of

NCAPH, UHRF1, CDCA2, CENPN and MELK in patients with

psoriasis and cervical squamous carcinoma, respectively (Figure 5C).
Identification of candidate small molecule
compounds for the treatment of psoriasis
and cervical squamous cell carcinoma

The intersection of DEGs genes upregulated in psoriasis and

cervical squamous cell carcinoma was taken with hub genes in the
A B

D E

F G H

C

FIGURE 3

Screening of hub-genes by machine learning algorithm. (A, B) Volcano plot demonstrating an overview of the differential expression of all genes in
CESC and Psoriasis. (C) DEGs in cervical cancer and psoriasis samples were intersected with key genes in WGCNA taken to obtain the Wayne plots
of 27 genes. (D) PPI network of 27 genes. (E) Major PPI network analysis of the top 10 hub genes by CytoHubba software. (F) RF algorithm screened
out 16 characterized genes in psoriasis samples. (G) The RF algorithm screened 8 characterized genes in cervical cancer samples. (H) Wayne
diagram of 5 key genes identified. The threshold in the volcano plot was -log10 (adjusted P-value) > 2 and |log2 (fold change)| > 0.5; red dots
indicate significant differential expressed genes. FDR was used for P value adjustment.
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WCGNA module, and 24 relevant pathogenic genes were obtained

(Figure 6A). The screened 24 relevant pathogenic genes were

imported into connectivity map (cMAP) database to predict small

molecule compounds that could reverse the gene expression

alterations in psoriasis-related pathogenesis and cervical

squamous cell carcinoma. Phloretin, antimycin-a, palbociclib,

purvalanol-a, aminopurvalanol-a, PD-102807, 7b-cis, pyrvinium-

pamoate, angiogenesis-inhibitor, roscovitine were the top 10

compounds with the highest negative scores as potential drugs for

therapy (Figure 6B). The targeting pathways and chemical

structures of these 10 compounds are described in Figures 6C, D.
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Validation of hub genes with GEO and
TCGA databases and cellular
experimental validation

To further confirm the accuracy of the comprehensive

bioinformatics analysis described above, we first examined the

expression patterns of the five hub genes in the patients of the

two validation cohorts, and chose the psoriasis dataset, GSE63514

and the cervical squamous cell carcinoma dataset, TCGA-CESC, as

the validation datasets. Multi-group box plots showed that the

expression levels of NCAPH, UHRF1, CDCA2, CENPN and
TABLE 3 Overview of the five hub genes.

Symbol Description Aspect References

NCAPH Non-SMC Condensin I Complex Subunit H
Interferes with plasmids and affects cell

proliferation and migration
(39)

UHRF1 Ubiquitin Like With PHD And Ring Finger Domains 1
Required for G1/S phase transition;

Regulation of DNA methylation, chromatin
modification, cell proliferation and DNA repair

(40, 41)

CENPN Centromere Protein N
Binds to filaments in S and G2 phases and

recruits proteins
(42)

CDCA2 Cell Division Cycle Associated 2
Affects tumor cell proliferation and regulates the

G0/G1 phase of the cell cycle
(43)

MELK Maternal Embryonic Leucine Zipper Kinase

Induces inflammatory responses through
secretion of pro-inflammatory factors

Involved in mitosis, proliferation, apoptosis,
differentiation and tumorigenesis

(44, 45)
A B

DC

FIGURE 4

Significant gene module and enrichment analysis of the modular genes. (A-C) Results of GO analysis of 27 genes, biological process (BP), cellular
component (CC) and molecular function (MF) of the genes. (D) Results of KEGG analysis of 27 genes.
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MELK were significantly higher in psoriasis patients and cervical

squamous cell carcinoma patients than in normal controls

(Figures 7A, B). RT-qPCR results confirmed that the expression

levels of CENPN and MELK mRNA levels were increased

(Figure 7C), and that the expression of the five pivotal genes were

consistently up-regulated in cervical cancer samples as compared to

the control samples (Figure 7D).

Cohort validation of hub genes and
enrichment analysis

We plotted ROC curves based on the five candidate genes to

assess the diagnostic value of each gene. The calculated AUCs and
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95% confidence intervals were as follows: NCAPH (AUC 0.92, CI

0.97–0.88), UHRF1 (AUC 0.89, CI 0.94–0.84), CDCA2 (AUC 0.96,

CI 0.99–0.92), CENPN (AUC 0.94, CI 0.98–0.90) and MELK (AUC

0.96, CI 1.00–0.93). The findings indicated that the acquired genes

had a significant diagnostic value in Psoriasis (Figure 8A). To

investigate the potential functions of common central genes, we

divided the samples from the psoriasis dataset into groups with high

and low expressions based on median levels. We then identified

DEGs between these groups and conducted GO/KEGG enrichment

analysis. The significant enriched genes include “lysosomes,

phagocytosis, SLE, pyrimidine metabolism, arachidonic acid

metabolism, complement and coagulation cascades, and natural

killer cell-mediated cytotoxicity (Figures 8B, C).
A

B

C

FIGURE 5

Immune cell infiltration analysis. (A) Heat map of the relative proportions of 22 types of infiltrating immune cells in patients with psoriasis and
cervical cancer. (B) Violin plot of the abundance of each type of immune cell infiltration in the psoriasis and cervical cancer group. (C) Correlation
graph representing the association of immune cells with five central genes.
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A B

D

C

FIGURE 6

Screening of the potential small-molecular compounds for the treatment of psoriasis and CESC via cMAP analysis. (A) Intersection Wayne plots of
DEGs genes up-regulated in psoriasis and cervical cancer with hub genes taken from the WCGNA module. (B) Heatmap of the top 10 compounds
with the highest enrichment in 10 cell lines based on cMAP analysis. (C) Top 10 compounds information and targeting pathways. (D) Chemical
structures of the 10 compounds.
A B

C D

FIGURE 7

Validation of hub-genes in external datasets and experiments databases. (A) Validation of the center gene of cervical cancer in TCGA-CESC
database. (B) Validation of center gene in the psoriasis dataset GSE35182. (C) RT-qPCR results of 5 key genes in psoriasis cell samples. (D) RT-qPCR
results of 5 key genes in cervical cancer cell samples. (*p< 0.05, **p < 0.01, ***p < 0.001).
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The regulatory signatures analysis

We applied the miRNet database to screen the targeted miRNAs

of NCA NCAPH, UHRF1, CDCA2, CENPN andMELK. As depicted

in Figure 9A, the prediction identifies three miRNAs: hsa-miR-124–

3p, hsa-mir-129–2-3p, and hsa-mir-147a. The Network analysis

tool explored 9 transcription factors namely FOXC1, NFKB1,

RELA, SREBF1, NRF1, GATA2, TFAP2A, USF1, USF2

(Figure 9B). The TFs and miRNAs related to three hub genes via

network analysis were shown in Table 4.
Discussion

Cervical cancer is the fourth leading cause in cancer incidence

and mortality among women, contributing to over 60,000 new cases
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and approximately 342,000 deaths across the world (60). In recent

years, there has been a decline in the incidence of cervical cancer

due to high-risk group screenings. Despite some progress, the 5-

year survival rate for patients with advanced cervical cancer is only

16.7%. And early recognition and diagnosis of cervical cancer is one

of the best measures to improve prognosis and reduce social

burden (61).

Psoriasis, a chronic inflammatory skin disease, is increasingly

recognized as a systemic inflammatory condition and can coexist

with other diseases (62). The link between psoriasis and cancer is

also gaining attention. In a cohort study, individuals who

underwent treatment for severe psoriasis displayed a 41% greater

likelihood of succumbing to malignant tumors than non-psoriasis

attendees (63). A meta-analysis of 11 retrospective studies showed

an increased risk of cancer in non-melanoma skin cancer (NMSC)

(95% confidence interval [CI] 1.07–1.25) (64). A cohort study
A

B C

FIGURE 8

The diagnostic value evaluation in the validation cohort and enrichment analysis. (A) ROC plot of each key gene (NCAPH, UHRF1, CDCA2, CENPN,
and MELK) based on the AUC. (B) The bubble plot demonstrates the results of GO enrichment analysis of hub gene-related differential genes in
psoriasis. (C) The results of the KEGG enrichment analysis of hub gene-related differential genes in psoriasis are demonstrated by a lollipop plot.
AUC, area under the curve.
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assessing cancer risk among psoriasis patients in the United

Kingdom also found an increased risk of NMSC, lung cancer, and

lymphoma, and this study also removed the effects of confounding

factors such as smoking and alcohol consumption (65). Specifically

cervical cancer, surveys have demonstrated that psoriasis patients

taking biologics were more likely to be screened for cervical cancer

than the general population without psoriasis (adjusted hazard ratio
Frontiers in Immunology 1280
[HR] 1.09; 95% [CI] 1.02 - 1.16) (66). In addition, psoriasis lesions

have been shown to contain HPV infection (67). Due to the

immunomodulatory effects of medications used to treat psoriasis,

which contribute to the development of cervical cancer, the ability

of clearing HPV infection is impaired, leading to an increased risk

of cervical tumors. This suggests that patients with psoriasis are at

increased risk of developing HPV-associated cervical lesions; there
A B

FIGURE 9

Screening of potential miRNAs and TF-mRNA network of 5 targeting hub-gene. (A) An Interaction network of five hub genes and potential miRNAs-
targeted. (B) TF-mRNA network of 5 hub genes. The pink squares represent the top TFs associated with the hub genes.
TABLE 4 Top transcription factors and miRNA predicted from miRNA-mRNA, TFs-mRNA regulatory networks.

TFs/miRNAs Description Biological function Reference

FOXC1 Forkhead Regulation of cell proliferation, migration and
invasion through PI3K/AKT signaling

(46)

NFKB1 nuclear factor kappa B subunit 1 Inhibition of cell proliferation, colony formation
and migration in cervical cancer

(47)

RELA v-rel avian reticuloendotheliosis viral oncogene homolog A Control of NF-kB activity by
autophosphorylation in inflammatory diseases

and cancer。

(48)

SREBF1 sterol regulatory element binding transcription factor 1 Stimulates ubiquitination of SREBP1 and inhibits
endoplasmic reticulum stress in CESC cells.

(49)

NRF1 nuclear respiratory factor 1 Leads to severe oxidative stress,
genomic instability

(50)

GATA2 GATA binding protein 2b A common regulatory elements in
cervical cancer

(51)

TFAP2A transcription factor AP-2 alpha Promotes the growth of cervical tumors (52, 53)

USF1/2 upstream transcription factor 1/2 Enhancement of cervical cancer cell malignancy
by transcriptional activation of p65

(54, 55)

hsa-miR-124–3p MicroRNA 124 Direct targeting of IGF2BP to inhibit cervical
cancer growth and metastasis is considered to be

an important marker and target for
CC prognosis

(56)

hsa-mir-129–2-3p MicroRNA 129 The methylation process of mir-129–2-3p
increases cervical (pre)cancerous lesions.

(57)

hsa-mir-147a MicroRNA 147a Interacts with circ_0018289 binding and
Linc00319 to promote cervical

cancer progression.

(58, 59)
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may be a co-morbid mechanism and risk association between the

two, and our study provides new insights for clinicians to be aware

of encouraging patients with psoriasis to follow a cervical tumor

screening program (68).

Combining WGCNA, limma difference analysis and machine

learning, we screened five key genes as markers of psoriasis and

cervical cancer co-morbidities, including NCAPH, UHRF1, CDCA2,

CENPN and MELK. NCAPH predominantly promotes sister

chromatid entanglement, exacerbating chromosome segregation

errors and cell division failure (69). Studies have confirmed that

elevated levels of NCAPH expression are associated with an

unfavorable prognosis and immune infiltration in several cancer

types, including lung adenocarcinoma, breast cancer, and colorectal

cancer (70). The expression of NCAPH in cervical cancer tissues

was significantly higher than that in normal cervical tissues and was

significantly correlated with the size, invasion and lymph node

metastasis of cervical cancer tumor tissues, suggesting that NCAPH

is a potential target for cervical cancer immunotherapy (71).

UHRF1 is a highly expressed epigenetic regulator within cancer

cells that plays a significant role in double-strand break repair

through homologous recombination. Overexpression of UHRF1

results in increased DNA methylation, promoting the further

development, progression, and invasion of cancer (72, 73).

Interestingly, human papillomavirus was found to induce cervical

cancer through UHRF1-mediated promoter methylation,

suggesting that treatment targeting UHRF1 may inhibit cervical

carcinogenesis through cell cycle arrest and apoptosis (74–77). The

mitochondrial protein CENP-N regulates normal chromosome

segregation by recognizing histone H3 in fi lamentous

nucleosomes and promoting densification of filamentous

chromatin (78, 79). In this study, CENPN expression was

significantly elevated in both psoriasis and cervical cancer tissues

compared to control samples, which could serve as a potential

diagnostic indicator for identifying cervical cancer in psoriasis

patients. In conclusion, our study suggests that these five central

genes may play a key role in psoriasis and cervical cancer.

The pathophysiology of psoriasis involves abnormal activation

of the autoimmune system, both intrinsic and acquired. This

dysregulation is a key component of mechanisms that prevent

and interfere with cancer (79). There exists a robust association

between cancer and inflammation, with inflammation representing

a paramount risk factor in the development of cancer, often

accompanied by inflammation (80). We explored the mechanisms

of immune dialog between psoriasis and cervical cancer. Our study

demonstrated that cervical cancer tissues are heavily infiltrated with

T lymphocytes and the ratio of CD4+ to CD8+ is reversed, and

there is evidence that this phenomenon promotes an inflammatory

response in patients with cervical cancer, leading to elevated levels

of CRP(C-reactive protein) and HbA1c% (81). Interestingly,

previous studies have shown that Th1 subpopulation T cells

promote macrophage- and cytotoxic T cell-mediated immune

responses through the release of interferon-g (IFN-g) and TNF-a,
which are key factors in the pathogenesis of psoriasis (82). In

addition, our immune infiltration analysis showed that macrophage

type M1, which promotes the development of inflammation, was
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also heavily infiltrated in cervical cancer tissues. It has been shown

that depletion of macrophages attenuates psoriatic inflammation

and reduces the levels of Th1 cytokines, including IL-1a, IL-6, IL-
23, and TNF-a, to normal levels (83–86). Psoriasis and cervical

cancer show common properties and potential in terms of

immune processes.

Although biologics have shown better efficacy in psoriasis, the

side effects of biologics pose certain hazards. Therefore, there is an

urgent need to explore potential drugs. Small molecule compounds

have the advantages of high tissue permeability, adjustable half-life,

and high oral bioavailability, resulting in better therapeutic efficacy.

We linked causative genes associated with psoriasis and cervical

cancer through cMAP analysis to identify potential therapeutic

agents. roscovitine, palbociclib, and purvalanol-a are CDK (cell

cycle protein-dependent kinase) inhibitors. The CDK inhibitors

block the proliferation inhibition of malignant tumor cells through

cell cycle progression (87). In some inflammation models,

roscovitine demonstrates a reduction in leukocyte-mediated

inflammation (88). Pravachol A, a CDK2 inhibitor, induces

apoptosis in human neutrophils (89). Most solid tumor cells

produce energy by relying heavily on aerobic glycolysis, and

phloretin can effectively inhibit cancer progression by targeting

the glycolytic pathway as a glucose cotransporter inhibitor (90).

Antimycin A is a promising anticancer agent (90), which can target

mitochondria, reduce human papillomavirus E6/E7 oncogene

protein, inhibit proliferation, and induce apoptosis in cervical

cancer cells (91). Aminopurinol A as a Tyrosine kinase inhibitor

can restore the abnormal process of pre-mRNA splicing in cancer

(92). The anticancer effects of Pyrviniu are mainly manifested in the

inhibition of mitochondrial function as well as the renewal of cancer

stem cells (93), and in particular, it significantly impedes cancer cell

invasion via the Wnt/b-catenin signaling pathway (94). These drugs

have promising potential in the treatment of psoriasis and

cervical cancer.

We recognize the potential challenges faced by patients with

comorbidities. For example, the use of biologics during treatment

tends to suppress the activation of the body's immune system,

which implies an increased potential risk of tumorigenesis. To

further validate this concern in patients with psoriasis treated

with biologics, we need to conduct additional clinical cohort

studies. How psoriasis and cervical cancer talk through key genes

under the systemic neuro-immune-endocrine network also needs

further experimental exploration.
Conclusion

Based on bioinformatics analysis and machine learning, we

systematically identified five related candidate genes (NCAPH,

UHRF1, CDCA2, CENPN and MELK). This study will facilitate

the exploration of molecular mechanisms, particularly with regard

to the immune response and drug action. A comprehensive

understanding of disease pathogenes is vital for mediating their

interaction and prevent the risk of complications. The screened

genes could be used for clinical diagnosis and treatment.
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MicroRNA-939 amplifies
Staphylococcus aureus-induced
matrix metalloproteinase
expression in atopic dermatitis
Jiating Wang1†, Yejing Huang1†, Xinfeng Wu1

and Dongqing Li1,2,3*

1Hospital for Skin Diseases, Institute of Dermatology, Chinese Academy of Medical Sciences & Peking
Union Medical College, Nanjing, China, 2Key Laboratory of Basic and Translational Research on
Immune-Mediated Skin Diseases, Chinese Academy of Medical Sciences, Nanjing, China, 3Jiangsu Key
Laboratory of Molecular Biology for Skin Diseases and STIs, Nanjing, China
Background: Atopic dermatitis (AD) is a common chronic inflammatory skin

diseases that seriously affects life quality of the patients. Staphylococcus aureus

(S. aureus) colonization on the skin plays an important role in the pathogenesis of

AD; however, the mechanism of how it modulates skin immunity to exacerbate

AD remains unclear. MicroRNAs are short non-coding RNAs that act as post-

transcriptional regulators of genes. They are involved in the pathogenesis of

various inflammatory skin diseases.

Methods: In this study, we established miRNA expression profiles for

keratinocytes stimulated with heat-killed S. aureus (HKSA). The expression of

miR-939 in atopic dermatitis patients was analyzed by fluorescence in situ

hybridization (FISH). miR-939 mimic was transfected to human primary

keratinocyte to investigate its impact on the expression of matrix

metalloproteinase genes (MMPs) in vitro. Subsequently, miR-939, along with

Polyplus transfection reagent, was administered to MC903-induced atopic

dermatitis skin to assess its function in vivo.

Results: MiR-939 was highly upregulated in HKSA-stimulated keratinocytes and

AD lesions. In vitro studies revealed that miR-939 increased the expression of

matrix metalloproteinase genes, including MMP1, MMP3, and MMP9, as well as

the cell adhesionmolecule ICAM1 in human primary keratinocytes. In vivo studies

indicated that miR-939 increased the expression of matrix metalloproteinases to

promote the colonization of S. aureus and exacerbated S. aureus-induced AD-

like skin inflammation.

Conclusions: Our work reveals miR-939 is an important regulator of skin

inflammation in AD that could be used as a potential therapeutic target for AD.
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Introduction

Atopic dermatitis (AD) is a common chronic, recurrent,

inflammatory skin disease, usually associated with intense itching

and an eczema-like rash. It affects approximately 20% of children

and 10% of adults worldwide. The pathogenesis of AD is closely

associated with host genetics, skin microbiota disorders, type 2

inflammatory response, and skin barrier disruption (1). Although

the type 2 inflammatory response is a major driver in AD, S. aureus

colonization is the primary reason for infection-induced AD relapse

(2, 3). Greater than 90% of AD patients are positive for S. aureus

colonization in skin lesions. Only 5% of the normal healthy

population carries S. aureus on their skin, although this

percentage may vary based on ethnicity and geographical location

(4). Moreover, the density of S. aureus in the lesions and non-lesion

areas of AD patients is strongly correlated with the severity of the

disease (5). Recent studies have indicated that retention of S. aureus

Agr virulence function during infancy is associated with S. aureus

skin colonization and the development of AD (6). Various S.

aureus-derived molecules and byproducts contribute to skin

barrier disruption and inflammation, including superantigens,

toxins, protein A, proteases, and phenol-soluble modulins (7, 8).

In addition, S. aureus colonization promotes the development of

AD-like skin inflammation in mice (6, 9, 10); however, the precise

mechanism for this association with AD remains unclear.

Recent studies of non-coding RNAs have resulted in a greater

understanding of the complexity of gene regulation. Of these,

miRNAs are approximately 22 nucleotides in length and regulate

many cellular processes by acting as post-transcriptional regulators

via targeting mRNA degradation and/or translational repression

(11). Dysregulation of miRNA expression plays an important role in

the pathogenesis of AD. Dicer is a key enzyme in the maturation of

miRNAs (12). The absence of Dicer exacerbates skin inflammation

and is accompanied by elevated TSLP, which implicates miRNAs in

AD pathogenesis (13). MiR-146, which is highly expressed in

chronic AD lesions, inhibits the expression of various

proinflammatory factors in keratinocytes and ameliorates skin

inflammation in AD by targeting the nuclear factor kappa B

signaling pathway (14). Furthermore, upregulation of miR-155

expression in patients with AD inhibits CTLA-4 expression and

promotes T helper cell proliferation, which in turn, promotes

chronic skin inflammation (15). In this study, we aimed to
Abbreviations: AD, atopic dermatitis; NS, normal skin; ND, not detect; siRNA,

small-interfering RNA; miRNA, microRNA; TLR, Toll-like receptor; HKSA, heat-

killed Staphylococcus aureus; HKSE, heat-killed Staphylococcus epidermidis; HKSH,

heat-killed Staphylococcus hominis. SA, Staphylococcus aureus; PCA, principal

component analysis; DEGs, differentially expressed genes; KEGG, Kyoto

Encyclopedia of Genes and Genomes; qRT-PCR, quantitative real-time

polymerase chain reaction; NHEKs, normal human epidermal keratinocytes;

FPKM, fragment per kilobase of transcript per million mapped reads; Agr,

accessory gene regulatory; CFU, colony-forming units; DAPI, 4′,6-diamidino-2-

phenylindole; TSB, tryptic soy broth; TSA, tryptic soy agar; FISH, florescence in situ

hybridization; HE, hematoxylin and eosin; logFC, log2fold change; PBS, phosphate

buffer saline.
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identify the roles of miRNAs in the interactions between S.

aureus infection and AD.

Recent studies indicate that miR-939 is associated with various

malignant tumor types. MiR-939 targets TIMP2 to promote cell

proliferation and invasion, and affects the growth of gliomas and

non-small cell lung cancer (16, 17). High miR-939 expression

predicts a poor prognosis for some cancer patients. LINC00460

can regulate the expression of miR-939 to promote colorectal cancer

metastasis (18). In patients with chronic heart failure, miR-939

levels in the serum are increased. TNF-a and iNOS are target genes

for miR-939, thus it can regulate inflammatory cytokine-induced

apoptosis in endothelial and cardiomyocytes (19); however, the role

of miR-939 in AD pathogenesis has not been investigated.

In this study, we demonstrated that miR-939 expression is

elevated in HKSA-stimulated keratinocytes and skin lesions of

AD patients. MiR-939 increases the expression of matrix

metalloproteinases, promotes the colonization of S. aureus, and

exacerbates S. aureus-induced AD-like skin inflammation.
Results

MiR-939 is upregulated in heat-killed
S. aureus-stimulated keratinocytes and
atopic dermatitis

Skin colonization with S. aureus may be a crucial factor in AD

pathogenesis. To identify the aberrantly expressed miRNAs in

keratinocytes by S. aureus colonization, we established miRNA

expression profiles for keratinocytes stimulated with heat-killed S.

aureus (HKSA). The significance analysis of microarrays algorithm

was used to analyze the miRNA profiling data. We identified 9

significantly differentially expressed miRNAs (fold change >1.5, p-

value <0.05) between HKSA-stimulated keratinocytes and controls

(Figure 1A). Interestingly, hsa-miR-939–5p was the top upregulated

miRNA in HKSA-stimulated keratinocytes (Figure 1A). To validate

our profiling data, we measured miR-939 expression in keratinocytes

stimulated with different doses of HKSA by qRT-PCR. HKSA

significantly induced miR-939 expression in keratinocytes in a dose-

dependent manner (Figure 1B). To study the effects of other

Staphylococcal strains on the expression of miR-939, we used heat

killed Staphylococcal epidermidis (HKSE) and heat killed Staphylococcal

hominis (HKSH) to treat keratinocytes. We found neither HKSE nor

HKSH had any effect on miR-939 expression (Figure 1C). To examine

the expression pattern of miR-939 in AD, RNA fluorescence in situ

hybridization (FISH) was carried out with miR-939-specific probes on

skin lesion sections obtained from 3 AD patients and 3 healthy

individuals. Consistent with the upregulation of miR-939 in HKSA-

stimulated keratinocytes, miR-939 expression was significantly

increased in the epidermis of the AD samples (Figure 1D).

Pathogens secrete pathogen-associated molecular patterns to

activate pattern recognition receptors on host cells to activate

downstream signaling cascades (20). To determine which receptor

in keratinocytes is required for S. aureus-induced miR-939

expression, we treated keratinocytes with different TLR ligands,

including flagellin (TLR5 ligand), LPS (TLR4 ligand), poly(I: C)
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(TLR3 ligand), Zymosan (TLR2 ligand), and PamCSK4 (TLR2

ligand) (21, 22) (Figure 1E). Pam3CSK4 significantly induced

miR-939 expression in a dose-dependent manner (Figure 1F).

Taken together, these results likely indicate that S. aureus

activates TLR2 to induce miR-939 expression in AD.
Transcriptome analysis reveals that
miR-939 regulates the HKSA-induced
immune response

To study the functional relevance of miR-939 expression under

inflammatory conditions induced by HKSA in keratinocytes, we

performed a global transcriptomic analysis in keratinocytes with

miR-939 overexpression followed by HKSA stimulation. Principal

Component Analysis (PCA) indicated that the clustering of samples

was categorized into 4 distinct groups designated miRCtrl, miR-

939, miRCtrl+HKSA, and miR-939+HKSA, indicating a clear

difference in the transcriptome (Figure 2A). Subsequently, a two-

by-two differential expression analysis of the four groups was

performed to evaluate the differentially expressed genes (DEGs)

regulated by miR-939 or HKSA in keratinocytes (Figures 2B, C;

Supplementary Figures S1A, B). Kyoto Encyclopedia of Genes and

Genomes (KEGG) analysis revealed that cytokine-cytokine receptor

interaction, TNF signaling pathway, and IL-17 signaling pathway

were enriched in the HKSA-stimulated groups (Supplementary

Figures S1C, D), which indicates the successful induction of an
Frontiers in Immunology 0387
inflammatory response in keratinocytes by HKSA. Interestingly,

these inflammation-related pathways were further enriched in

upregulated genes by miR-939 overexpression; however, few

enriched pathways were associated with the downregulated genes

(Figures 2D–G). Therefore, we focused on 15 genes associated with

inflammation-related signaling pathways upregulated by miR-939,

most of which were upregulated by both miR-939 and HKSA

(Figure 2H). These results indicate that miR-939 performs a

regulatory role in amplifying the HKSA-induced inflammatory

response in keratinocytes.
miR-939 amplifies the S. aureus-induced
inflammatory response in vitro

To determine the potential interactions among 15 key genes, we

constructed a functional protein association network using STRING

network analyses (Figure 3A). Moreover, the plugin MCODE

identified the four most important hub genes, including three

matrix metalloproteinases (MMP1, MMP3, and MMP9) and one

cell surface adhesion receptor gene, ICAM1 (Figure 3B), which

regulates leukocyte recruitment from the circulation (23). To

validate the results obtained from the above bioinformatics

analysis, we treated keratinocytes with HKSA at different times.

The qRT-PCR results confirmed that the expression of MMP1,

MMP3, MMP9, and ICAM1 was significantly upregulated by HKSA

in a time-dependent manner (Figures 3C–F). Moreover,
B C

D E F

A

FIGURE 1

miR-939 is upregulated in heat-killed S. aureus-stimulated keratinocytes and atopic dermatitis. (A) Differentially expressed miRNA profiles in HKSA-
stimulated keratinocytes compared with unstimulated keratinocytes. (B) qRT-PCR analysis of the expression of miR-939 in keratinocytes after
treated with different concentrations of HKSA. (C) qRT-PCR analysis of the expression of miR-939 in keratinocytes after treated with 1x108 CFU of
HKSE and HKSH. (D) RNA FISH was performed in skin lesions from AD patients (AD) and normal skin from healthy donors (NS). 400x magnification,
scale bars: 50 µm. Expression levels of miR-939 after stimulation of keratinocytes with various TLR ligands (E) and different doses of Pam3CSK4 (F).
The data are presented as mean ± SD. N.S., no significance. *P < 0.05, **P < 0.01, and ***P < 0.001 by One-way ANOVA test.
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overexpression of the miR-939 significantly amplified the

expression of MMP1, MMP3, MMP9, and ICAM1 following an

8-hour treatment of keratinocytes with HKSA (Figures 3G–J). To

confirm these results, we further performed immunostaining of

MMP1 and MMP9 after miR-939 transfection followed by HKSA
Frontiers in Immunology 0488
stimulation. We also found that miR-939 significantly upregulate

HKSA-induced MMP1 and MMP9 protein expression (Figures 3K–

M). To determine whether the HKSA-induced endogenous miR-

939 can act as positive feedback in keratinocytes, we transfected the

keratinocytes with miR-939 blocking oligonucleotides that
B C

D E

F G

H

A

FIGURE 2

Transcriptome analysis shows that miR-939 regulates HKSA-induced immune response. Keratinocytes transfected with hsa-miR-939–5p mimic or
the corresponding negative control, followed by treatment with HKSA or PBS for 8 h were subject to RNA sequencing. (A) PCA plot between
miRCtrl, miR-939, miRCtrl+HKSA, and miR-939+HKSA. Differentially expressed genes in miR-939 compared with miRCtrl (B), and in miR-939+HKSA
compared with miRCtrl+HKSA (C) are shown in volcano maps. Top KEGG pathways (D) and Elsevier pathways (E) for the DEGs regulated by miR-939
as well as the top KEGG pathways (F) and Elsevier pathways (G) for the DEGs regulated by miR939+HKSA are shown in bar charts. (H) Heatmap of 15
top genes upregulated by miR-939.
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hybridize to mature miRNAs (inhibitors) followed by HKSA

stimulation. Inhibition of miR-939 is not able to change the

expression of MMPs at basal level. This may be due to the low

expression level of miR-939 in psychological conditions. However,
Frontiers in Immunology 0589
miR-939 inhibitor significantly decreased HKSA-induced MMP1,

MMP3 and MMP9 expression, demonstrating that HKSA-induced

miR-939 expression acts as positive feedback in keratinocytes

(Figures 3N–Q). Together, these data suggest that miR-939
B

C D E F

G H I J

K L M

N O P Q

A

FIGURE 3

miR-939 amplifies the S. aureus-induced inflammatory response in vitro. (A) PPI network of 15 key genes. (B) The 4 most important hub genes were
identified using the plugin MCODE of Cytoscape. (C–F) Expression levels of the four hub genes in keratinocytes after 3, 8, and 24 h of HKSA
stimulation as measured by qRT-PCR. (G–J) qRT-PCR analysis of the four hub genes in keratinocytes transfected with miR939 or miRCtrl, followed
by treatment with HKSA or PBS for 8 (h) (K) Immunofluorescence staining of MMP1 and MMP9 was performed on keratinocytes treated by miRCtrl,
miR-939, miRCtrl&HKSA or miR-939&HKSA. The nucleus is stained with DAPI. 400x magnification, scale bars: 100 µm. (L, M) The mean
fluorescence intensity of MMP1 and MMP9 of each field in different group is determined using ImageJ software in a blinded manner. The random 3
fields of each sample are scanned and then quantified. (N–Q) qRT-PCR analysis of the four hub genes in keratinocytes transfected with miR939
inhibitor or controls, followed by treatment with HKSA or PBS for 48 (h) The data are presented as mean ± SD. *P < 0.05, **P < 0.01, and
***P < 0.001 by One-way ANOVA test.
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enhances the HKSA-induced inflammatory responses in human

primary keratinocytes.
miR-939 amplifies the S. aureus-induced
atopic dermatitis phenotype in vivo

We further explored the physiological relevance of miR-939 in

human keratinocytes and AD mice. We mixed either the miR-939

agomir or the control agomir with in vivo-jetPEI transfection reagent

and administered it through intradermal injection into the mice’s

skin followed by topical application of S. aureus (Figure 4A).

Consistent with a previous study (9), S. aureus colonization was
Frontiers in Immunology 0690
successfully established as an AD-like phenotype in mouse back skin

(Figures 4B, C). The expression of AD-related cytokines, e.g. IL-13,

TSLP and IL-6, were increased, while the antimicrobial peptide

expression, e.g. mBD4, mBD14 and CAMP were deceased in S.

aureus colonized skin (Supplementary Figure S2). Skin redness and

epidermal thickness were significantly increased in the S. aureus

colonization group (Figures 4B, D). Moreover, we also observed

increased neutrophil infiltration in the skin dermis by S. aureus

(Figures 4B, E). After injecting miR-939, S. aureus had a greater

ability to colonize the skin of mice compared with the control mice

(Figure 4F). This was evident by increased skin redness, epidermal

thickness, and neutrophil infiltration in the miR-939+S.aureus group

(Figures 4B–F). The increased S. aureus colonization and AD
B

C D

E F G H

I J

A

FIGURE 4

miR-939 amplifies S. aureus-induced atopic dermatitis phenotype in vivo. (A) Schematic of the animal study. (B) hsa-miR-939 agomir or
corresponding negative control was mix with in vivo-jetPEI transfection reagent and intradermally injected to the mice back skin followed by
colonization with S. aureus or treated with PBS. The above image is a representative photograph of a mouse skin lesion. The image in the middle is a
corresponding H&E-stained section and below represents immunostaining for LY-6G. 200x magnification for H&E staining, 400x magnification for
LY-6G immunostaining, scale bars: 100 µm. n = 4 mice per group. Skin disease scores (C), epidermal thickness (D), mean fluorescence intensity of
LY-6G immunostaining (E) and the number of S. aureus colonized on the skin (F) were measured in each group. (G–J) qRT-PCR analysis of the
expression levels of the four hub genes in each group. ND: not detected. The data are presented as mean ± SD. *P < 0.05, **P < 0.01, and
***P < 0.001 by One-way ANOVA test.
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phenotype may be attributed, in part, to upregulated MMP1 and

MMP9 expression in the skin (Figures 4G–J). Together, these data

demonstrate that miR-939 amplifies the S. aureus-induced AD

phenotype in vivo.
Discussion

In this study, we established miRNA expression profiles in

human primary keratinocytes after stimulation with heat-killed S.

aureus. We focused on a highly upregulated miRNA by S. aureus

stimulation, miR-939, and found that it was significantly

upregulated in the epidermis of human AD lesions. We observed

enhanced inflammatory responses in S. aureus-stimulated human

primary keratinocytes. Overexpression of miR-939 increases the

expression of matrix metalloproteinases to promote the

colonization of S. aureus and exacerbate S. aureus-induced AD-

like skin inflammation in vitro and in vivo. Moreover, inhibition of

miR-939 decreased S. aureus-induced matrix metalloproteinases

expression in keratinocytes. These results identified miR-939 as an

important regulator in the immunopathogenesis of AD, which

serves as a positive feedback loop after S. aureus stimulation and

exacerbate matrix metalloproteinases expression.

MiR-939 exert diverse functions in different cells .

Overexpression of miR-939 increased proliferation, migration,

and invasion in glioma cell lines and increased miR-939–5p was

associated with poor prognosis in glioma patients (16). The

oncogenic role of miR-939 was confirmed in non−small cell lung

cancer (NSCLC) indicating that miR−939 knockdown inhibits cell

proliferation and invasion in NSCLC cell lines (17). MiR-939 also

inhibited the expression of proinflammatory genes and decreased

inflammation-induced apoptosis of endothelial cells (19). MiR-939

also exert specific roles in the regulation of innate immune

response. McDonald et al. demonstrate that miR-939 inhibits the

expression the proinflammatory cytokines in THP1 cells, e.g. IL-6,

TNFa, NOS2 NOS2A and NFkB2 mRNAs (24). Hou et al. showed

that MiR-939 abolished vascular integrity and repressed

angiogenesis through directly targeting g-catenin (25). In the

present study, we demonstrated that miR-939 increased the

expression of MMPs to enhance S. aureus colonization.

In contrast to coagulase-negative staphylococci (CoNS), such as

S. epidermidis and S. hominis, S. aureus is characterized by a higher

abundance of virulence factors. Our findings indicate that S. aureus,

but not S. epidermidis or S. hominis, induces the expression of miR-

939 which further enhances MMPs expression. Phenol-soluble

modulins (PSMs), a family of amphipathic, a-helical peptides,

serve as key virulence determinants, particularly in highly virulent

S. aureus strains. PSMs, including PSMa, have been demonstrated

to induce the expression of a wide range of pro-inflammatory

chemokines and cytokines. Nakagawa et al. demonstrated that S.

aureus produces PSMa, which induces keratinocyte damage and

releases IL-1a and IL-36a, thereby triggering a downstream IL-17-

dependent inflammatory response (26). The PSMs secreted by S.

aureus may contribute to the observed synergistic effect in this
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study. Investigating the impact of PSMs on miR-939 and MMPs

expression in human keratinocytes is a direction for future research.

Matrix metalloproteinases (MMPs) are a large family of

calcium-dependent, zinc-containing endopeptidases, which are

responsible for the degradation of the extracellular matrix (ECM)

(27). A proteomics analysis of AD revealed that inflammatory

markers, including matrix metalloproteinases (MMP1, MMP3,

MMP9, and MMP12), Th2-type cytokines, and chemokines, are

significantly upregulated in both lesion and non-lesion skin in

patients with AD compared with healthy normal skin (28, 29).

The upregulation of MMPs contribute to the breakdown of

structural proteins in the skin, such as collagen and elastin, which

are essential for maintaining the integrity of the skin barrier (30).

Moreover, MMPs have been implicated in the modulation of

sensory nerve function and itch sensation (31). Increased MMP

activity in the skin may contribute to the neuroinflammatory

processes underlying pruritus (itch) in AD. Disruption of the skin

barrier allows allergens, irritants, and pathogens, such as S. aureus

to penetrate the skin more easily, leading to inflammation and

exacerbation of AD symptoms (32). In the present study, we

demonstrated that miR-939 promotes S. aureus-induced MMP

expression and colonization of S. aureus was increased in mice

back skin after miR-939 administration. This phenomenon may be

due to further damage of the skin barrier by MMPs.

MiRNAs normally bind to the 3’ untranslated region (UTR) of

messenger RNA (mRNA) to induce degradation and/or

translational repression (33). However, multiple miRNAs

positively regulate gene expression by interacting with the

promoter to trigger the recruitment of transcription factors and

RNA-Polymerase-II. For example, miRNA-551b interacts with

RNA Pol II to recruit the TWIST1 transcription factor to the

STAT3 promoter to activate STAT3 transcription (34). MiR-373

interacts with the E-cadherin promoter to induce gene expression

by recruiting RNA Pol II (35). In the present study, we observed a

similar gene activation phenomenon with miR-939 in HKSA-

stimulated keratinocytes. MiR-939 may bind to gene promoters;

however, the precise mechanism through which miR-939 promotes

MMP expression requires further study.

In conclusion, we demonstrated that S. aureus increases miR-939

expression in vitro and in vivo. MiR-939 enhances the expression of

matrix metalloproteinase genes to promote the colonization of S.

aureus and exacerbates S. aureus-induced AD-like skin

inflammation. The results suggest that decreasing miR-939 levels in

the skin may be a strategy to control the immunopathogenesis of AD

driven by S. aureus colonization and infection. Thus, miR-939 may be

a promising candidate for AD treatment.
Methods

Human samples

Three AD and three normal healthy samples were obtained

from biobank of Institute of Dermatology, Chinese Academy of
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Medical Sciences, Jiangsu Biobank of Clinical Resources

(BM2015004). All patients had signed informed consent for

donating their samples. The study was approved by the Research

Ethics Committee of the Hospital of Dermatology, Chinese

Academy of Medical Sciences & Peking Union Medical College

(2023-KY-033).
Mouse model and in vivo studies

Seven-week-old male BALB/c mice were purchased from

GemPharmatech (Nanjing, China) and acclimatized for one week.

The mice were depilated on their backs and allowed to rest for one

day to restore the skin barrier. The hsa-miR-939–5p agomir and

corresponding negative control (GenePharma, Suzhou, China) were

transfected into the mouse skin using in vivo jetPEI via intradermal

injection, which is an in vivo transfection reagent (Polyplus), three

times per week according to the manufacturer’s protocol. During this

period, the mice were externally colonized with S. aureus by placing

ten million CFU of S. aureus onto sterile gauze, which was then

immobilized on the dorsal skin of the mice with a transparent bio-

occlusive dressing (Tegaderm; 3M). On the 8th day, the mice were

photographed and euthanized. The skin was collected for various

analyses, including qRT-PCR, H&E staining, immunofluorescence,

and S. aureus enumeration. A disease score was determined by the

cumulative scores of erythema, scale, edema and lichenosis in skin

inflammation, with each being designated as none (0), mild (1),

moderate (2), or severe (3). The animal studies were conducted under

approved protocols by the Animal Use and Care Committee of the

Hospital of Dermatology, Chinese Academy of Medical Sciences &

Peking Union Medical College (2023-DW-010).
S. aureus culture and enumeration

S. aureus (USA 300 LAC) was a gift from Professor Yuping Lai

(East China Normal University). It was cultured with TSB (Solarbio,

Beijing, China) in a shaker at 37°C and 220 rpm. The mixed S.

aureus bacterial solution was diluted in a 1:10 concentration

gradient. Different concentrations of bacterial solution as well as

TSB were added to 96-well enzyme-labeled plates at 200 µl per well

and the absorbance was read at 600 nm using a microplate reader

(BioTek, Synergy™ H1). In addition, 10 µl of different

concentrations of the bacterial solution was inoculated into the

TSA (Solarbio, Beijing, China) plate and incubated at 37°C for 24 h

to count CFUs. Finally, a standard growth curve of S. aureus was

plotted based on the OD600 values and CFU counts for the different

concentrations of S. aureus. To measure the concentration of S.

aureus, one CFU was placed in 10 ml of a TSB in a shaker at 37°C

and 220 rpm for 24 h. The next day, 10 µl of TSB was collected and

incubated in 5 ml of fresh TSB for 3–4 h. The absorbance was

measured and the concentration of S. aureus was calculated from

the standard growth curve. To determine the number of S. aureus in

colonized skin, skin of the same size was collected, homogenized in

cold PBS, diluted, and placed onto TSA plates. The number of CFUs

was determined after incubating at 37°C for 24 h.
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qRT-PCR

Frozen mouse skin was homogenized with a Tissuelyser

(JingXin, Shanghai, China). Total RNA was extracted from tissue

homogenates and cells using RNAiso Plus (Takara). RNA quality

and concentration were determined with a NanoDrop™One/OneC

(Thermo Fisher Scientific). Complementary DNA (cDNA) was

synthesized using PrimeScript™ RT Master Mix (Takara) based

on the manufacturer’s instructions. qRT-PCR was performed using

TB Green® Premix Ex Taq™ II (Takara). For miRNA

quantification, Bulge-loop miRNA qRT-PCR Primer Sets (one RT

primer and a pair of qPCR primers for each set) specific for hsa-

miR-939–5p were designed by RiboBio (Guangzhou, China). The

expression of mRNA or miRNA was normalized to Gapdh or U6,

respectively. The relative mRNA/miRNA expression was calculated

using the 2−DDCt method.
FISH

FISH was done using a miRNA FISH Kit with FISH probes

(GenePharma, Suzhou, China). Briefly, paraffin sections were

deparaffinized, digested with proteinase K, denatured at 73°C,

hybridized overnight at 37°C, washed, and stained for nuclei. All

images were collected at a magnification of 400X using a

fluorescence confocal microscope (Olympus, BX53, Tokyo,

Japan). DAPI (Invitrogen, Thermo Fisher Scientific) and

streptavidin Cy3 channels were used for signal detection.
Histology and immunofluorescence

Mouse skin tissues were fixed in formalin, embedded in

paraffin, sectioned, and stained with hematoxylin and eosin. To

calculate the average epidermal thickness of the mouse sections, we

randomly selected five epidermal area on one image to measure the

thickness by using ImageJ software. We totally analyzed four images

from four mice. For immunofluorescence, fluorescence detection of

neutrophil surface marker proteins in paraffin sections of mouse

dorsal skin was done using an anti-Ly-6G/Ly-6C antibody (mouse

monoclonal antibody; Thermo Fisher Scientific), followed by an

anti-mouse AF488-conjugated secondary antibody (Invitrogen

A32723). The fluorescent signal was observed using a

fluorescence confocal microscope.
NHEK culture, transfection, and stimulation

NHEKs (Cat: FC0025, Lot 09213, Lifeline Cell Technology)

were cultured in DermaLife Basal Medium (Lifeline Cell

Technology) supplemented with DermaLife K lifefactor kit and

1× antibiotics [penicillin (100 U/ml), streptomycin (100 U/ml);

Thermo Fisher Scientific] at 37°C and 5% CO2. This donor is a 56-

year-old Caucasian male. To study the effect of TLRs ligands on

miR-939 expression, Flagellin (0.5ug/ml, InvivoGen), LPS (5ug/ml,

InvivoGen), poly(I:C) (300ng/ml, InvivoGen), Zymosan (50ug/ml,
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InvivoGen) and Pam3CSK4 (10ug/ml, InvivoGen) was used to treat

keratinocyte for 24 hours. The expression of miR-939 was measured

by qRT-PCR. Before stimulating keratinocytes with HKSA

(Thermo Fisher Scientific) or TLR ligands (Thermo Fisher

Scientific), 20 nmol/L of hsa-miR‐939 mirVana miRNA mimic or

mirVana miRNA mimic negative control #1 (Invitrogen, Thermo

Fisher Scientific) was transfected into keratinocytes using

Lipofectamine RNAiMAX (Thermo Fisher Scientific) when the

confluence reached 50% to 60%. The final concentration of HKSA

was 1 x 108 CFU/ml for RNA-sequencing and in vitro studies,

whereas the final concentration of various TLR ligands was based

on the manufacturer’s instructions. NHEKs were only used for

experiments between passages three and five.
Bioinformatic analysis

To determine the relationship between the samples, we

performed PCA using the R packages “factoextra” and

“FactoMineR”, based on the normalized FPKM values for each

sample. Raw Count values were used to perform a DEG analysis of

the RNA-sequencing data using the R package “Deseq2”. Briefly. the

first step was to construct a DESeqDataSet object using the function

DESeqDataSetFromMatrix. Then, the function DESeq was used for

the difference analysis. To acquire DEGs regulated by HKSA or miR-

939, genes with parameters of |logFC| > 0.5 and P-value <0.05 were

considered significantly changed. The package “ggplot2” was used to

generate a volcano map. We used an online tool (https://

maayanlab.cloud/Enrichr/) for KEGG and Elsevier enrichment

analysis of the DEGs, and the top five enriched pathways are

shown as bar graphs. The heatmap was generated with DEGs from

inflammation-related signaling pathways upregulated by miR-939

using the “ComplexHeatmap” package. Protein–protein interactions

were determined using STRING (https://cn.string-db.org/) and

visualized by Cytoscape (version 3.9.0). Four hub genes were

identified using the plugin MCODE for Cytoscape.
RNA-sequencing

RNA-sequencing was done using HKSA-stimulated

keratinocytes transfected with hsa-miR-939–5p mimic or the

corresponding negative control. Briefly, total RNA was extracted

and RNA quality was assessed. Then, mRNA was enriched using

Oligo(dT), fragmented, and a cDNA Library was constructed using

the NEB Next Ultra RNA Library Prep Kit for Illumina (NEB

#7530, New England Biolabs, Ipswich, MA, USA). The resulting

cDNA library was sequenced using an Illumina Novaseq6000 by

Gene Denovo Biotechnology Co. (Guangzhou, China). The reads

were subjected to quality control, sequence alignment, and gene

abundance quantification by the FPKM and Count methods. The

FPKM method eliminates the effects of varying gene lengths and

sequencing data volume on gene expression calculations. Thus, the

calculated gene expression may be used directly for subsequent

bioinformatics analyses.
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Quantification and statistical analysis

Statistical analysis was performed with GraphPad Prism version

8.0 (GraphPad). All data were presented as means ± SEM. Statistical

significance between groups was determined using either a two-

tailed Student’s t-test or ANOVA analysis, by using GraphPad

Prism 8 (GraphPad software Inc, California, USA). P values <0.05

were considered statistically significant.
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Granzyme K mediates IL-23-
dependent inflammation and
keratinocyte proliferation
in psoriasis
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Christopher T. Turner1,2,3†, Layla Nabai1,2,3, Sho Hiroyasu1,2,3†,
Megan A. Pawluk1,2,3, Rachel A. Cederberg2,4, Hongyan Zhao1,2,3,
Karen Jung1,2,3, Angela Burleigh5, Richard I. Crawford2,5

and David J. Granville1,2,3*

1International Collaboration on Repair Discoveries (ICORD) Centre, Vancouver Coastal Health
Research Institute, University of British Columbia, Vancouver, BC, Canada, 2Department of Pathology
and Laboratory Medicine, University of British Columbia, Vancouver, BC, Canada, 3British Columbia
Professional Firefighters’ Burn and Wound Healing Group, Vancouver Coastal Health Research
Institute, University of British Columbia, Vancouver, BC, Canada, 4Integrative Oncology Department,
British Columbia (BC) Cancer Research Centre, Vancouver, BC, Canada, 5Department of Dermatology
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Psoriasis is an inflammatory disease with systemic manifestations that most

commonly presents as itchy, erythematous, scaly plaques on extensor

surfaces. Activation of the IL-23/IL-17 pro-inflammatory signaling pathway is a

hallmark of psoriasis and its inhibition is key to clinical management. Granzyme K

(GzmK) is an immune cell-secreted serine protease elevated in inflammatory and

proliferative skin conditions. In the present study, human psoriasis lesions

exhibited elevated GzmK levels compared to non-lesional psoriasis and healthy

control skin. In an established murine model of imiquimod (IMQ)-induced

psoriasis, genetic loss of GzmK significantly reduced disease severity, as

determined by delayed plaque formation, decreased erythema and

desquamation, reduced epidermal thickness, and inflammatory infiltrate.

Molecular characterization in vitro revealed that GzmK contributed to

macrophage secretion of IL-23 as well as PAR-1-dependent keratinocyte

proliferation. These findings demonstrate that GzmK enhances IL-23-driven

inflammation as well as kerat inocyte prol iferat ion to exacerbate

psoriasis severity.
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GRAPHICAL ABSTRACT
1 Introduction

Psoriasis is a chronic inflammatory disease that affects over 125

million people worldwide (1). Psoriasis vulgaris (plaque psoriasis) is

the most common clinical variant, observed in 85-90% of psoriasis

cases, and usually manifests as erythematous plaques covered with

silvery scales on the extensor surfaces, trunk, and scalp (2).

Persistent pruritus, pain, and visibility of plaques characteristic of

the disease considerably impair quality of life (3, 4).

While biologics targeting the IL-23/IL-17 pathway have

demonstrated clinical efficacy, their broad use is limited by costs,

side effects related to immunomodulation, and disease recurrence

following treatment discontinuation (5, 6). As such, an impetus to

develop more affordable and efficacious therapeutics for psoriasis

remains (7, 8). To address this need, a clearer understanding of the

molecular mechanisms underlying pathogenesis is required.

Psoriasis pathogenesis is driven by elevated inflammation and

keratinocyte proliferation. These processes are dependent on IL-23 and

JAK/STAT signaling (9–12). During active disease, IL-23, produced by

myeloid cells, activates and maintains the pathogenic phenotypes of

Th17, Tc17, and possibly Treg cells, leading to the release of various

pro-inflammatory cytokines, most notably IL-17 (13–15). This

cytokine cascade fuels inflammation, perpetuating vasodilation and

immune cell infiltration (9). Concurrently, STAT3 hyperactivation in
Frontiers in Immunology 0296
keratinocytes drives increased cellular proliferation and impaired

differentiation, leading to epidermal hyperplasia which presents

clinically as skin plaques (9–12). Provided the central roles of IL-23

and STAT3 in psoriasis pathogenesis, exploring novel mediators within

this context is imperative to advance our understanding of disease

mechanisms and yield new opportunities for therapeutic development.

The immune cell-secreted serine protease, Granzyme K (GzmK),

conventionally known for its role in targeted cell death, has emerged as

a key player in inflammation (16). Elevated GzmK levels are

consistently observed in biospecimens from individuals with diverse

inflammatory conditions compared with healthy controls, including

acute lung inflammation (bronchoalveolar lavage fluid) (17),

endotoxemia (blood) (18), sepsis (blood) (19), viral infection (blood)

(20), thermal injury (skin) (21), atopic dermatitis (skin) (22), and

inflammaging (various tissues) (23). Corresponding to its presence in

biofluids, extracellular roles for GzmK have been forwarded. Notably,

GzmK has been shown to induce the release of pro-inflammatory

cytokines (IL-1b, TNF-a, IL-6, IL-8, and monocyte chemoattractant

protein-1 (MCP-1/CCL2)) (21, 24–26) and to promote cellular

proliferation through activation of protease activated receptor-1

(PAR-1) (21, 24, 26, 27). Further, PAR-1-induced keratinocyte

proliferation may contribute to psoriasis (28–31). Taken together, we

hypothesized that GzmK contributes to inflammation and/or

keratinocyte proliferation in psoriasis.
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2 Results

2.1 GzmK is elevated in human psoriasis
lesions and predominantly localized in the
infiltrating immune cells of the
papillary dermis

To evaluate GzmK levels in human psoriasis tissues, GzmK

expression was assessed using microarray data available through the

Gene Expression Omnibus (GEO, NCBI) database (32). According

to dataset GDS4602 (33–35), GzmK mRNA expression is elevated

in lesional psoriasis skin compared to both healthy control and non-

lesional psoriasis skin (Figure 1A). Similar results were obtained

using another dataset, GSD4600 (36, 37) (Supplementary Figure

1A). To further assess the presence of GzmK in psoriatic skin, a

database query for GzmK was performed on skin mRNA

microarray datasets publicly available on SEEK (Princeton

University) (38). According to this search, the majority of

prioritized datasets were related to psoriasis, underscoring the

significance of GzmK to psoriasis pathology (Supplementary

Table 1). Importantly, dataset enrichment analysis revealed

‘psoriasis’ as the disease category with the highest number of

relevant datasets retrieved, further emphasizing its significance in

the context of GzmK (Supplementary Table 2).

To examine GzmK at the protein level and its distribution in

human psoriasis tissue, formalin-fixed paraffin-embedded sections of

healthy control skin and lesional psoriasis skin were evaluated. In

agreement with the GzmK mRNA expression data, all psoriasis skin

samples exhibited a significant increase in GzmK protein levels

compared with healthy control skin (Figures 1B, C). This increased

GzmK detection occurred in all psoriasis samples despite reported

differences in clinical appearance, sex, and age of individuals (patient

data listed in Supplementary Table 3). Within psoriasis lesions,

GzmK-positivity was also observed in the extracellular milieu

surrounding the GzmK-positive cells compared with healthy

controls (Supplementary Figure 1B), indicating potential

extracellular secretion.

In all stained psoriasis lesions, GzmK-positive cells were primarily

located within the inflammatory cell infiltrate of the papillary dermis

and adjacent to small blood vessels (Figure 1B). In healthy skin, GzmK

was detected almost exclusively inmast cells (Toluidine Blue O (TBO)+

and tryptase+), as previously reported (22). GzmK-positive mast cells

were observed in psoriatic skin as well (Supplementary Figures 1C–E);

however, there was a decrease in the percentage of GzmK-positive

mast cells. Serial immunostaining and co-immunofluorescence of

human psoriasis lesions further revealed a population of CD68+ cells

(monocytes/macrophages) positive for GzmK (Figure 1D,

Supplementary Figure 2A). We also detected a minor population of

CD3+ cells (both CD4+ and CD8+ T cells) and Neutrophil Elastase

(NE)+ cells (neutrophils) positive for GzmK (Supplementary Figures

2A, 3A). No GzmKwas detected in CD56+ (natural killer cells), CD1a+

(Langerhans cells), nor CD11c+ cells (dermal dendritic cells) despite

each of these cell populations being elevated in human psoriasis lesions

(Supplementary Figures 2A, 3A). Further, human THP-1 monocytes
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and macrophages were confirmed as a source of GzmK in vitro

(Figure 1E), corresponding with previous observations (21).
2.2 GzmK depletion attenuates disease
severity in a murine model of IMQ-induced
psoriasis-like skin inflammation

To investigate whether GzmK exerts a pathologic role in psoriasis,

GZMK knockout (GzmK KO) mice were utilized. In comparative

sequence analysis, human and mouse GzmK exhibited a 71.82%

amino-acid sequence identity and full conservation of the catalytic

triad (His, Asp, Ser) (Supplementary Figure 4A), underscoring the

relevance of the mouse model for investigating the mechanistic role of

GzmK in the context of psoriasis. Using the established murine model

of imiquimod (IMQ)-induced psoriasis-like skin inflammation (39), a

psoriasis-like phenotype was induced in both wild-type (WT) and

GzmK KO mice (Figure 2A). WT and GzmK KO mice showed no

visible signs of distress, and their body weights remained stable

throughout the study (Supplementary Figure 4B).

Clinically recognizable lesions developed earlier in IMQ-treated

WT mice (day 5) compared to GzmK KO mice (day 6) (Figure 2B).

Erythema and desquamation severity were reduced in GzmK KO

mice, as determined using the modified psoriasis area and severity

index (PASI) scoring system (scoring outline listed in Supplementary

Table 4) (40). Both sets of individual scores were significantly reduced

in GzmK KO mice at days 6 and/or 7 (Figure 2C). Accordingly,

GzmK KO mice exhibited a reduced cumulative severity score

(defined as combined erythema and desquamation severity scores)

for the duration of the study and a significant decrease in cumulative

severity score at day 7 compared to WT mice (Figure 2C). Other

phenotypes observed in GzmK KO mice included reduced

inflammatory infiltrate in the upper dermis and the absence of

parakeratosis and vascular dilation in the papillary dermis

compared to WT mice (Figure 2D, Supplementary Table 5).

Altogether, these results indicate that GzmK deficiency attenuates

disease severity in the murine model of IMQ-induced psoriasis.
2.3 GzmK depletion reduces IMQ-induced
inflammatory cell infiltrate

Compared with IMQ-treated WT mice, GzmK KO mice

displayed an attenuated inflammatory response, characterized by

a decreased leukocyte infiltration (Figures 3A, B). T cells (CD3+)

were most abundant in both IMQ-treated WT and GzmK KO mice

compared to other cell types, similar to human psoriatic tissue (41).

However, there was a decrease in the number of CD3+ per area in

IMQ-treated lesions of GzmK KO mice compared to WT mice

(Supplementary Figures 5A, B). Additionally, a decrease in

microvascular density (CD31+) was observed in IMQ-treated

GzmK KO mice compared to WT mice (Supplementary Figures

5C, D). These findings highlight the potential importance of GzmK

in modulating inflammatory responses during disease development.
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GzmK is abundant in human psoriasis lesions and predominantly localized in the infiltrating immune cells of the papillary dermis (A) GzmK
normalized gene expression in the skin of healthy control subjects and psoriasis patients (both non-lesional and lesional). (B) GzmK immunostaining
in the skin of healthy control subjects and psoriasis patients. The inset shows high magnification of regions of interest. Red arrows indicate GzmK+

cells. (C) Quantification of GzmK-positive cells presented as number of GzmK-positive cells per area (mm2) in the skin of healthy control subjects
and psoriasis patients. (D) Two-colour immunofluorescence of GzmK and CD68 in psoriasis-affected human skin. ‘Merge’ showcases overlap of all
colour channels. White arrows indicate co-staining cells (GzmK+/CD68+). (E) Western blot immunodetection of GzmK in NK cells (YT) and THP-1-
derived monocytes (Mf), M0 and M1 macrophages. n ≥ 58 per group (B–E). Data were analyzed by Kruskal-Wallis test with Dunn’s post-hoc test for
multiple comparisons and presented as mean with 95% CI (A), or Welch’s t-test and presented as mean with 95% CI (C). In all plots, *P≤0.05,
****P≤0.0001. Scale bars represent 200 mm (B), with representative images shown.
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FIGURE 2

GzmK depletion attenuates disease severity in a murine model of IMQ-induced psoriasis-like skin inflammation. (A) Experimental protocol involving
daily topical application of IMQ for 7 days to induce a psoriasis-like phenotype. (B) Images of IMQ-treated WT and GzmK KO mice from day 0 to day
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with Welch correction and Holm-Sı̌d́aḱ post-hoc test for multiple comparisons and presented as multivariable linear regression with three degrees
of interaction (C). In all plots, area under curve (AUC) p-values are as written and adjusted p-values are shown *P≤0.05, **P≤0.01. Scale bars
represent 200 µm (D), with representative images shown.
Frontiers in Immunology frontiersin.org0599

https://doi.org/10.3389/fimmu.2024.1398120
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Richardson et al. 10.3389/fimmu.2024.1398120
G

Contro
l

Gzm
K

Contro
l

Gzm
K

0

20

40

60

80

IL
-2

3
pg

/m
L

M1M0

✱✱✱ ✱

G
zm

K
KO

W
T

Control IMQ-Psoriasis

IL-23

G
zm

K
KO

W
T

Control IMQ-Psoriasis

CD45

̶ 1 nM 10 nM 100 nMGzmK

GAPDH

IL-23

M0 macrophages

F4/80

Control IMQ-Psoriasis

G
zm

K
KO

W
T

CD11c

Control IMQ-Psoriasis

G
zm

K
KO

W
T

C

A

D

B

E

F

̶ 1 nM 10 nM 100 nMGzmK

β-ac�n

IL-23

M1 macrophages

WT K KO WT K KO
-2000

0

2000

4000

6000

8000

10000

IL
-1

7
pg

/m
g

to
ta

lp
ro

te
in

✱✱

Control IMQ

✱

WT K KO WT K KO
-5000

0

5000

10000

15000

20000

IL
-1

2
p7

0
pg

/m
g

to
ta

l p
ro

te
in

✱✱✱✱

Control IMQ

✱

WT K KO WT K KO
-5000

0

5000

10000

15000

20000

IL
-2

3
pg

/m
g

to
ta

lp
ro

te
in

✱ ✱✱✱✱

Control IMQ

0.065 0.068

KOKO KOKO KOKO

WT K KO WT K KO
0.0

0.2

0.4

0.6

C
D4

5+
Ce

lls
pe

rA
re

a
(μ

m
2)

✱ ✱✱

Control IMQ

KOKO

C
D

45
+

C
el

ls
pe

rA
re

a
(μ

m
2 )

IL
-2

3
pg

/m
L

FIGURE 3

GzmK depletion reduces IMQ-induced inflammatory cell infiltrate, GzmK induces IL-23 secretion from macrophages. (A) CD45
immunohistochemistry of dorsal skin in untreated and IMQ-treated WT and GzmK KO mice. (B) Data presented as number of CD45-positive cells
per area (um2). (C) Quantification of IL-12, IL-17 and IL-23 in WT and GzmK KO tissue homogenates by ELISA. Data presented as rg cytokine per mg
total protein. (D) IL-23A immunohistochemistry of dorsal skin in untreated and IMQ-treated WT and GzmK KO mice. (E) F480 (monocytes/
macrophages) and CD11c (dendritic cells) immunohistochemistry of dorsal skin in untreated and IMQ-treated WT and GzmK KO mice skin. (F) IL-23
gene expression analyzed by RT-PCR in THP-1 macrophages ± GzmK exposure. b-actin and GAPDH were used as loading controls. (G) IL-23
protein secretion analyzed by ELISA of culture medium from THP-1 macrophages ± GzmK exposure. Data presented as rg cytokine per ml. n ≥ 3
per group (A-G). Data were analyzed by Brown-Forsythe and Welch ANOVA tests with Dunnett’s T3 post-hoc test for multiple comparisons and
presented as mean with 95% CI (B, C), or Welch’s t-test and Mann-Whitney test and presented as mean with 95% CI (G). In all plots, *P ≤ 0.05, **P ≤

0.01, ***P ≤ 0.001, ****P ≤ 0.0001. Scale bars represent 200 µm (A, D) and 50 µm (E), with representative images shown.
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2.4 GzmK induces IL-23 secretion
from macrophages

In IMQ-treated GzmK KO mice, IL-17 and IL-23 tissue levels

were reduced compared to IMQ-treated WTmice, whereas IL-12p70

levels were increased in GzmK KOmice (Figure 3C). To examine the

lesional tissue distribution of IL-23, immunohistochemistry was

performed. IL-23A staining of murine tissues identified that the

majority of IL-23+ cells were located in the dermis within the

vicinity of blood vessels and exhibited a morphology characteristic

of mononuclear cells (Figure 3D). In contrast to GzmK KO mice,

infiltration of macrophages (F4/80+) (CD11c+), two major sources of

IL-23 in psoriasis (42), were observed in IMQ-treated WT mice

(Figure 3E). The role of GzmK in inducing IL-23 release from

macrophages was therefore investigated. THP-1-derived M0 and

M1 macrophages were exposed to increasing concentrations of
Frontiers in Immunology 07101
active recombinant human GzmK. GzmK increased IL-23 mRNA

expression in a dose-dependent manner and promoted IL-23

secretion from both M0 and M1 macrophages (Figures 3F, G).

These results support a pro-inflammatory function for GzmK in

psoriasis through the stimulation of IL-23 production.
2.5 GzmK depletion attenuates IMQ-
induced epidermal hyperplasia

The contribution of GzmK to epidermal hyperplasia, a

hallmark of psoriasis, was assessed in the murine model of

IMQ-induced psoriasis-like skin inflammation. IMQ-treated

GzmK KO mice exhibited a reduction in epidermal thickness

compared with WT mice at day 7 (Figures 4A, B). In IMQ-treated

GzmK KO mice and untreated controls, the proliferation marker
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Ki67 was restricted to basal keratinocytes, whereas in IMQ-treated

WT mice, a large number of suprabasal keratinocytes also

exhibited positive staining for this marker (Figure 4C).

Comparatively, GzmK KO mice exhibited a decrease in the

mean number of Ki67+ cells per µm2 compared with WT mice

(Figure 4D). In IMQ-treated GzmK KOmice, a similar decrease in

proliferating cell nuclear antigen (PCNA) was observed compared

to IMQ-treated WT (Supplementary Figure 6A). Further, when

both primary (NHEKs) and immortalized (HaCaTs) keratinocytes

were cultured in the presence of GzmK, increased levels of PCNA

were observed (Supplementary Figure 6B). Consequently, GzmK

may contribute to psoriasis epidermal hyperplasia through the

stimulation of keratinocyte proliferation.
2.6 GzmK stimulates human keratinocyte
proliferation via the PAR-1/MAPK/
STAT3 pathway

As documented previously, both normal human epidermal

keratinocytes (NHEKs) and keratinocyte cell lines (HaCaTs) express

PAR-1 (43, 44). GzmK is known to activate PAR-1 through cleavage of

its tethered ligand, initiating receptor activation and cellular responses

from various cell types (21, 24, 26). We examined whether extracellular

GzmKwas inducing proliferation through the cleavage and subsequent

activation of PAR-1. To address this, we used 2 siRNA sequences

designed against human F2R (PAR-1). Both siRNAs were transfected

at a final concentration of 40 nM in HaCaTs, which achieved an 87%

(siRNA #1) and 100% (siRNA #2) reduction at 72 h post-transfection

and 100% (siRNA #1 and #2) at 120 hours post-transfection

(Figures 5A, B). Those HaCaTs transfected with PAR-1 siRNA

demonstrated a marked reduction of GzmK-mediated proliferation

as visualized by Ki67 immunocytochemistry (Figure 5C), supporting

our hypothesis that GzmK contributes to keratinocyte proliferation

through a PAR-1 dependent extracellular mechanism.

As activation of the MAPK signaling pathway has been

previously linked to keratinocyte proliferation (45–47), we next

assessed their potential downstream activation by PAR-1 in

keratinocytes. Western blot analysis revealed a robust

phosphorylation of p38 (MAPK14) and p44/42 (ERK1/2), but not

p46/54 (SAPK/JNK) MAPK, in keratinocytes stimulated by GzmK

for up to 3 hours (Supplementary Figures 7A–C).

We next examined the involvement of PAR-1 in GzmK-dependent

MAPK signaling. When keratinocytes were transfected with F2R

(PAR-1) siRNA as above, GzmK-mediated phosphorylation of both

p38 and p44/42 MAPK was inhibited (Figures 6A, B). Taken together,

the findings suggest that GzmK activation of the PAR-1/MAPK

pathway contributes to the induction of keratinocyte proliferation.

To further understand the downstream signaling pathways

involved in GzmK/PAR-1/MAPK-mediated keratinocyte

proliferation, STAT3 phosphorylation was assessed. Upon GzmK

stimulation of human keratinocytes, we observed a marked increase

in STAT3 phosphorylation at Ser727 and to a lesser extent at Tyr705,

both peaking at 15mins andmaintaining elevated levels up to 3 hours-

post stimulation (Supplementary Figure 7A). This finding suggests a

sustained activation of STAT3 signaling in response to GzmK.
Frontiers in Immunology 08102
We subsequently examined whether the observed GzmK-

mediated STAT3 signaling was PAR-1 and/or MAPK pathway-

dependent. Keratinocytes transfected with F2R (PAR-1) siRNA

showed inhibited GzmK-mediated phosphorylation of STAT3 at

both Ser727 and Tyr705 (Figure 6B). To determine whether this

effect occurs downstream of MAPK, keratinocytes were pre-treated

with U0126, a p44/42 MAPK inhibitor. Following this treatment,

the phosphorylation of STAT3 Ser727 was notably abrogated

(Figure 6C), indicating that STAT3 phosphorylation occurs

downstream of PAR-1-mediated p44/42 activation.
3 Discussion

The mechanisms by which psoriasis is regulated are poorly

understood. Currently, mechanisms underlying IL-23-driven

inflammation and STAT3-driven keratinocyte proliferation are

areas of high therapeutic interest and active investigation.

Of relevance to the present study, a role for serine proteases and

their endogenous inhibitors (Kallikreins-Related Peptidases (48,

49), Marapsin (50), Vaspin (51), SerpinB7 (52), Leukocyte

Elastase (53)) in psoriasis have been investigated. When

compared with other classes of proteases, serine proteases are

among the most likely to mediate psoriasis pathology since a

majority are released to the extracellular milieu indiscriminately

(54). The emerging pro-inflammatory effects of the serine protease,

GzmK, initially prompted us to explore its potential role in psoriasis

pathogenesis. Further, chromosome 5q, which contains the GzmK

gene in humans, includes a susceptibility region for psoriasis (55)

and numerous other autoimmune and inflammatory conditions

including Crohn’s disease (56), rheumatoid arthritis (57), asthma

(58), and atopic dermatitis (59).

In the current study, GzmK levels were significantly increased

in skin lesions from human psoriasis patients, predominantly

within the dermal inflammatory cell infiltrate. Macrophages were

identified as the largest population of GzmK-positive cells present

exclusively within psoriasis lesions. It is known that infiltrating

macrophages are recruited in inflammatory conditions and play an

important role in psoriasis development, particularly during the

initiation stages (60). Further, M1 polarization in psoriasis is

associated with increased disease severity (61). Hence, GzmK

produced and secreted by inflammatory macrophages may

contribute to early psoriasis development. This is supported by a

previous study in acute thermal injury, where GzmK was reported

to be expressed and secreted by inflammatory macrophages (21).

Monocytes/macrophages are also the dominant immune

population in the synovial fluid of psoriatic arthritis, an

inflammatory spondyloarthritis that affects up to 30% of people

with psoriasis (62). Although the proportion of GzmK-positive

mast cells in psoriatic lesions does not significantly differ from that

in healthy skin, this does not rule out a pathogenic role in psoriasis.

Notably, approximately 30% of dermal mast cells in psoriatic

lesions lack the endogenous inhibitor for GzmK, bikunin (63).

The prevalence of bikunin-negative mast cells in healthy controls is

unclear; however, in both atopic dermatitis and chronic eczema,

almost all tryptase-positive mast cells also express bikunin (63).
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This suggests that the lack of bikunin expression in dermal mast

cells may be unique to psoriasis. Despite the presence of GzmK-

positive mast cells in both healthy and psoriatic skin, their potential

contribution to the development of psoriasis warrants further

investigation. The present study suggests that there may be
Frontiers in Immunology 09103
multiple cell sources that contribute to elevated GzmK that is

observed in psoriasis lesions. It is important to note that the

pathogenic impact of GzmK observed in the current study is

specifically attributed to the proteolytic activity of extracellular

GzmK regardless of the independent cellular source(s).
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The functional role of GzmK in psoriasis was studied in WT

and GzmK KO mice using the established IMQ model of psoriasis-

like skin inflammation (39). The IMQ-induced psoriasis model is

amongst the most widely used mouse models of human psoriasis. It

recapitulates several histological and immunological features of

human psoriasis including an IL-23 and/or IL-17 dependent

inflammatory response (39, 64–67). Accordingly, IMQ-treated

WT mice presented with multiple features reminiscent of the

phenotype observed in human psoriasis lesions including

increased epidermal thickness/hyperplasia, perivascular

inflammation (predominantly characterized by the presence of

CD3+ T cells), vascularization, and secretion of IL-23/IL-17 axis

cytokines. GzmK contributed to disease severity in the murine

model of IMQ-induced psoriasis, as reflected in earlier clinical

disease with more severe erythema and desquamation in WT mice

compared to GzmK KO mice. Histologically, GzmK primarily
Frontiers in Immunology 10104
contributed to disease severity by inciting lymphocytic infiltration

and epidermal hyperplasia.

Of particular relevance to clinically approved biologics, GzmK

depletion in GzmK KO mice reduced the levels of both IL-17 and

IL-23 in IMQ-induced psoriasis-like lesional skin. The decreased

inflammatory reaction associated with the lower production of

these cytokines provides insights with respect to the milder

disease phenotype observed in GzmK KO mice compared to WT

mice. These findings suggest that GzmK contributes to a pro-

inflammatory response that favours the Th17 lineage and is

upstream of IL-23/IL-17. In support, GzmK induced macrophage

production and secretion of IL-23. IL-23 is a heterodimer composed

of two subunits: p19 and p40, which it shares with IL-12. For this

reason, previous therapies targeting IL-23p40 have also targeted IL-

12. However, IL-12 is important for the activation of Th1 cells and

recent research has revealed that IL-12 may serve a protective role
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FIGURE 6

GzmK activation of PAR-1 phosphorylates p38 and p44/42 MAPK in human keratinocytes; GzmK induces STAT3 (Ser727) phosphorylation in a PAR-1/
p44/42 MAPK-dependent manner in human keratinocytes. (A) Western blot immunodetection of p-p38 MAPK, total p38 MAPK, and GAPDH of
HaCaTs transfected with or without F2R (PAR-1) or Control siRNA and stimulated with or without GzmK (100 nM, 15 min). (B) Western blot
immunodetection of p-STAT3 (Ser727), p-STAT3 (Tyr705), total STAT3, p-p44/42 MAPK, total p44/42 MAPK, and GAPDH of HaCaTs transfected with
or without F2R (PAR-1) or Control siRNA and stimulated with or without GzmK (100 nM, 15 min). (C) Western blot immunodetection of p-STAT3
(Ser727), p-STAT3 (Tyr705), total STAT3, p-p44/42 MAPK, and GAPDH of HaCaTs pre-treated with U0126 (10 µM, 45 min) followed by stimulation
with or without GzmK (100 nM, 15 min).
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in psoriasis (68, 69). Interestingly, IL-12 levels were heightened in

GzmK KO mice lesional skin compared to WT mice, which may

also contribute to the milder phenotype observed. Thus, by

inhibiting GzmK, it would appear we are able to inhibit IL-23

and not IL-12, bringing several advantages over current therapies.

Further, there is strong evidence to support the role of IL-17 in the

protection of epithelial barrier function in the gut mucosa and

airways; as such, systemic inhibition of IL-17 presents potential risk

of candida infection and is associated with infection and disease

worsening in these tissues (70–73). Although IL-23 is upstream of

IL-17, studies suggest that blocking IL-23 does not impair IL-17

production by innate non-T-cell lymphocytes in the gut (74),

thereby preserving intestinal integrity (72, 75). Provided the role

of GzmK in selectively inducing IL-23p19, it could be a potential

therapeutic target for psoriasis treatment.

Further, IL-23 binds to the IL-23 receptor (IL-23R) which, at

least in Th17 cells, is induced by stimulation with IL-1b, IL-6 and

transforming growth factor (TGF)-b. Previously, we have

demonstrated that GzmK can induce macrophages and resident

skin cells to secrete IL-1b and IL-6 (21), emphasizing its potential

support of IL-23/IL-17 pathogenic mechanisms. Together, the

overproduction of pro-inflammatory cytokines, IL-1b, IL-6, IL-17,
and IL-23, associated with elevated GzmK would be expected to

elicit a severe inflammatory imbalance thereby driving keratinocyte

proliferation and psoriatic plaque development.

In addition, this phenotype is exacerbated by the ability of

GzmK to directly induce keratinocyte proliferation and epidermal

hyperplasia. Previous research has demonstrated that GzmK can

induce PAR-1-mediated proliferation in human fetal lung

fibroblasts (24). Extending these findings, our study reveals that

GzmK induces PAR-1-mediated proliferation in keratinocytes.

Furthermore, we observed that GzmK concurrently activates p38

and p44/42 MAPK pathways, with the latter specifically leading to

the phosphorylation of STAT3 (predominantly at Ser727). In

addition to STAT3, the significance of PAR-1 and MAPK

signaling in psoriasis is well-established with respect to

keratinocyte proliferation (45–47). Within psoriasis lesions, PAR-

1, p38, and p44/42 MAPK are consistently active and present

throughout the epidermis (48, 76). Additionally, the modulation

of STAT3 transcriptional activity in keratinocytes by MAPK

signaling has been observed (77). Provided the interconnected

nature of these signaling events, our findings underscore the

therapeutic potential of targeting GzmK, not only as a means to

modulate IL-23-driven inflammation, but also to regulate STAT3-

driven keratinocyte proliferation through the PAR-1/MAPK

pathway, offering a novel approach to psoriasis management. A

schematic overview depicting the role of GzmK in psoriasis can be

seen in the Graphical Abstract.

At present, pharmacologic agents targeting GzmK activity do

not exist. However, there is a natural physiological inhibitor of

human and mouse GzmK found in plasma, known as Inter-alpha

inhibitor protein (IaIP). IaIP acts as an extracellular inhibitor,

mediated by the second Kunitz-type domain of its bikunin

subunit (78). In a survey of over 2,007 genes expressed in

epithelial tissues, Itoh et al. identified 7 genes that show high

expression levels only in non-lesional/uninvolved psoriasis skin
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compared to matched lesional psoriasis skin, which includes

AMBP, the precursor for alpha-1-microglobulin and bikunin (79).

In this case, free GzmKmay be accumulating and show upregulated

activity in lesional psoriasis skin.

Although several treatment interventions for psoriasis exist,

barriers to effective care include cost of advanced biologics,

cumulative toxicity, and potential for adverse events (5, 6, 80). As

GzmK is a protease and produced locally in affected tissues, the

present study offers an alternative approach that could mitigate

expensive biological approaches and associated long-term off-

target effects.
4 Materials and methods

4.1 Human database queries

Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.

nih.gov/geo/) was used to retrieve raw scRNA-seq gene expression

profiles from healthy control subjects, non-lesional and lesional

psoriasis patients (accession numbers: GSE13355, GSE30999). The

GSE13355 dataset (GDS4602) was generated using human skin

punch biopsies obtained from 58 psoriasis patients that sampled

both lesional and non-lesional skin and 64 healthy control subjects

(33–35), while the GSE30999 dataset (GDS4600) included lesional

skin collected from 85 psoriasis patients along with matched biopsies

of non-lesional psoriasis skin (36, 37). The resulting datasets were

queried for GZMK normalized gene expression using the GEO

Profiles database. The expression values in the table are after

adjustment of RMA expression values (on the log scale) to account

for batch and sex effects as appropriate.

SEEK (http://seek.princeton.edu/) is a search engine used to

identify/query gene(s) co-expression with other genes or datasets.

After defining the search range to (non-cancer) skin-related

datasets, available datasets were ordered by their relevance to/

enrichment for GZMK (see Supplementary Tables 1, 2).
4.2 Human samples

Paraffin-embedded psoriasis skin was obtained retroactively

from patients diagnosed with psoriasis (N > 3). Psoriasis patients

had not received any treatments prior to biopsy (additional patient

data is available in Supplementary Table 3). Paraffin-embedded

healthy control skin was obtained from subjects undergoing elective

abdominoplasty (N ≥ 3).
4.3 Mice

All animal ethics and procedures were approved and performed

in accordance with the guidelines for animal experimentation as per

the University of British Columbia (UBC) Animal Care Committee.

C57BL/6 mice (listed as WT in text) were purchased from Jackson

Laboratories (Bar Harbor, ME). GzmK knockout mice (C57BL/6

background) (listed as GzmK KO in text) were kindly gifted from
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Dr. Phillip Bird (Department of Biochemistry and Molecular

Biology, Monash University, Australia) and are routinely

backcrossed with C57BL/6 mice. Both WT and GzmK KO mice

were bred and housed at the International Collaboration on Repair

Discoveries (ICORD) vivarium. Six female mice (aged 6-8 weeks)

were used per genotype.
4.4 IMQ-induced psoriasis model

The IMQ-induced mouse model of psoriasis was performed as

previously described (39). Daily topical administration of IMQ on

shaved dorsal skin induced erythematous, scaly lesions resembling

human psoriasis. On day 8 of the experiment, mice were

euthanized, and tissue collected for analysis.
4.5 Immunostaining & histology

Five-micrometer-thick, vertical sections were prepared from all

formalin-fixed, paraffin-embedded skin samples and processed for

staining using Hematoxylin and Eosin for morphological analysis,

Toluidine Blue O (TBO) for mast cells, or specific antibodies for

immunohistology as listed in Supplementary Table 6. All

histological and histochemical stains were imaged with the Aperio

CS2 slide scanner (Leica Biosystems). The resulting images were

prepared using the Aperio ImageScope Viewer (Leica Biosystems)

or QuPath (University of Edinburgh) (81).

The density of positive cells and/or intensity of staining was

determined using the formula: (number of positive cells or total

intensity of strong positive staining)/(total skin area examined),

which was measured using the Aperio ImageScope Viewer (Leica

Biosystems) or by evaluating H-Score or Positive Cell Detection

using QuPath (University of Edinburgh). Epidermal thickness was

determined using the formula: (tissue epidermal area)/(tissue

length), which was measured using the Aperio ImageScope

Viewer (Leica Biosystems). Areas of skin layers (dermis and

subcutaneous fat), hair follicles and glands were carefully

excluded as appropriate.
4.6 Mice scoring of disease severity
(modified psoriasis area and severity index)

Evaluations of disease severity were performed daily using a

modified version of the Psoriasis Area and Severity Index as

previously described (Supplementary Table 4) (40). IMQ-induced

psoriasis-like skin severity was graded independently by two

dermatology researchers. The two scores were averaged.
4.7 Tissue sampling

Biopsies from the dorsal region were harvested and placed in

formalin for subsequent paraffin-embedding or snap-frozen in

liquid nitrogen.
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4.8 Primary and immortalized cells

Human keratinocytes (HaCaTs) were cultured in DMEM

(Sigma-Aldrich) containing 10% (volume/volume) fetal bovine

serum and 1% (volume/volume) penicillin/streptomycin. Normal

human keratinocytes (NHEKs) were cultured in Keratinocyte Basal

Medium 2 with supplements (Promo Cell) and 1% (volume/volume)

penicillin/streptomycin. Human THP-1 monocytes (ATCC®

TIB202™) were cultured and differentiated into M0 macrophages,

and polarized into M1 macrophages, as previously described (82).

Cellular phenotypes of cells transformed from THP-1 monocytes

were validated using flow cytometry (Supplementary Figure S8A). All

cells were cultured in serum-free media conditions for 24 hours

before and during each experiment. Where pertinent, cells were

treated with rhGzmK protein (BonOpus, non-commercial supply).
4.9 siRNA transfection

HaCaT cells were seeded into 6-well plates at a density of 0.25

x106 cells/well approximately 24 h before transfection. Two siRNA

targeting the F2R gene (PAR-1) and a negative control siRNA with

no complementary target sequences were used (Qiagen). Cells were

transfected with 10-40 nM siRNA using HiPerFect Transfection

Reagent (Qiagen), as per supplier instructions. The efficiency of

gene knockdown was evaluated by Western blot after incubation in

normal cell culture conditions for 72 and 120 h.
4.10 Statistics

Coefficient of Variation (CV) was equal to an average of 1%. CV

≤ 5% was defined a-priori as the acceptable limit. Data was analyzed

using Graphpad Software for Windows. Data was analyzed for

normal (Gaussian) distribution using the Shapiro-Wilk test

(alpha=0.05). Statistical significance was determined by t-tests or

ANOVA with post-hoc test for multiple comparisons, as

appropriate (particulars of statistical tests specified in figure

legends). *P ≤ 0.05 was defined as statistically significant.
4.11 Ethics statement
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Medical University Shuang Ho Hospital, New Taipei, Taiwan, 6Department of Dermatology, Stanford
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Rosacea is a complex inflammatory condition characterized by papulopustular

lesions and erythema on the central face for which there is no cure. The

development of rosacea is influenced by both external triggers and genetics,

but the common pathophysiology is overactivation of the immune system. Here,

we review the current data on proinflammatory cytokines and dysregulation of

the neurovascular system as targetable components of rosacea. Amelioration of

cutaneous and gastrointestinal dysbiosis and other external factors impacts the

immune state and has been observed to improve rosacea. While multiple

treatments exist, many patients do not achieve their goals for rosacea control

and highlights an unmet need for dermatologic care. Current interventions

encompass topical/oral drugs, light devices, and avoidance of triggers

management. Additional understanding of the underlying pathogenesis may

help us develop novel targeted therapeutic strategies to improve rosacea.
KEYWORDS

rosacea, immune dysregulation, neuroinflammation, microbiota, therapeutics
1 Introduction

Rosacea is a chronic, relapsing, inflammatory skin disease characterized by symptoms

such as burning, stinging, erythema, and papulopustular lesions on the central face (1). To

date, rosacea is considered a multifactorial disease, but our current understand has not led

to a cure, nor sufficient control of the disease in many cases. Both immune dysregulation

and neuroinflammation have been implicated in the development of rosacea. Here, we

review the current literature on these components (2–4) which may lead to novel targets

and pathways for future clinical trials.

For instance, rosacea can worsen due to various external trigger factors of the immune

system, such as ultraviolet (UV) radiation and Demodexmites (5, 6). Neuroinflammation is
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also significant in rosacea, triggered by factors like alcohol, spicy

foods, and temperature changes, with activation of calcium

channels and vasodilation manifest as skin redness, a common

symptom of the condition (3).
2 Pathophysiology

The precise pathophysiology of rosacea continues to be

investigated. So far, rosacea is known to be a multifactorial,

chronic, inflammatory skin disease (7, 8). The contributing

pathogenic mechanisms of rosacea can be categorized into four

major categories which can interact with each other: external

triggers (e.g., exposure to UV radiation and Demodex mites),

genetic predisposition, immune dysregulation, and neurovascular

dysregulation (2) (Figure 1).

Rosacea may be exacerbated by external factors such as

ultraviolet (UV) radiation, alcohol, spicy food, extreme

temperatures, and Demodex mites and other microbes (1).

Exposure to UV radiation and Demodex mites activates Toll-like

receptor 2 (TLR2), leading to the activation and subsequent release

of cathelicidin—an antimicrobial peptide integral to the

pathogenesis of rosacea (5, 6). Kallikrein 5 (KLK5) converts

cathelicidin into its active form, LL-37, which has been implicated

in inflammation, angiogenesis, and telangiectasis in rosacea (9).

Neuroinflammation is a major component of rosacea (4),

though it is unclear if the initial trigger is immunologic, leading

to stimulation of nerves that mediate itch and burning or vice versa.

Some data exists that the nerves can be activated first by common

triggers leading to blood vessel dilation. For instance, triggers such
Frontiers in Immunology 02111
as alcohol and spicy food consumption and temperature changes

can activate calcium channels, specifically transient receptor

potential vanilloid (TRPV)1/transient receptor potential ankyrin

(TRPA)1, thereby inducing the release of neurotransmitters and the

dilatation of microvessels (3). These changes manifest as skin

erythema, a characteristic clinical sign of rosacea.

The following sections shed more light on these mechanisms of

inflammation and the components of the immune system involved

in rosacea (Figure 1).
2.1 External triggers of inflammation and
the immune system

Exposure to UV radiation and external pathogens activates TLR2

(5, 10), leading to the subsequent activation and release of KLK5 (11).

In addition, inflammatory cells such as neutrophils and macrophages

release matrix metalloproteinases (MMPs), which convert pro-KLK5

into KLK5 (12). KLK5 is a serine protease that cleaves cathelicidin, an

antimicrobial peptide secreted by epidermal keratinocytes, into the

human antimicrobial peptide LL-37, an immune-stimulating factor

(9). This process, referred to as the cathelicidin activation pathway,

plays a crucial role in the inflammatory response in rosacea (9). Given

that LL-37 plays a pivotal role in rosacea-related inflammation, this

pathway is frequently referenced in the subsequent discussion on

immune dysregulation.

Regarding the triggers of rosacea, researchers have extensively

focused on the cutaneous microbiome (13). Rosacea may be

associated with certain skin microorganisms such as Demodex

folliculorum, Staphylococcus epidermidis, Bacillus oleronius (a
FIGURE 1

A diagram illustrating potential pathogenic mechanisms of rosacea categorized into four major categories and interaction with immune system.
Rosacea, a multifactorial condition, involves external triggers (orange box), genetic predisposition (purple box), immune dysregulation (blue box), and
neurovascular dysregulation (red box). Treatment modalities correspond to these mechanisms, as shown outside of the boxes in the diagram. Only
drugs aligned with Swiss S1 and National Rosacea Society guidelines are indicated. UV, ultraviolet; CAMP, cathelicidin antimicrobial peptide; KLK-5,
Kallikrein 5; TLR2, toll-like receptor 2; TRP-, transient receptor potential channel; CGRP, calcitonin gene related peptide; PACAP, pituitary adenylate
cyclase-activating peptide; IL-, interleukin; IRF4, interferon regulatory factor-4; TNF, tumor necrosis factor; IFNG, Interferon gamma; PAR, protease-
activated receptor; SP, substance P; CRH, corticotropin-releasing hormone; NO, Nitric oxide; VIP, vasoactive intestinal polypeptide; ATP,
adenosine triphosphate.
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bacterium carried by Demodex mites), Bartonella quintana, and

Chlamydia pneumoniae (8). However, studies examining the

relationship between these microorganisms and rosacea have

reported inconsistent results. Among these microorganisms,

Demodex has garnered the most attention and has the largest

evidence for its role in rosacea. Demodex, with its chitin exoskeleton,

can increase TLR2 levels and induce a proinflammatory response (5).

An in vitro study revealed that Demodex antigens can activate the

human inflammasome (5). Furthermore, Demodex-associated

microorganisms, such as B. oleronius, may induce the differentiation

of immune cells and promote the secretion of various substances,

including cathelicidin, MMP-9, tumor necrosis factor (TNF), and

interleukin (IL)-8 (14). The current literature strongly supports the

role of Demodex as a trigger of rosacea.
2.2 Genetic predisposition including
immune associated genes

Recent epidemiological studies, family and twin studies, genetic

association studies, and in vitro analyses have increasingly

suggested the involvement of a genetic component in the

development of rosacea (6, 15–20). By including both identical

and fraternal twins, a twin study differentiated genetic susceptibility

from the role of environmental factors in rosacea development; the

results suggested that genetics contribute to 46% of individuals’

predisposition to rosacea (19).

The genes mentioned in the literature can be broadly classified

into the following major categories:
Fron
1. Cathelicidin activation pathway: Overexpression of genes

such as cathelicidin antimicrobial peptides (6), KLK5, and

LL-37 (21) has been validated in molecular and functional

studies using human keratinocytes and skin explants of

rosacea compared to healthy skin controls.

2. External triggers: RNA sequencing revealed alteration of

gene expression levels such as TLR2 and TRPV in samples

from rosacea patients compared to non-lesional skins or

healthy skin controls (22–25).

3. Systemic autoimmune processes: A genome wide

association study (GWAS) of Caucasian rosacea patients

without any autoimmune disease found single nucleotide

polymorphism (SNP) in genes such as HLA-DRB1*03:01,

HLA-DQB1*02:01, and HLA-DQA1*05:01, which are

associated with MHC class II and antigen presentation (26).

4. Neurovascular factors: The roles of neurotransmitters such

as calcitonin gene-related peptide (CGRP) and pituitary

adenylate cyclase-activating peptide (PACAP) in rosacea

were supported by a case-control observational study and a

retrospective study (27–29). Moreover, a whole-genome

sequencing in 3 large rosacea families and whole exome

sequencing in 49 additional validation families from Han

population which revealed rare, single deleterious variants

of LRRC4, SH3PXD2A, and SLC26A8, which are genes for

neural synaptic processes and cell adhesion, in large
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families with rosacea. Subsequent in vitro and mouse

studies have revealed that these genes induced the

production of vasoactive neuropeptides, thereby leading

to rosacea-like skin inflammation (4).

5. Proinflammatory cytokines and chemokines: Another

GWAS study of Caucasian rosacea patients found SNP in

genes such as interleukin-13 (IL-13) and interferon

regulatory factor-4 (IRF4) (30).

6. Altered adaptive immunity: Genes related to the Th1/Th17

pathway, specifically IL1B, IL6, IL17A, and IL22 are

upregulated in rosacea patients compared to healthy skin

controls (23, 24, 31).
2.3 Immune dysregulation

Data on immune dysregulation in rosacea primarily involves

disturbances in the innate immune system (Figure 2). Rosacea-

affected skin tissues exhibit substantially higher concentrations of

antimicrobial peptides, particularly cathelicidin and LL-37, than do

normal skin tissues (2, 9). In addition, rosacea upregulates the

expression level of TLR2, thereby increasing the secretion of KLK5

from keratinocytes. This promotes the cathelicidin activation pathway,

resulting in increased LL-37 production (2, 5). These molecules play

crucial roles in regulating the innate immune system in patients with

rosacea. Innate immunity–related inflammatory cells such as mast cells

play important roles in rosacea. While there is limited research

specifically on antihistamines or mast cell stabilizers in rosacea, some

studies suggest they may have a beneficial effect in reducing

inflammation and symptoms (6). The proportion of mast cells is

markedly increased in affected tissues. LL-37 can induce mast cells to

secrete cathelicidin, which, in turn, increases the level of LL-37 (32). LL-

37 can also activate neutrophils andmacrophages, leading to the release

of various cytokines and MMPs (33). MMPs can convert pro-KLK5

into KLK5, further increasing the level of LL-37 in affected tissues (12).

These findings indicate that the innate immune system of patients with

rosacea is trapped in a cycle of activation and inflammation under the

effects of various triggers.

Vitamin D plays a major role in both the innate and adaptive

immune systems. In particular, this vitamin regulates the expression

of cathelicidin in keratinocytes (34). Increased vitamin D levels and

altered VDR single-nucleotide polymorphisms are strongly

associated with rosacea (35). It is not known whether vitamin D

supplementation or toxicity leads to facial redness.

Rosacea is a chronic inflammatory skin condition. The role of

the antioxidative system in the regulation of oxidative stress (e.g.,

during inflammation) has been implicated in the pathogenesis of

rosacea (36). A study revealed marked differences between patients

with rosacea and individuals without this condition in the

expression levels of glutathione S-transferase polymorphisms,

indicating that these polymorphisms are associated with an

increased risk of rosacea (37).

In addition to the innate immune system, the adaptive immune

system is affected by rosacea. Abundant Th1/Th17 cells have been
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observed in affected tissues (31). Th17 cells secrete interleukin (IL)-

17, which induces angiogenesis through vascular endothelial growth

factor and affects the expression of LL-37 in keratinocytes (38).
2.4 Neurovascular dysregulation
and inflammation

Transient receptor potential (TRP) channels, including TRPV1,

TRPV4, and TRPA1, play key roles in neurovascular dysregulation

(Figure 3). These TRPs are expressed not only in nerve endings but

also in the endothelium and keratinocytes (27). External factors

such as cold, heat, alcohol, spicy foods, and chemicals can

theoretically activate these TRPs, leading to the release of

vasoactive neurotransmitters, such as PACAP, CGRP, vasoactive

intestinal peptide, and substance P (39). These neurotransmitters

result in vasodilation and stimulate downstream inflammatory cells

such as mast cells, macrophages, and neutrophils, thereby inducing

inflammatory response (3, 27). Neuropeptides released from

sensory neurons affect vascular endothelial cells, causing

vasodilation and increasing capillary permeability (27, 40). In

addition, these neuropeptides activate cutaneous mast cells
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through MRGPRX2, leading to the degranulation of these cells

and the production of chemokines and cytokines (27, 40), thereby

exacerbating rosacea.

Several studies suggest that adenosine 5’-triphosphate (ATP), a

purinergic nucleotide and neurotransmitter, also participates in

rosacea pathogenesis by regulating vascular tone and immune

responses (41). In human microvascular endothelial cells

(HMEC-1), an ATP analogue enhances the secretion of pro-

inflammatory cytokines such as IL-6 and IL-8, promotes the

release of chemokines like CCL-2, CCL-5, CCL-21, and CXCL1,

and increases the expression of adhesion molecules (41). These

actions indicate that ATP may exacerbate inflammation and

vasodilation, which are key components in rosacea.

Rosacea patients exhibit heightened responses to heat or stress,

leading to increased sweating and cutaneous vasodilation (42). This

involves sympathetic nerve excitation, affecting vascular smooth

muscle contraction in superficial peripheral vessels through

multiple alpha-receptors (43). Additionally, rosacea may feature

dilated blood and lymphatic vessels, contributing to erythema and

edema (2). Patients with neurogenic rosacea, which resembles small

fiber neuropathy, often present with gastrointestinal symptoms and

dysautonomia (44). Both conditions share similar manifestations,
FIGURE 2

A diagram showing the role of immune dysregulation in the pathogenesis of rosacea. Environmental factors activate toll-like receptor (TLR)2 on
keratinocytes, leading to kallikrein (KLK) 5 expression in rosacea. KLK5 cleaves human cathelicidin (hCAP), producing LL-37 (also known as hCAP18),
triggering pathways like NLR family pyrin domain containing (NLRP)3 inflammasome, Janus protein tyrosine kinase/Signal Transducers and Activators
of Transcription (JAK/STAT), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB). LL-37 stimulates mast cells via Mas-related
G-protein coupled receptor member (MRGPR) X2, inducing the production of inflammatory cytokines and matrix metalloproteinase (MMP)9. MMP-9
further enhances KLK5 production or releases LL-37, creating a positive feedback loop. LL-37 also stimulates Th-1 and Th-17 cells, with IL-17
contributing to angiogenesis. Production of hCAP is regulated by LL-37-induced mammalian target of rapamycin (mTORC) 1 signaling, again
creating a positive feedback loop. Immune-targeted therapies for rosacea are shown in blue boxes. Only drugs aligned with Swiss S1 and National
Rosacea Society guidelines are indicated. This figure was created with BioRender.com and obtained authorization on February 11, 2024. TLR2, toll-
like receptor 2; KLK-5, Kallikrein 5; hCAP, human cathelicidin; mTOR, mammalian target of rapamycin; IL-, interleukin; TGF-b, Transforming growth
factor beta; TNF-a, tumor necrosis factor; VEGF, vascular endothelial growth factor; MRGPRX2, Mas-related G-protein coupled receptor member
X2; Th-, T helper cell; NLRP3, NLR family pyrin domain containing 3; JAK/STAT, Janus protein tyrosine kinase/Signal Transducers and Activators of
Transcription; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; MMP, matrix metalloproteinase; ROS, reactive oxygen species;
NO, Nitric oxide.
frontiersin.org

https://www.biorender.com
https://doi.org/10.3389/fimmu.2024.1403798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tu et al. 10.3389/fimmu.2024.1403798
complications, and treatments, indicating common autonomic

nervous system dysregulation (44).

The aforementioned hypothesis remains to be confirmed

through studies on the associations of these vasoactive

neurotransmitters with rosacea. An in vitro study revealed that

mast cells require prior upregulation of TRPV4 for effective LL-37-

mediated stimulation and subsequent complete degranulation (45).

This indicates a possible crosstalk between neurovascular

dysregulation and immune dysregulation—two major pathogenic

mechanisms underlying rosacea (32).
3 Current therapeutic strategies and
clinical trials

Currently, treatment options for rosacea include topical and

oral drugs, light devices, and appropriate skincare and lifestyle

management (46).

This section provides an overview of various treatment

strategies for rosacea particularly focused on modulating the

immune system either directly or indirectly. To highlight key

therapeutic targets, the strategies were categorized on the basis of
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their mechanisms of action. Although a single medication may

affect multiple mechanisms, we focused on the primary target of

each strategy. The following sections present commonly

recommended treatment options with an overview of emerging

treatment approaches based on The Oxford 2011 Levels of Evidence

(47) (Supplementary Tables 1-4). Medications that have been

approved by the US Food and Drug Administration (FDA) are

marked with an asterisk (*).

Laser, light therapies, and surgery are essential for treating

rosacea-associated telangiectasia resistant to standard therapies.

Treatments such as potassium titanyl phosphate (KTP) laser,

pulsed dye laser (PDL), neodymium-doped yttrium aluminum

garnet (Nd : YAG) laser, and intense pulsed light (IPL) therapies

address telangiectasis, erythema, and flushing (48). However, their

impact on immune dysregulation and neuroinflammation lacks

evidence and is beyond this article’s scope.
3.1 Immune-targeted therapy

Immune dysregulation in rosacea involves innate immune

disturbances, including TLR2 activation, KLK5 release, and
FIGURE 3

A diagram showing the pathophysiology of rosacea involving neurovascular dysregulation. External factors can activate sensory neurons via
transient receptor potential cation channel (TRPV) receptors, leading to neuropeptide release. This activates mast cells through Mas-related G-
protein coupled receptor member (MRGPR) X2, causing degranulation of histamine, serotonin, and chemokines, resulting in vasodilation, pain, and
itch. Stress causes the autonomic nervous system to overstimulate vasodilator fibers, affecting the layer of smooth muscle enveloping the blood
vessels, ultimately resulting in vasodilation. The figure includes medications recommended by Swiss S1 and National Rosacea Society guidelines (blue
boxes) associated with this mechanism. This figure was created with BioRender.com and obtained authorization on July 03, 2024. UV, ultraviolet;
TRP-, transient receptor potential channel; SP, substance P; VIP, vasoactive intestinal polypeptide; ATP, adenosine triphosphate; PACAP, pituitary
adenylate cyclase-activating peptide; CGRP, calcitonin gene related peptide; ANS, autonomic nervous system.
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cathelicidin cleavage into LL-37 (9). These processes, triggered by

UV radiation and pathogens, are crucial in rosacea inflammation (5,

6). Adaptive immunity, especially Th1/Th17 cells, is also affected in

rosacea (31), indicating a complex immune response.

Supplementary Table 2 lists selected therapeutics targeting

immune dysregulation for rosacea. FDA-approved anti-

inflammatory agents for rosacea include oral tetracyclines (49),

topical minocycline (50), and azelaic acid (51, 52). Off-label, oral

isotretinoin (53, 54) and topical calcineurin inhibitors (55, 56) are

widely used. Studies have explored other potential anti-

inflammatory agents, such as secukinumab, targeting IL-17, due

to data indicating Th17 cells’ role in rosacea.
3.1.1 Oral tetracyclines as anti-
inflammatory agents

Oral doxycycline (40 mg/day; 30 mg immediate release and 10

mg delayed release) is a well-established, FDA-approved treatment

option for rosacea (57). Its benefits have been validated by a phase

III randomized controlled trial (49). Submicrobial doses of

doxycycline can effectively alleviate inflammation by suppressing

the production of proinflammatory cytokines, reactive oxygen

species, nitric oxide synthetase, and MMPs, while also avoiding

antibiotic resistance or dysbiosis (58, 59). Furthermore, doxycycline

can inhibit the cathelicidin activation pathway and immune cell

recruitment (59). These anti-inflammatory effects of doxycycline

have led to its recommendation by treatment guidelines (46, 60).

While tetracyclines are commonly used in rosacea and acne for

their anti-inflammatory effects, their antimicrobial properties likely

alter the composition of the skin microbiome. A systematic review

found that these treatments mostly decrease Cutibacterium acnes

and increase the alpha diversity of the cutaneous microbiota (61).

Other tetracyclines also demonstrate significant anti-

inflammatory effects, including the inhibition of chemotaxis,

granuloma formation, and proteases (62). Therefore, various

tetracycline drugs, formulations, and dosages are commonly used

off-label in rosacea treatment (62). These alternatives include

tetracycline (250–1000 mg/day), doxycycline (100–200 mg/day),

and minocycline (100–200 mg/day). These agents are effective

against PPR (59, 63, 64).

Other forms of oral tetracyclines have recently shown efficacy in

treating rosacea. DFD-29, a minocycline extended-release oral

capsule (40 mg), exhibited a significantly higher level of efficacy

than did placebo and doxycycline (40 mg) in the treatment of PPR

with the plasma level of drug was maintained below its

antimicrobial threshold (65).

A new generation tetracycline, sarecycline, has proven effective

and safe in the treatment of PPR. Compared with control,

sarecycline significantly improved patients’ IGA scores, reduced

inflammatory lesion counts, and alleviated rosacea’s secondary

symptoms such as burning sensation, without causing any

adverse effects (66). While not extensively examined in humans,

sarecycline has demonstrated anti-inflammatory activity

comparable to doxycycline and minocycline in a rat paw edema

model (67).
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Notably, the mechanism of action of tetracyclines in rosacea

primarily involves modulating immune dysregulation, not

neurovascular dysregulation. Therefore, when using tetracyclines

in patients with ETR, significant improvement is generally not

expected (46). Tetracycline may inhibit the proinflammatory

process induced by the ATP analogue in vascular endothelial cells

in vitro (41, 68). While there may be a slight effect on persistent

erythema, the level of evidence supporting this is not strong (46).

3.1.2 Topical azelaic acid
Azelaic acid gel (15%) is a well-established, FDA-approved

topical agent. According to standard guidelines and multiple

randomized controlled, double-blinded multicenter trials, azelaic

acid is beneficial against mild to moderate inflammatory papules or

pustules (46, 57, 60, 69, 70). However, it exhibits a low level of efficacy

against erythema, primarily in patients with the papulopustular

phenotype (51, 52). Azelaic acid works by suppressing KLK5 and

cathelicidin expression and activating peroxisome proliferator-

activated receptor g, thus reducing the degrees of inflammatory

responses and the levels of proinflammatory factors such as IL-1,

IL-6, and TNF-a (71, 72). Additionally, this medication can suppress

the UV-induced activation of nuclear factor (NF)-kB p65

subunit (73).

3.1.3 Topical tetracyclines
Minocycline foam 1.5% (FMX103), which was approved by the

US FDA in 2020, was found to be effective and safe against

moderate to severe papulopustular rosacea (PPR) in two 12-week,

randomized, double-blinded, vehicle-control phase III trials (50).

Another topical formulation is minocycline gel, whose 1% and 3%

concentrations were tested in a 12-week, randomized, double‐

blinded, vehicle‐controlled phase IIb trial; the results revealed that

both concentrations, particularly the 3% concentration,

significantly reduced inflammatory lesion counts and improved

the Investigator’s Global Assessment (IGA) scores (74). As

mentioned above, oral minocycline act as anti-inflammatory

agents. While topical minocycline shows promise in delivering

anti-inflammatory effects with reduced risk of systemic adverse

effects, further evaluation is needed.

3.1.4 Oral isotretinoin
Isotretinoin is an off-label treatment option for rosacea. It is

indicated for moderate to severe PPR (46, 57, 60). Isotretinoin is

typically administered at a low daily dose (0.25–0.3 mg/kg) over a 4-

month period; this is followed by a gradual dose reduction (54).

Mechanistically, isotretinoin works by downregulating TLR2

expression in keratinocytes (53, 54). By inhibiting the activity of

the sebaceous gland and reducing the production of sebum,

isotretinoin can delay the progression of inflamed phyma when

used during the prefibrotic phase of PPR (54, 75). Although the

anti-inflammatory effect of isotretinoin might theoretically benefit

erythema by inhibiting neuro- inflammation, its efficacy in treating

erythema in rosacea patients shows inconsistent results (76). Some

studies indicate that low-dose (0.25 mg/kg/day) isotretinoin is not
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effective in treating erythema and telangiectasia (77), while others

suggest that an intermediate dose (20 mg/day) effectively improves

erythema within four weeks (78).

3.1.5 Oral macrolides
Macrolide drugs, such as erythromycin, clarithromycin, and

azithromycin, are secondary agents used in the systemic treatment

of rosacea. For azithromycin, the dosage is 500 mg three times

weekly for 4 weeks, followed by 250 mg three times weekly for

additional weeks. For clarithromycin, the dosage is 250 mg twice

daily for 4 weeks, followed by 250 mg once daily for the next 4

weeks. They are particularly useful for patients with

contraindications to tetracycline, such as those who are refractory

or pregnant (57, 79). The therapeutic effects of macrolides extend

beyond th e i r an t im i c r ob i a l p rop e r t i e s t o in c l ud e

immunomodulatory effects. For example, azithromycin can

modulate transcription factors such as NF-kB, reduce the release

of inflammatory cytokines, impede the migration of neutrophils,

inhibit the activation of neutrophils and eosinophils, and suppress

the release of reactive oxygen species (57, 80). However, despite the

low level of evidence for the efficacy of azithromycin in treating

rosacea, its gastrointestinal adverse effects are increasingly

becoming a concern (81, 82).

3.1.6 Hydroxychloroquine
Hydroxychloroquine effectively suppresses the activation of

mast cells by inhibiting Ca2+-activated K+ channels, leading to a

reduction in local Ca2+ influx (83). This suppression results in the

inhibition of inflammatory factor release, chemotaxis, and

degranulation, ultimately reducing chemokine production and

neutrophil and monocyte recruitment (83).

Patients who received hydroxychloroquine for 8 weeks

exhibited improvements in their rosacea phenotypes along with

improved IGA and Clinician Erythema Assessment (CEA) scores,

indicating a tendency toward symptomatic relief (83). In a separate

multicenter, randomized, double-blind, double-placebo pilot study,

participants received either oral hydroxychloroquine (200 mg twice

daily) or doxycycline (100 mg once daily) along with their

respective placebos for 8 weeks; in this study, hydroxychloroquine

was found to be noninferior to doxycycline in terms of rosacea-

specific quality-of-life scores (84).

3.1.7 Secukinumab
IL-17, a proinflammatory cytokine produced by Th17 cells, has

been implicated in rosacea-related inflammation (31, 85). Th17

activation contributes to the upregulation of LL-37 expression,

which, in turn, promotes the production of cathelicidin (85). The

synergistic actions of LL-37 and IL-17 result in the release of C-X-C

motif chemokine ligand 8 and IL-6, facilitating neutrophil

chemotaxis and Th17 differentiation, respectively (85). This Th1/

Th17 polarized inflammation, often underrecognized, is common

across all subtypes of rosacea (31). In an exploratory study having

an open-label, rater-blinded design, secukinumab, an IL-17A

inhibitor, significantly reduced papule counts and improved
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global severity and median RosaQOL scores after 16 weeks of

systemic therapy (86). However, more comprehensive and

definitive evidence from high-quality randomized controlled trials

is needed to fully understand the efficacy of secukinumab in the

management of rosacea.

3.1.8 Janus kinase inhibitors
The JAK-STAT signaling pathway plays a pivotal role in the

proinflammatory processes within immune cells. In the pursuit of

effective rosacea treatments, oral JAK inhibitors like tofacitinib and

abrocitinib have been explored (87, 88). A compelling case series

involving 21 patients with erythematotelangiectatic and

papulopustular rosacea demonstrated promising results, with

71.4% experiencing significant regression of facial erythema (IGA

≤ 1) and a mean change of -2.24 in the IGA score (87). Additionally,

a separate case series highlighted the efficacy of abrocitinib in

improving steroid-induced rosacea (88). These findings

underscore the substantial potential of JAK inhibitors for broader

utilization in the management of rosacea.

3.1.9 Topical calcineurin inhibitors
Pimecrolimus cream proves to be an effective treatment option

for those with mild to moderate inflammatory rosacea (55).

Pimecrolimus exhibits anti-inflammatory activity against PPR by

inhibiting the activation of T cells, suppressing the production of

inflammatory cytokines, and preventing the release of cytokines

from T and mast cells through the inhibition of calcineurin

phosphatase (89). The calcineurin inhibitor tacrolimus can treat

erythema on rosacea patients (90). However, a higher level of

evidence is available for 1% pimecrolimus than for tacrolimus

(55, 56, 60). Prescribing these drugs should be done cautiously

due to the potential risk of causing rosacea-like eruptions (91). The

potential adverse events may be attributable to their

immunosuppressive effects, which results in the overgrowth of

microorganisms such as D. folliculorum (91). Therefore,

pimecrolimus and tacrolimus may be regarded as dual-edged

swords in the treatment of rosacea (91).

3.1.10 Mammalian target of rapamycin inhibitor
Mammalian target of rapamycin complex 1 (mTORC1) can

regulate cathelicidin through a positive feedback loop (92). In this

loop, LL-37 activates mTORC1 signaling by binding to TLR2,

thereby upregulating the expression of cathelicidin in

keratinocytes (92). Excess LL-37 may induce NF-kB activation

through mTORC1 signaling, leading to the production of disease-

specific cytokines and chemokines (92). Overexpression of TLR7 in

keratinocytes stimulates the mTORC1 pathway through NF-kB
signaling (93). In a pilot study involving 18 women with rosacea,

the patients were randomized to receive either a placebo (n = 8) or

0.4% topical rapamycin (sirolimus) ointment (n = 10) for 4 weeks

(92). After the intervention, the level of clinical improvement was

significantly higher in the rapamycin group than in the placebo

group. Topical treatment with rapamycin significantly reduced the

patients’ CEA and IGA scores (92).
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3.1.11 Artemisinin
Artemisinin, a widely recognized antimalarial drug, effectively

suppressed the infiltration of CD4+ T cells in a mouse model of LL-

37-induced rosacea (94, 95). This drug also suppressed the LL-37-

induced invasion of neutrophils and macrophages, thereby

mitigating innate immune responses against rosacea (95). In

HaCaT ce l l s , a r temis in in suppressed the re lease of

proinflammatory factors, potentially through the NF-kB pathway

(95). An open-label trial involving 130 patients with rosacea who

received artemether emulsion, one of the most extensively studied

lipid-based derivatives of artemisinin, revealed markedly reduced

papule and pustule scores as early as 4 weeks into treatment;

notably, the erythema scores of patients treated with artemether

emulsion were similar to those of patients treated with standard

metronidazole for 4 weeks (96).

3.1.12 ACU-D1
The 26S proteasome, a protein complex responsible for NF-kB

degradation, regulates the activation of NF-kB. Therefore,

inhibiting the 26S proteasome can result in the inhibition of NF-

kB; this offers a novel target for rosacea treatment. A two-arm,

vehicle-controlled trial evaluated the efficacy of a novel proteasome

inhibitor, topical ACU-D1—pentaerythritol tetrakis (3-(3, 5-di-

tert-butyl-4-hydroxyphenyl) propionate). The trial included 27

patients in the active arm and 12 patients in the vehicle arm, all

presenting with moderate to severe PPR. ACU-D1 was found to be

safe and well-tolerated by the patients; it effectively reduced

inflammatory lesions and erythema in the patients. Although this

trial lacked the statistical power to determine between-arm

significance, the evaluation of both efficacy and safety yielded

favorable results (97).

3.1.13 Dapsone
Dapsone exerts its anti-inflammatory effects by inhibiting the

production of ROS, mitigating the effects of eosinophil peroxidase

on mast cells, and suppressing inflammatory responses mediated by

neutrophils (98). A case report indicated sustained remission of

granulomatous rosacea after the systemic administration of

dapsone (dose: 100 mg/day) (99). A double-blind, randomized

clinical trial involving 56 adults with PPR demonstrated that 5%

dapsone gel exhibited efficacy similar to that of 0.75%

metronidazole gel in improving IGA scores and reducing the

lesion counts (100). The first to study dapsone use on ETR,

reported that 5% dapsone gel used alone for 12 weeks showed

significant improvement in the Investigators Global Assessment

score, burning sensation, pruritus, edema, and erythema (101).

3.1.14 e-Aminocaproic acid
e-Aminocaproic acid can effectively inhibit trypsin-like

proteases, including KLK5, which regulates the cleavage of the

cathelicidin precursor protein into LL-37 (102). In a randomized,

double-blind, placebo-controlled study involving 11 patients with

PPR, no significant differences in the IGA or CEA scores were noted

between the treatment and placebo groups at any time point.
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Notably, in the treatment group, these scores were significantly

improved in week 12 compared with baseline (102).

3.1.15 Tranexamic acid
Tranexamic acid (TXA), an antifibrinolytic drug used to treat

bleeding conditions, functions by inhibiting the conversion of

plasminogen to plasmin, thus suppressing plasmin-induced

angiogenesis (103). This suppression is achieved through the

reduction of CD31+ microvessel counts and the downregulation

of vascular endothelial growth factor expression (104). In the

context of skin inflammation, TXA inhibits the production of

TLR2, proinflammatory cytokines (IL-6 and TNF-a), and

chemokines in keratinocytes primed by LL-37 (104). In an

unblinded study, TXA solution–infused wet dressing and

microneedling with TXA solution ameliorated the symptoms of

erythematotelangiectatic rosacea (103). In a retrospective study

investigating the effects of intradermal microinjections of TXA on

erythematotelangiectatic rosacea, the observed improvements in

symptoms persisted for 3 months (105). In a randomized,

vehicle-controlled, split-face study, topical TXA enhanced the

barrier function of the epidermal layer and alleviated the clinical

signs of rosacea (106). These effects are attributed to the inhibition

of protease activated receptor 2 activation, which reduces the

calcium influx (106). For oral TXA, one study divided patients

into two groups. Seventy patients were treated with doxycycline

therapy plus oral TXA or doxycycline therapy alone for 8 weeks.

The results showed that the TXA group had better outcomes

compared to doxycycline (107).
3.2 Targeted neurovascular therapy
for inflammation

Neurovascular dysregulation in rosacea may be linked to

immune dysregulation (3, 27). Activation of TRP channels and

release of vasoactive neurotransmitters trigger vasodilation,

inflammation, and mast cell degranulation, contributing to the

symptoms (40). Supplementary Table 3 lists selected therapeutics

targeting neurovascular dysregulation for rosacea. FDA-approved

treatments for inflammation include topical brimonidine and

oxymetazoline (46), acting as vasoconstrictors. Off-label, oral beta

blockers are widely used (108). Pilot studies on agents like

paroxetine (109), sumatriptan (110), and monoclonal antibodies

against CGRP (28) show promise, suggesting a novel treatment

approach targeting vasoactive neurotransmitters in rosacea.
3.2.1 Brimonidine
Among drugs targeting neurovascular dysfunction in rosacea,

two have received FDA approval (46). The first one is brimonidine

topical gel (0.33%), which is a vasoconstrictive alpha-2 adrenergic

receptor agonist acting on the microvascular smooth muscles of the

facial skin (46). Brimonidine specifically addresses facial erythema

instead of papules and pustules (60). Clinical trials ranging in

duration from 1 month to 12 months have consistently
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demonstrated that topical brimonidine is both safe and effective as a

maintenance therapy for rosacea (111, 112). A short-term

multicenter, randomized study demonstrated its efficacy in

improving moderate rosacea (at least a 1-grade improvement)

(113). However, brimonidine is not effective in managing

telangiectasia (57, 60). Brimonidine had significant risk of

developing adverse effects include local erythema, pruritus, burning

sensation, and exacerbated flushing symptoms (57, 60, 114).

3.2.2 Oxymetazoline
Oxymetazoline is the second FDA-approved vasoconstrictor for

the topical management of persistent erythema in patients with

rosacea (46). As a sympathomimetic agent, oxymetazoline acts as a

se lect ive alpha1A adrenoreceptor agonist , exhibi t ing

vasoconstrictive and anti-inflammatory properties (57). Multiple

phase III clinical trials have reported that 1% oxymetazoline

hydrochloride cream, administered for either 29 days or 52

weeks, was well-tolerated, safe, and effective in treating persistent

facial erythema in patients with rosacea (115–117). Only a small

proportion of patients experienced adverse effects such as apparent

worsening of facial erythema, rebound effects, and occasional

paradoxical erythema (115–117). A meta-analysis of adverse

effects found that using oxymetazoline, compared to the vehicle,

had a significantly higher risk of application-site dermatitis (RR =

8.91, 95% CI: 1.76–45.23), while other adverse effects did not show

significant statistical differences (118). These findings highlight the

differences between oxymetazoline and topical brimonidine in

terms of safety and efficacy (114).

3.2.3 b-blocker
The potential mechanism of action of non-selective beta-

blockers lies in the inhibition of beta-2 receptors on cutaneous

blood vessels, reducing vasodilation (108). Additionally, systemic

administration exhibits a reduction in sympathetic tone, thereby

alleviating patient anxiety (119). A systematic review indicates that

carvedilol and propranolol are effective for rosacea patients with

persistent facial erythema and flushing (108). For carvedilol, the

dosage ranges from 6.25 to 37.5 mg daily, which can be divided into

doses such as 6.25 mg twice daily. For propranolol, the dosage is

typically 30-40 mg daily. In a randomized controlled trial, carvedilol

demonstrated superior efficacy compared to brimonidine in

addressing telangiectasia and facial erythema (120). Moreover,

carvedilol significantly improved patients’ depression or anxiety

status (120). While beta-blockers offer alternative therapeutic

options for rosacea, it is essential to be cautious about common

side effects such as hypotension, bradycardia, bronchospasm, and

dizziness (121).

3.2.4 Paroxetine
Treatment with paroxetine, a potent selective serotonin (5-HT)

reuptake inhibitor, led to improvements in CEA scores, flushing,

and burning sensation in a multicentered, randomized, double-

blinded, and placebo-controlled trial involving patients with rosacea

(109). Paroxetine modulates 5-HT uptake, and dysfunctional 5-HT

regulation may result in abnormal blood vessel dilation and
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constriction (2, 122, 123). Mast cells and platelets were also

proved to release 5-HT in several inflammatory skin diseases

(124, 125). An association has been reported between rosacea and

a single-nucleotide polymorphism of the 5-HT2A receptor (126).

3.2.5 Sumatriptan
PACAP is a potent vasodilator that directly affects smooth

muscle cells in arterioles (127). A study reported elevated levels of

PACAP expression in rosacea-affected tissues, suggesting its

potential relevance in TRPV-mediated edema (29). Another study

utilizing both clinical and experimental models confirmed that

PACAP38 induces sustained flushing and facial edema (110). In a

double-blind, randomized, placebo-controlled, crossover trial,

sumatriptan alleviated these symptoms (110). Sumatriptan acts as

a 5-HT1B/1D receptor agonist, inhibiting mast cell degranulation

and reducing PACAP levels (128, 129). A case report suggested that

oral sumatriptan (50 mg) successfully treated a patient with severe

and painful rosacea, markedly reducing burning sensation, swelling,

redness, and pain (130).

3.2.6 Monoclonal antibodies against CGRP
Erenumab, galcanezumab, fremanezumab, and eptinezumab

are four FDA-approved monoclonal antibodies that target CGRP.

These antibodies are primarily used for preventing migraine (131,

132). Another novel oral CGRP inhibitor in the pipeline for chronic

migraine is atogepant (133). CGRP is involved in the

pathophysiology of migraine through nociceptive processes in the

trigeminovascular system (134). Notably, CGRP serves as a

vasoactive neurotransmitter in rosacea, causing vasodilation and

inducing inflammatory response (3, 135). In 2020, an exploratory

trial was initiated to investigate the efficacy and tolerability of

erenumab in the preventive treatment of persistent redness and

flushing associated with rosacea; this trial was anticipated to

conclude in 2021 (136). Furthermore, an exploratory comparative

case series involving 13 patients explored the benefits of CGRP

monoclonal antibodies for patients with both rosacea and migraine

(28). The results revealed marked posttreatment improvements in

the patients’ severity scores (28). However, two patients experienced

dermatitis at the injection site (28). Although most patients in this

study experienced improvements in rosacea, large-scale

randomized clinical trials are still needed to confirm the efficacy

and safety of CGRP monoclonal antibodies.

3.2.7 Botulinum toxin
Botulinum toxin (BTX) improves neurovascular dysfunction in

rosacea by blocking the release of neurotransmitters, such as

acetylcholine, calcitonin gene-related peptide, vasoactive intestinal

peptide, substance P, and glutamate, or by reducing non-noxious

stimulation (135, 137, 138). This action inhibits the skin’s

vasodilator system (stimulated by peripheral autonomic nerves),

thereby suppressing rosacea-associated neuroinflammation and

vasodilation (4, 139). BTX inhibits the activation of TRPV1 by

disrupting the lipid raft activity associated with TRPV1 through

structural and functional interactions with it (140). Moreover, BTX

directly blocks the degranulation of mast cells by cleaving SNARE
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protein in these cells (141). In a randomized, controlled, split-face

study involving 22 patients, one side of the cheek was treated with a

combination of BTX and broadband light. Compared with the

pretreatment condition and control groups, the experimental group

exhibited reduced global flushing symptom scores, erythema index

scores, transepidermal water loss, and sebum secretion (142). The

effects of using BTX typically appear within 1-2 weeks and can last

for 3-6 months. The most common side effect was localized pain,

while the rarer and more concerning side effect was paralysis of

motor muscles, with a pooled incidence of 4.3% (95% CI: 1.8 -

7.8%). Most cases of paralysis resolved on their own (143).
3.3 Targeted antimicrobial therapy

Research on the cutaneous microbiome in rosacea focuses on

Demodex folliculorum, Staphylococcus epidermidis, Bacillus

oleronius, Bartonella quintana, and Chlamydia pneumoniae (5, 8,

13, 14). Demodex, with its chitin exoskeleton, triggers inflammation

by increasing TLR2 levels (5, 8), and therefore becomes the major

target of antimicrobial therapy for rosacea. Supplementary Table 4

lists therapeutics targeting microbiota for rosacea. FDA-approved

antimicrobials include topical metronidazole (82, 144), ivermectin

(145), and microencapsulated benzoyl peroxide (146). Off-label,

oral metronidazole (147), oral ivermectin (148), topical sulfur

preparation and topical permethrin (148) target Demodex as well.

Ongoing studies investigate topical omiganan (149) and oral

rifaximin (150). Despite optimism for treatments like bacterial

transfer, probiotics, or prebiotics to balance the microbiome, the

lack of large-scale trials hampers confirming their efficacy (151).

3.3.1 Metronidazole: oral and topical uses
Because of its dual efficacy as an antibiotic and antiparasitic

agent, FDA-approved topical metronidazole is widely used for the

treatment of rosacea across the globe and indirectly reduces

inflammation by putative reduction of Demodex colonization.

Demodex mites are implicated in the pathogenesis of rosacea, and

the antiparasitic effect of metronidazole plays a key role in this

context (57). Metronidazole’s efficacy in rosacea treatment is also

attributed to its anti-inflammatory, immunosuppressive, and

antioxidative characteristics, involving the reduction of reactive

oxygen species production from neutrophils and inhibition of IL-

17 (152–154). The efficacy of topical metronidazole is supported by

clinical trials, including randomized, placebo-controlled double-

blind studies, as highlighted in a Cochrane review (82, 144). Clinical

guidelines recommend topical metronidazole for the treatment of

PPR (46, 57, 60). The efficacy of oral metronidazole was evaluated in

a double-blind trial, where a combination therapy comprising

metronidazole (200 mg twice a day) and 1% hydrocortisone

cream was administered for 6 weeks; this therapy reduced the

severity of rosacea in 10 out of 14 patients (147).
3.3.2 Ivermectin: oral and topical uses
The US FDA have approved 1% ivermectin cream for the

treatment of PPR (155). Clinical guidelines recommend topical
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ivermectin as a first-line treatment for rosacea, citing high-level

evidence for its efficacy in addressing papules and pustules—the key

features of rosacea (46, 60). A 2016 network meta-analysis

identified ivermectin 1% cream to be the most effective treatment

option for inflammatory papules and pustules (145). Regarding the

Demodex decrease rate, both topical and systemic ivermectin are

superior to other anti-Demodex therapies, achieving nearly a 100%

decrease rate (156). Its therapeutic mechanism involves effectively

reducing Demodex infestation through neurotoxic activity (157).

Owing to its anti-inflammatory properties, ivermectin reduces the

levels of IL-1b and TNF-a while increasing the level of IL-10.

Additionally, ivermectin reduces the expression of proinflammatory

genes such as IL-8, LL-37, human b-defensin 3, and TNF-a (158).

At the protein level, significant reductions were observed in the

levels of LL-37 and IL-8 (158).

3.3.3 Sulfur preparation
The US FDA-approved topical treatment also included sulfur

preparations in various formulation such as creams, gels and

cleansers . The most common formulat ion is sodium

sulfacetamide, 10% (46). Sulfur preparations have shown positive

effects on both erythematotelangiectatic rosacea (ETR) and

papulopustular rosacea (PPR), similar to metronidazole (159).

This effect may be due to the significant reduction in Demodex

count with the sulfur-sodium combination (160). However, sulfur

has a more noticeable irritating effect compared to metronidazole,

permethrin, lindane, and crotamiton (161).

3.3.4 Microencapsulated benzoyl peroxide cream
Benzoyl peroxide, a potent oxidizing agent, is commonly used

in acne treatment (155) and indirectly reduces inflammation

through putative antibacterial effects. In 2022, the US FDA

approved encapsulated cream benzoyl peroxide (E-BPO) 5% for

patients with rosacea (155). The advantage of this silica-based

encapsulated formulation is that it facilitates a gradual release of

benzoyl peroxide into the skin. This approach enhances efficacy and

prevents skin irritation associated with traditional bolus

formulations of benzoyl peroxide, thereby improving tolerability

(155, 162). Although E-BPO’s mechanism of action in the treatment

of rosacea remains hypothetical, it primarily centers around the

antibacterial effect of this drug (136, 163). In two 12-week, identical,

parallel, randomized, double-blind phase III trials, a high

proportion of E-BPO-treated patients achieved a clear/almost

clear status in the IGA and a reduced lesion count (146).

However, a few adverse events were noted; these included pain,

erythema, pruritus, and edema (146). Furthermore, a 52-week,

single-arm phase III trial investigating the long-term use of E-

BPO indicated that prolonged E-BPO use is a safe and well-

tolerated therapeutic approach (164).

3.3.5 Topical permethrin
The role of Demodexmites in the development of rosacea is well-

established and its anti-inflammatory effect is indirect though

putative reduction of mites that may stimulate the immune system.

Researchers have explored permethrin, an antiparasitic belonging to
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the pyrethrin group, as a treatment choice for rosacea (154). The

results indicated a notable decrease in the density of Demodexmites,

indicating permethrin as a primary treatment choice for Demodex

infestation (165). In a 12-week, double-blind study involving 20

patients with PPR, the application of 5% permethrin cream

resulted in a marked reduction in the density of Demodex mites

and an improvement in the symptoms of rosacea compared with the

effects of a cream base (140). However, the use of permethrin for the

treatment of rosacea is currently considered off-label.

3.3.6 Omiganan topical gel
Omiganan is an anti-microbial peptide tested against rosacea.

In randomized, double-blind, vehicle-controlled, parallel-group,

multicenter phase III trial involving patients with severe PPR,

topical application of 1.6% omiganan gel significantly

outperformed the vehicle in reducing mean inflammatory lesion

counts and improving IGA scores in week 12 compared with

baseline (149). The underlying mechanism of action involves the

rapid bactericidal and fungicidal effects of omiganan against a wide

range of pathogens (166).

3.3.7 Rifaximin
Rifaximin, a non-absorbed, gut-active antibiotic with broad-

spectrum efficacy, is used to treat small intestinal bacterial

overgrowth (SIBO) (155). Studies have indicated a higher

prevalence of SIBO among patients with rosacea than in the

normal population (167, 168). Administering rifaximin to these

patients not only mitigate SIBO but also ameliorate rosacea

symptoms. The underlying mechanism suggests that SIBO

disrupts immunity, triggering rosacea by increasing the levels of

TNF-a or other cytokines, reducing the level of IL-17, and

stimulating Th1-mediated immune response (150). In a

prospective trial involving 113 patients, a 10-day treatment

rifaximin (1200 mg/day) significantly reduced the number of

cutaneous lesions compared with the findings in the control

group (150). Nonetheless, further research is needed to confirm

the efficacy of rifaximin. In 2022, a phase IIa, multicenter, double-

blind, placebo-controlled, randomized clinical trial (NCT

05150587) investigated the efficacy and safety of extended-release

rifaximin against moderate to severe rosacea (169). The research

results are yet to be published.
4 Promising therapeutic strategies in
preclinical study with anti-
inflammatory activity

Several therapeutic strategies for rosacea show promise in pre-

clinical studies (Supplementary Table 5). Recent years have seen a

growing interest in the potential of herbal medicines against

rosacea. Compounds such as osthole, celastrol, Coptis chinensis

Franch, and paeoniflorin have demonstrated efficacy in animal or

cellular models by inhibiting inflammatory pathways, thereby

alleviating rosacea symptoms (170–172). In an animal model of

LL-37-induced rosacea-like lesions, the use of erythroid
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differentiation regulator 1 mitigated erythema, inflammatory cell

infiltration, and microvessel density (173). The same model was

used for benvitimod—an aryl hydrocarbon receptor agonist; upon

stimulation, benvitimod inhibited TLR2-induced inflammatory

responses (174). Furthermore, this agonist significantly

ameliorated the rosacea-like symptoms (174).

Among antidiabetic medications, both metformin and

pioglitazone have gained prominence. Pioglitazone, which is

delivered using a new nan-oemulsion formulation, enhances the

drug–skin contact and dermal retention while exhibiting anti-

inflammatory activity (175). Metformin is effective in improving

rosacea-like lesions, reducing LL-37- and TNF-a-induced reactive

oxygen production, and mitigating mitogen-activated protein

kinase/NF-kB signal activation in keratinocytes (176).

Melatonin, whose therapeutic potential was demonstrated

through network pharmacology analysis, reduces the levels of

inflammatory cytokines (177). Other compounds such as

thalidomide and aspirin, known for their roles in slowing down

innate immunity, reducing inflammatory cytokines, and suppressing

NF-kB activation, may be effective in treating rosacea (178, 179).
5 Conclusion/discussion

The diagnosis of rosacea primarily relies on patients’ symptoms

and phenotypes, as outlined by the 2018 National Rosacea Society

Expert Committee guidelines (46). Given the multifactorial nature of

rosacea pathophysiology and the diverse triggers and mechanisms

involved, treatment approaches must be personalized, taking into

account predominant symptoms, phenotypes, pathogenic

mechanisms, and trigger factors. Factors such as drug efficacy,

tolerability, and previous treatment history should also be considered.

In addressing inflammatory lesions such as papules and

pustules, treatment selection should align with underlying

pathogenic mechanisms such as immune dysregulation or the

presence of Demodex mites (46, 60, 180). Recommended topical

treatments include ivermectin, azelaic acid, metronidazole, or

microencapsulated benzoyl peroxide cream (69, 146, 157, 181).

For severe cases, FDA-approved minocycline foam 1.5% or systemic

doxycycline may be appropriate (46, 50). A network meta-analysis

showed that, compared to low-dose doxycycline 40 mg, topical

ivermectin, and metronidazole 0.75%, oral minocycline 100 mg had

the best effect on papulopustules with a low incidence of side effects

(81). There are also many off-label treatment options; for refractory

papulopustules, oral isotretinoin is an option (60, 182). Oral

macrolides can serve as secondary agents, particularly for patients

with contraindications to tetracyclines, such as those who are

refractory or pregnant (79). However, azithromycin has a high

risk of adverse effects (RR, 8.9, 95% CI: 1.3-83), such as

gastrointestinal issues (81). Topical pimecrolimus is also

mentioned in the Swiss guidelines as an anti-inflammatory agent,

but care must be taken due to its immunosuppressive effect, which

may cause Demodex overgrowth and pose a potential risk of

rosacea-like eruptions (91). Several treatments are still under

investigation. As we gain a better understanding of rosacea’s

pathophysiological pathways and develop new precision
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medicines, targets like the pro-inflammatory cytokine IL-17,

activation of NF-kB, and the JAK-STAT signaling pathway are

becoming therapeutic goals. Drugs such as secukinumab, novel

proteasome inhibitors, and Janus kinase inhibitors are aimed at

these targets and have shown promising results in novel research

(86, 87, 97).

For persistent erythema or flushing, these symptoms are highly

associated with neurovascular dysregulation (3). Therefore, drug

mechanisms focus on promoting vasoconstriction and inhibiting

various vasoactive neuropeptides. FDA-approved medications

include brimonidine and oxymetazoline (46). Off-label use of

propranolol and carvedilol has also been shown to help control

persistent erythema (120). Additionally, many new drugs targeting

neurogenic inflammation are under investigation, such as

paroxetine, sumatriptan, monoclonal antibodies against CGRP,

and botulinum toxin (28, 109, 110, 135). These medications aim

to reduce neuropeptide-induced vascular dysfunction. However, the

side effects and cost-effectiveness of these new drugs need to be

considered, and their efficacy still requires validation through more

extensive clinical trials.

Many therapeutic approaches coming down the pipeline

address the central role of the immune and neurovascular systems

in rosacea. Controlling the immune and neurovascular

dysregulations will likely lead to increased improvement in

rosacea signs and symptoms, and hopefully, with less side effects.

Although some of the cited studies were conducted using animal

models or at the cellular level, these references were included to

illustrate the breadth of ongoing research and the potential for

promising new treatment options for rosacea. However, these

findings need validation and rigorous evidence to support their

efficacy in humans. Future large-scale clinical trials will be essential

to provide such evidence and confirm the effectiveness of these

treatments in clinical practice. Understanding the triggers and

concomitant medications may assist the clinician in selecting the

appropriate treatment regimen for particular patients to maximize

chances or rosacea symptom control. Research into correlation

between genotypes and phenotypes in rosacea patients may also one

day lead to a personalized approach to manage rosacea.
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Cubała WJ, et al. Molecular mechanisms of neurogenic inflammation of the skin. Int J
Mol Sci. (2023) 24(5):5001. doi: 10.3390/ijms24055001

4. Deng Z, ChenM, Zhao Z, XiaoW, Liu T, Peng Q, et al. Whole genome sequencing
identifies genetic variants associated with neurogenic inflammation in rosacea. Nat
Commun. (2023) 14:3958. doi: 10.1038/s41467-023-39761-2

5. Lacey N, Russell-Hallinan A, Zouboulis CC, Powell FC. Demodex mites modulate
sebocyte immune reaction: possible role in the pathogenesis of rosacea. Br J Dermatol.
(2018) 179:420–30. doi: 10.1111/bjd.16540

6. Melnik BC. Rosacea: the blessing of the celts - an approach to pathogenesis
through translational research. Acta Derm Venereol. (2016) 96:147–56. doi: 10.2340/
00015555-2220
7. Awosika O, Oussedik E. Genetic predisposition to rosacea. Dermatol Clin. (2018)
36:87–92. doi: 10.1016/j.det.2017.11.002

8. Zhu W, Hamblin MR, Wen X. Role of the skin microbiota and intestinal
microbiome in rosacea. Front Microbiol. (2023) 14:1108661. doi: 10.3389/
fmicb.2023.1108661

9. Yamasaki K, Gallo RL. Rosacea as a disease of cathelicidins and skin innate
immunity. J Investig Dermatol Symp Proc. (2011) 15:12–5. doi: 10.1038/jidsymp.2011.4

10. Ahn CS, Huang WW. Rosacea pathogenesis. Dermatol Clin. (2018) 36:81–6.
doi: 10.1016/j.det.2017.11.001

11. Yamasaki K, Kanada K, Macleod DT, Borkowski AW, Morizane S, Nakatsuji T,
et al. Tlr2 expression is increased in rosacea and stimulates enhanced serine protease
production by keratinocytes. J Invest Dermatol. (2011) 131:688–97. doi: 10.1038/
jid.2010.351

12. Two AM, Del Rosso JQ. Kallikrein 5-mediated inflammation in rosacea:
clinically relevant correlations with acute and chronic manifestations in rosacea and
how individual treatments may provide therapeutic benefit. J Clin Aesthet Dermatol.
(2014) 7:20–5.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2024.1403798/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1403798/full#supplementary-material
https://doi.org/10.1056/NEJMcp1506630
https://doi.org/10.1056/NEJMcp1506630
https://doi.org/10.1016/j.jaad.2013.04.045
https://doi.org/10.1016/j.jaad.2013.04.045
https://doi.org/10.3390/ijms24055001
https://doi.org/10.1038/s41467-023-39761-2
https://doi.org/10.1111/bjd.16540
https://doi.org/10.2340/00015555-2220
https://doi.org/10.2340/00015555-2220
https://doi.org/10.1016/j.det.2017.11.002
https://doi.org/10.3389/fmicb.2023.1108661
https://doi.org/10.3389/fmicb.2023.1108661
https://doi.org/10.1038/jidsymp.2011.4
https://doi.org/10.1016/j.det.2017.11.001
https://doi.org/10.1038/jid.2010.351
https://doi.org/10.1038/jid.2010.351
https://doi.org/10.3389/fimmu.2024.1403798
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Tu et al. 10.3389/fimmu.2024.1403798
13. Zaidi AK, Spaunhurst K, Sprockett D, Thomason Y, Mann MW, Fu P, et al.
Characterization of the facial microbiome in twins discordant for rosacea. Exp
Dermatol. (2018) 27:295–8. doi: 10.1111/exd.13491

14. Mylonas A, Hawerkamp HC, Wang Y, Chen J, Messina F, Demaria O, et al. Type
I ifns link skin-associated dysbiotic commensal bacteria to pathogenic inflammation
and angiogenesis in rosacea. JCI Insight. (2023) 8(4):e151846. doi: 10.1172/
jci.insight.151846

15. Abram K, Silm H, Maaroos HI, Oona M. Risk factors associated with rosacea. J
Eur Acad Dermatol Venereol. (2010) 24:565–71. doi: 10.1111/j.1468-3083.2009.03472.x

16. Sobolewska B, Angermair E, Deuter C, Doycheva D, Kuemmerle-Deschner J,
Zierhut M. Nlrp3 A439v mutation in a large family with cryopyrin-associated periodic
syndrome: description of ophthalmologic symptoms in correlation with other organ
symptoms. J Rheumatol. (2016) 43:1101–6. doi: 10.3899/jrheum.150681

17. Ee HL, Tan HH, Ng SK. Autosomal dominant familial chronic mucocutaneous
candidiasis associated with acne rosacea. Ann Acad Med Singap. (2005) 34:571–4.

18. Second J, Korganow AS, Jannier S, Puel A, Lipsker D. Rosacea and
demodicidosis associated with gain-of-function mutation in stat1. J Eur Acad
Dermatol Venereol. (2017) 31:e542–e4. doi: 10.1111/jdv.14413

19. Aldrich N, Gerstenblith M, Fu P, Tuttle MS, Varma P, Gotow E, et al. Genetic vs
environmental factors that correlate with rosacea: A cohort-based survey of twins.
JAMA Dermatol. (2015) 151:1213–9. doi: 10.1001/jamadermatol.2015.2230

20. Palleschi GM, Torchia D. Rosacea in a monozygotic twin. Australas J Dermatol.
(2007) 48:132–3. doi: 10.1111/j.1440-0960.2007.00353.x
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NETosis of psoriasis: a critical
step in amplifying the
inflammatory response
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Mycology, Jining No. 1 People’s Hospital, Jining, Shandong, China, 3Department of Dermatology,
Jining No.1 People’s Hospital, Jining, Shandong, China
NETosis, a regulated form of neutrophil death, is crucial for host defense against

pathogens. However, the release of neutrophil extracellular traps (NETs) during

NETosis can have detrimental effects on surrounding tissues and contribute to

the pro-inflammatory response, in addition to their role in controlling microbes.

Although it is well-established that the IL-23-Th17 axis plays a key role in the

pathogenesis of psoriasis, emerging evidence suggests that psoriasis, as an

autoinflammatory disease, is also associated with NETosis. The purpose of this

review is to provide a comprehensive understanding of the mechanisms

underlying NETosis in psoriasis. It will cover topics such as the formation of

NETs, immune cells involved in NETosis, and potential biomarkers as prognostic/

predicting factors in psoriasis. By analyzing the intricate relationship between

NETosis and psoriasis, this review also aims to identify novel possibilities targeting

NETosis for the treatment of psoriasis.
KEYWORDS

neutrophils, NEtosis, psoriasis, immune, immune disease
1 Introduction

Psoriasis is a chronic immune-mediated disease that not only affects skin but is also

associated with conditions such as arthritis, diabetes mellitus, metabolic syndrome,

vascular complications (including stroke and ischemic heart disease), and depression (1).

It is widely recognized that Th1 and Th17 and their associated cytokines, including IL-17A,

IL-12, and IL-23, play a key role in the pathogenesis of psoriasis. Inhibitors targeting these

cytokines have proven effective in achieving clinical remission by rapidly clearing skin

lesions. However, some patients do not respond to these inhibitors or experience disease

recurrence during treatment, suggesting the involvement of other immune cells in the

pathogenesis of psoriasis.

Dysfunctional immune system involvement has been well-documented in typical

psoriatic dermatoses, making it a focal point for investigating the pathogenesis of the

disease (2). Neutrophils have been observed to be highly abundant in psoriatic lesions,

particularly in the epidermis, where they accumulate in Munro micro-abscesses in the
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stratum corneum and spongy pustules of Kogoj in the spinous layer

(3). Some researchers believe that neutrophils, as the most abundant

of the innate immune cells, play a crucial role in the development

and progression of psoriasis (4). Although the precise role of

neutrophils in the development and progression of psoriasis

remains unknown, a wealth of clinical data supports their

relevance (5–7). For instance, the treatment drug for psoriasis,

dimethyl fumarate has been shown to reduce neutrophil levels,

thereby mitigating the immune system’s impact on the body.

Additionally, secukizumab, a drug that significantly reduces

epidermal neutrophil levels, has demonstrated efficacy in treating

moderate-to-severe psoriasis (8). These findings suggest that

neutrophils are involved in the pathogenesis of psoriasis and

represent a potential target for therapeutic intervention.

Activated neutrophils employ a mechanism known as NETosis

to capture and eliminate pathogens by releasing neutrophil

extracellular traps (NETs) into the cell. The formation of NETs is

accompanied by a unique form of neutrophil death, distinct from

apoptosis and necrosis, known as NETosis (9). These NETs have

been identified in peripheral tissues, such as the skin and kidneys, of

individuals with autoimmune small vessel vasculitis, SLE, and

rheumatoid arthritis (10–12).

In this narrative review, we extensively examine published

articles focusing on the formation of NETs and their key

components, as well as the potential role of NETosis in psoriasis.

We also explore new treatments for psoriasis.
2 Overview of NETosis

2.1 NET formation and NET components
in psoriasis

NETs, which are composed of decondensed chromatin forming

a reticulated DNA structure with pores of approximately 200 nm,

are surrounded by nuclear proteins (13). These proteins can be

classified into three categories: histones, granule proteins, and

cytoplasmic proteins. Granule proteins mainly include neutrophil

elastase and myeloperoxidase. Cytoplasmic proteins include

representatives such as S100 calcium-binding proteins A8, A9,

and A12, as well as actin and a-actin (14–16).

The formation of NETs can involve two main mechanisms,

namely vital NETs and suicidal NETs (17). Suicidal NETosis is the

release of DNA networks by neutrophils through apoptosis, in which

the nucleus is discharged into the surrounding environment (18).

When neutrophils perceive a stimulus, the stimulus directly activates

the protein kinase C (PKC) and Raf-MEK-ERK-MAP kinase

pathways. Next, the activation of MAP kinase will initiate the

formation of the NADPH oxidase complex (19, 20), leading to the

rapid generation of reactive oxygen species (ROS) (21). Neutrophil

elastase (NE) and myeloperoxidase (MPO) contribute to the

enhancement of nuclear membrane permeability and the promotion

of chromatin formation (22), as well as in the nucleus, where NE

and MPO can facilitate the digestion of histones H2b and H4

through synergistic effects (23, 24). At the same time, ROS may

increase Ca2+ in the cytoplasm by disrupting the endoplasmic
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reticulum or mitochondrial membrane, thereby activating peptide-

based arginine deaminase 4 (PAD4) (25). Then, PAD4 modifies

histone H3 by converting arginine to citrulline, leading to chromatin

depolymerization (26). During nuclear rupture, citrulline histones

(26, 27) and nuclear DNA (28)are released together. The released

DNA is further decorated by granular (NE and MPO) (29) and

cytosolic proteins (Calpain) (30). The increase of intracellular ROS

can also activate receptor interacting protein kinase 3 (RIPK3) and

mixed lineage kinase domain like protein (MLKL), promoting

membrane rupture (31, 32).

Vital NETosis is formed by neutrophils passing through the cell

membrane and releasing DNA and proteins into the surrounding

environment to form NETs (33). At first, PMA stimulates neutrophils,

leading to rapid activation of intracellular NADPH oxidase and

ultimately increasing ROS (19, 34). When DNA dissociated from

chromatin leaves the cytoplasm through vesicles, it can be modified

by granular proteins (NE, MPO, and PR3) (29, 34). Subsequently,

neutrophils maintain activity and exert further functions (35), using the

increased intracellular ROS to mobilize the cytoskeleton to transport

particles and mitochondria (36), and using ATP to transport particles

to the outside of neutrophils through actin (37).
2.2 NET components in psoriasis

There is a higher likelihood of NET formation in neutrophils in

individuals with psoriasis than in healthy individuals (38). Furthermore,

it has been observed that there may be alternations in NETs during the

onset of the disease. A recent study suggests that NETs in individuals

with psoriasis exhibit an increased presence of proteins, including

inflammatory mediators and antimicrobial proteins such as histone,

myeloperoxidase, neutrophil elastase LL37, and RNA-LL37 (39). These

proteins are believed to play a role in the inflammatory process that

contributes to the development of skin lesions.
3 NETosis is associated with the
amplification of psoriasis inflammation

NETosis, a process in which neutrophils release NETs, plays a

significant role in amplifying inflammation in psoriasis. During

NETosis, neutrophils produce LL37, which can bind to the P2X7

receptor on monocytes and promote RNA uptake. This RNA is then

directed to intracellular compartments, triggering the activation of

endosomal toll-like receptors and subsequent secretion of IL-1b,
leading to inflammatory vesicle activation (40).. Additionally, LL37

promotes RNA uptake by neutrophils and facilitates its

transportation to intracellular compartments, resulting in TLR

induction, cytokine release, and IL-8 production and CD62L

shedding upon stimulation of the neutrophils (41, 42). The

released IL-8 can restimulate neutrophils (43), recruiting more

neutrophils to the lesion site (2). In a study conducted by

Franziska et al., it was demonstrated that NETs contain RNA,

and the RNA-LL37 complex has the ability to induce the release of

new NETs by neutrophils, creating a repetitive cycle of immune

activation that further amplifies psoriatic inflammation (42).
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Furthermore, the tyrosine phosphatase SHP2 has been found to

be highly correlated with neutrophils and the development of

psoriasis. Experimental results from Ding Y et al. suggested that

SHP2 promotes the production of NETs and increases the

expression of inflammatory cytokines associated with psoriasis

through the ERK5 pathway. SHP2 predominantly increased in

macrophages and acts as an IL-10 inhibitor to exacerbate psoriasis

progression. It is worth noting that the inhibition of SHP2

significantly improves psoriasis-like skin inflammation in mice

(44–48). In addition, molecular complexes containing the

adapter molecule Act1 and SHP2 mediate autonomous IL-17R

signaling, thereby accelerating and maintaining inflammation

(49). Consequently, SHP2 exacerbates the progression of

psoriasis, making it a potential therapeutic target for the treatment

of psoriasis (50).
4 Immune cells and inflammatory
factors associated with NETosis
in psoriasis

4.1 Neutrophils

Psoriasis, as an inflammatory skin disease, is characterized by

the infiltration of neutrophils. In response to inflammatory signals,

circulating neutrophils are recruited to an inflammatory site and

become activated. These activated neutrophils produce and release

large amounts of ROS as part of their antimicrobial activity. Two

key enzymes involved in the respiratory burst and subsequent ROS

production are NADPH oxidase (NOX2) (51) and MPO (52).

Research has shown that neutrophils from psoriasis patients have

higher MPO and NOX2 activity, leading to increased ROS release

compared with neutrophils from healthy individuals (53, 54). An

imbalance in ROS production, either through overproduction or

insufficient clearance of ROS, can result in oxidative-stress-

related dysfunctions.

In patients with psoriasis, neutrophils are pre-activated and

form NETs within psoriatic lesions. These NETs are increased in

blood samples and correlate with the severity of psoriasis. NETs

create a highly immunogenic environment and are involved in the

initial and maintenance phases of psoriasis. They are enriched in

RNA, particularly LL37. When RNA binds to LL37 and

subsequently stimulates neutrophils, this can lead to the release of

IL-8 and a moderate shedding of CD62L (41, 42). The data suggest

that the involvement of neutrophils and their activation in psoriasis

highlight their significant role in the pathogenesis of the disease.
4.2 Keratinocytes

One of the central features of psoriasis is the dysregulated

crosstalk between keratinocytes and immune cells. Activated

keratinocytes in psoriatic skin release pro-inflammation, IL-1, TNF,
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and IL-6. These cytokines not only amplify the inflammatory

response but also induce the production of chemokines, which

attract immune cells to the sites of inflammation. These cytokines

activate dendritic cells, which in turn produce the cytokines IL-12 and

IL-23, leading to the differentiation of TH1 and TH17 cells.

As shown in Figure 1, in the context of NETosis, keratinocytes

have been shown to be with NETs and their components. Studies

have demonstrated that keratinocytes can internalize NETs and

take up antimicrobial peptides, such as LL37 and human beta-

defensin 2 (HBD2), present in these structures (55).

NETs, including psoriatic NETs, have been shown to induce

HBD-2 mRNA production in epidermal keratin-forming cells,

thereby promoting the expression of HBD-2 (56). Moreover, it is

well-established that HBD-2 is primarily expressed in keratinocytes

(57–59). In line with previous studies, Gambichler et al. reported

elevated levels of HBD-2 in psoriatic skin compared with healthy

controls (60). The induction of HBD-2 expression in keratinocytes

by NETs suggests a potential mechanism through which

neutrophils and keratinocytes contribute to the inflammatory

cascade observed in psoriatic skin.

Similarly, Kanda et al. shed light on the association between

LL37 levels and psoriasis. Their findings revealed significantly

higher levels of LL-37 in the sera of patients with psoriasis than

in normal subjects. Interestingly, the researchers also observed a

correlation between serum LL-37 levels and HBD-2 levels in

patients (61). HBD-2 is believed to contribute to psoriasis

development by acting on neutrophils.

Taken together, the interaction between keratinocytes and

neutrophils, mediated by factors such as HBD-2 and LL37, plays

a role in promoting inflammation and NETosis in psoriasis. Further

studies of HBD-2 may provide valuable insights into the

pathogenesis of psoriasis and potential therapeutic targets.
4.3 Mast cells

Mast cells (MCs) play a crucial role in immune modulation

through the release of various pro- and anti-inflammatory

mediators (62). The role of mast cells in psoriasis has been

extensively studied, with investigations indicating a significant

increase in the number of mast cells at psoriatic lesions compared

to healthy individuals (63). In the context of psoriasis, MCs

contribute to the inflammatory state by producing caspase-1 and

chymotrypsin. These enzymes play a crucial role in activating

immature IL-1b into mature active IL-1b (64). The production of

IL-1b by MCs further amplifies inflammation and leads to an

increase in the number of infiltrating neutrophils in response to

protease release (65).

Neutrophils release LL37-RNA through the NETosis process.

This LL37-RNA can be recognized by MCs triggering their

activation and the subsequent production of IL33. IL33 then

binds to ST2R on the surface of macrophages, stimulating the

production of IL-36 by macrophages.
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4.4 DCs

Dendritic cells (DCs) are specialized antigen-presenting cells that

play a crucial role in the immune system. They act as a bridge

between innate and adaptive immunity by capturing, processing, and

presenting antigens to T cells. They are a heterogeneous population of

cells comprising different subpopulations, including plasmacytoid

DCs (pDCs), classical/myeloid DCs (cDCs/mDCs), and monocyte-

derived dendritic cells (moDCs) (66, 67). cDCs are a major subset of

DCs specialized in presenting antigens to CD4+ helper T cells.

Through this antigen presentation, effector T cells including Th2

and Th17 cells are activated (68). pDCs mainly produce a large

amount of IFN-a and IFN-b, which can also directly activate T cells

through stimulation (69). moDC can effectively express TNF- a and

inducible nitric oxide synthase (iNOS), and iNOS-mediated NO

production inhibits T cell proliferation (70).

In psoriasis, studies have shown that the number and activity of

pDCs are increased in areas of skin lesions. These pDCs are

responsible for producing interferon in psoriatic plaques (71).

Interferon production by pDCs in psoriasis may trigger an immune

response that exacerbates symptoms. The overproduction of

interferon can lead to the abnormal proliferation of skin cells and

inflammation, ultimately resulting in the formation of typical psoriatic

lesions. Recent studies have also found that the overexpressed

antimicrobial peptide LL37 in the skin of patients with psoriasis can

form a new complex with self -DNA. These complexes can trigger

TLR9 in dendritic cells, specifically pDCs (72, 73). When neutrophils
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capture pathogens and release NETs, the DNA-LL37 complexes

within these NETs can be captured by dendritic cells, particularly

pDCs. Dendritic cells then process these antigens and present them to

T cells, initiating a specific immune response. This immune response

involves the production of TNF-a and IL-6 (41, 73). These data

indicate that the interaction between DCs and NETs is involved in the

pathogenesis and progression of psoriasis.

When grouping DCs in the blood of psoriasis patients, it can be

found that not only the skin but also the mDCs in the blood have Th1

polarization and Th1/Th17 recruitment abilities (74). This discovery

provides a possible blood testing target for the diagnosis of psoriasis. In

addition to directly stimulating Th1 polarization, mDCs can also co-

culture with inflammatory polymorphonuclear leukocytes (PMNs) to

form NETs, from which they can absorb antigens. This process

potentially allows for antigen processing and presentation, indirectly

stimulating Th1 polarization. Reducing mDCs can block the occurrence

of NETosis. In a mouse model, mDCs activated by NETs can induce

antineutrophil cytoplasmic antibody (ANCA) and autoimmune

responses (75). When psoriasis patients experience renal organ

damage, ANCA positivity may occur. mDCs may work together with

NETs in this situation, exacerbating the progression of the disease.
4.5 Monocytes/macrophages

Monocytes and macrophages are key components of the immune

system and play key roles in immune defense, surveillance, and self-
FIGURE 1

NETosis amplifies immune effects in psoriasis. The LL37-DNA causes Th17 cells to secrete cytokines, which promote keratin-forming cells to secrete
LL37, which can in turn act on Th17 cells to amplify the immune effect. Beyond that, the LL37-DNA complex produced by NETosis cell can also
stimulate the TLR9 receptor of PCDs, and the released TNFa binds to the receptor on monocytes. The further released IL23 can be recognized by
Th17 cells. IL-17a produced by Th17 cells reactivates neutrophils, amplifying the immune and inflammatory effects.
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stabilization. They are capable of phagocytosing and eliminating

intracellular parasites, foreign bacteria, and mutated tumor cells, as

well as their own senescent and abnormal cells. Macrophages can

differentiate into different cell subpopulations, including two

representative subpopulations, M1 and M2, based on the stimulation

of different stimuli and the production of different cytokines.

Studies onmouse models of psoriasis have demonstrated a strong

correlation between macrophages and the severity of psoriasis (76,

77). Pathological sections of skin lesions from psoriasis patients have

also shown the presence of aggregated macrophages (78). When

staining the skin lesions of psoriasis patients, it can be observed that

CD68+iNOS+M1 increase and CD68+CD163+M2 decrease (79).

Increased M1 polarization in psoriasis patients is associated with

increased disease severity (80). In addition, the number of CD68+

(81) and CD163+ macrophages expressing TNF-a in the dermis (82)

also increased in human skin with psoriasis lesions (82). Activation of

the NLRP3 inflammasome by macrophages can also be involved in

psoriasis (83). Research has shown that NLRP3 may be a promising

therapeutic target for the treatment of psoriasis (84). The method of

inhibiting NLRP3 inflammasome activation can alleviate psoriasis

inflammation (85).

In this context, when dying neutrophils release LL37 through

NETosis, the P2X7 receptor on monocytes is activated. This

activation triggers the release of inflammatory vesicles and the

production of IL-1b (32, 33). Similarly, when LL37-DNA

complexes are released, the TLR9 receptor on monocytes is

activated, leading to the release of IL-6, IL-12, IL-23, and TNF-a
(20). These cytokines, including those produced by pDCs, can

further stimulate monocytes/macrophages to produce IL-23. The

accumulation of IL-23 at the site of a skin lesion can lead to the

production of additional cytokines by macrophages, including IL-

17A, IL-22, and IFN-g, in addition to TNF-a (86).
4.6 Th17 cells

It is widely recognized that IL-23 plays a crucial role in

maintaining the activation of Th17 cells (87). IL-23 promotes

the production of IL-17A by Th17 cells, which in turn leads to the

recruitment and activation of neutrophils (88). This cytokine cascade

contributes to the inflammatory response observed in psoriasis. In in

vitro experiments, the percentage of CD3+CD4+IL-17+ (Th17) cells

among T cells is significantly higher in the presence of NETs compared

to the control group without NETs. Act1 is a key mediator for IL-17

signal transduction (89). In the presence of NETs, the downstream key

factor Act1D10N of the psoriasis susceptibility gene TRAF3IP2

mutation is enhanced, further inducing the production of Th17 cells

(90). In summary, these results indicate that NETs are of great

significance in the immunogenetic study of neutrophil-induced

human Th17 cells and psoriasis.

Studies have indicated that NETs are abundant in environments rich

in myeloid cells andmemory T cells. This suggests that NETS play a role

in inducing the formation of other immune cells (91, 92). Experimental

findings by Evans et al. support this notion, demonstrating a link

between NETs and Th17 responses in psoriasis patients. The

researchers further explored this interaction, showing that NETs can
Frontiers in Immunology 05130
induce the differentiation of memory CD4 T cells into LL37-specific

Th17 cells (93). These memory T cells not only secrete IL-17A but also

express IL-17F and RORC, which stimulates keratinocytes to secrete

LL37 (90). Subsequently, IL-6/IL-23 secreted by monocytes induces

LL37-specific Th17 cells to migrate to the epidermis, where they

recognize the LL37 expressed by keratinocytes (94). This mechanism

creates an immune amplification effect. Th17 cells identify the synthesis

of LL37 as a T-cell antigen, and their responses are further fueled by a

synergistic interaction of IL-1, IL-6, and IL-23 (34, 35).
5 NET markers as prognostic/
predicting factors in psoriasis

MicroRNAs (miRNAs) are small non-coding RNAs with

important roles in post-transcriptional gene expression. Deregulation

of miRNAs and the corresponding target gene expression have been

shown to be involved in psoriasis (95). Pathogenesis MiRNA-155 (96,

97), 210 (98), and 20b (99) are significantly increased in psoriasis

lesions. Among them, the expression of miRNA-155 is increased in

diseased psoriasis skin compared with normal skin (100). The

pathological miRNA-210 is positively correlated with the Psoriasis

Area and Severity Index (PASI) and body surface area (BSA) affected

by psoriasis (99). MiRNA pathway enrichment and target gene

network analysis were performed on the serum of psoriasis patients,

and researchers found a high correlation between miR-214–3p, miR-

7–5p, miR-761, miR-665, and miR-1207–5p (101). The above results

indicate an important relationship between this miRNA and disease

activity, and may encourage further studies to explore the possibility of

using this miRNA as one of the markers of psoriasis severity.

Studies have shown that circulating MPO/DNA or NE/DNA

conjugates, as well as plasma circulating citrullinated histone H3

(H3Cit) levels, have a stronger specificity for NET formation than

evaluatingmicroRNAs alone (102). A study was conducted on the sera

of 50 adult patients with chronic plaque psoriasis and 25 healthy

controls, and it was found that there was a significant difference in

serum myeloperoxidase levels between the two groups (103). MPO-

DNA complex level is also an important detection method. It has been

reported that the MPO-DNA complex level in serum was significantly

increased in patients with PsA/PsO compared with healthy controls.

The level of MPO-DNAwas also positively associated with the Disease

Activity in Psoriatic Arthritis score (DAPAS) and its components

(104). Vascular endothelial cells play an important role in maintaining

the vascular barrier and controlling blood flow. Additionally, they can

target immune cells to specific areas of vascular damage, infection, or

foreign objects (105). According to one report, H3Cit can directly

cause inflammatory damage by disrupting the microvascular

endothelial barrier (106). However, currently, there are no clinical

data to prove the association between H3Cit and psoriasis. Whether

H3Cit can become a diagnostic marker in the blood of psoriasis

patients deserves further research.

Some data suggest that circulating NETs may play a role in

predicting the severity of psoriasis. However, owing to the lack of

specific antibodies for NETs and specific and standardized testing

methods for NETs at present, NET substitutes are usually used. These

detectable alternatives include circulating cell-free DNA (cfDNA), or
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circulating NET-associated proteins such as NE orMPO, and/or levels

of circulating histone H3 (H3Cit) or other NET-associated proteins

(107). Therefore, further research and technological improvements are

needed to better define the prognosis and/or predictive ability of NETs

at different stages of psoriasis.
6 The potential of drugs targeting
NETosis in psoriasis

Exploring potential drugs targeting NETosis holds great promise

for individuals with psoriasis, considering the involvement of NETosis

in the condition. NETs inhibitors can target various stages of NETosis

to inhibit the generation of NETs. For example, researchers have

focused on the stress response protein REDD1, which is closely related

to NETosis. Key mediators, such as endothelin-1 (ET-1) and hypoxia

inducible factor-1a (HIF-1a), drive the generation of NETs through

REDD1. Inhibitors like bosentan and L-ascorbic acid can respectively

inhibit ET-1 and HIF-1a, thereby inhibiting NETosis in

neutrophils (108).

Another crucial enzyme involved in NET formation is a protein

arginine deiminase, PAD4, which catalyzes the conversion of

arginine to citrulline and mediates NET formation. Drugs

targeting PAD4, such as JBI-589 (109), have shown efficacy in

rheumatoid arthritis mouse models. Additionally, drugs like

dipyridamole (110) and cannabidiol (111) can inhibit NETosis

and have potential in the treatment of psoriasis.
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Neutrophil elastase inhibitor sivelepristal sodium (112) and

myeloperoxidase inhibitor PF-1355 (113) have demonstrated

effectiveness in inhibiting NET formation, making them potential

treatments for acute respiratory distress syndrome (ARDS) or

systemic inflammatory response syndrome (SIRS) with acute lung

injury (ALI) (114).Metformin commonly used as a first-line drug for

the treatment of type 2 diabetes, has also shown potential in

downregulating the generation of NETs and reducing the release of

NET DNA in the mouse model of systemic lupus erythematosus

(SLE) (115). However, there is a need for relevant clinical and in vivo

experiments to determine their effectiveness in psoriasis.

Clearing NETs and preventing their accumulation in the body is

another approach worth considering. Deoxyribonuclease I (DNase I)

(116) has been shown to effectively clear NETs in experiments.

Although it can promote inflammation resolution and reduce the

accumulation of ROS, it has the disadvantage of a short action time

and limited range of action. In 2021, Xin’s team developed a new

nanocarrier that can release DNase I in response to MMP-9, effectively

degrading the structure of NETs (117). This carrier successfully

addresses the drawbacks of DNase I drugs. Tofacitinib (118), another

type of NET scavenger, can simultaneously regulate the formation and

degradation of NETs. A clinical trial conducted in SLE patients showed

that Tofacitinib can reduce low-density granulocytes and circulating

NETs, indicating its potential for treating psoriasis (119). Figure 2

provides a brief summary of these possible NETosis drugs.

In summary, drug development targeting NETosis and the

interactions between NETs and various immune cells holds great
FIGURE 2

The regulatory mechanisms underlying the formation of vital neutrophil extracellular traps (Vital NETs) and suicidal neutrophil extracellular traps
(Suicidal NETs), as well as a schematic diagram of the mechanism of action of NETosis drugs. The characteristics of suicidal NETosis are the
production of ROS and the rupture of neutrophils. Neutrophils are stimulated and activated, inducing the phosphorylation of NOX complexes and
release of ROS, a process dependent on high Ca2+concentrations. Subsequently, PAD4 is activated and causes NE and MPO to be transported from
neutrophilic granules to the nucleus. NE and MPO binding to PAD4 leads to histone citrullination and chromatin deconcentration. After the nuclear
membrane ruptures, the desorbed chromatin mixes with granular proteins and enters the cytoplasm. Finally, the cytoplasmic membrane leaks, and
the modified chromatin is released from neutrophils, forming NETs. The formation of Vital NET can occur without NOX complexes and ROS. The
formation of Vital NET is initiated by stimulation, which activates PAD4 and transports NE and MPO to the nucleus, promoting chromatin
deconcentration. Decondensed chromatin decorated with granular proteins and histones is enveloped in vesicles germinating from the nucleus.
Subsequently, these vesicles are expelled from intact neutrophils and form NETs near the neutrophils. Under this method, neutrophils remain intact
and can further phagocytose. NETosis-related drugs can exert effects on the occurrence process of these two types of NETosis.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1374934
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1374934
promise. However, it is important to consider that NETosis also

serves as a mechanism to trap and kill bacteria and other pathogens.

In individuals with psoriasis, skin inflammation is associated with

bacterial infection, and NETosis may be a means through which

neutrophils fight infection. Furthermore, the adverse reactions and

success rates of new drugs are worth further discussion.
7 Conclusion

Understanding the role of NETosis in the pathogenesis of

psoriasis could provide insights into potential therapeutic

strategies. NETosis, psoriasis, and the immune response are

interconnected and closely related. Recent advancements in

understanding NETosis have the potential to improve our

comprehension of the complex process of psoriasis pathogenesis.

This interaction provides new insights into the molecular

mechanisms underlying the disease. The regulation of NETosis is

rapidly emerging as a promising therapeutic target for psoriasis.

Studying the exact mechanisms of NETosis in psoriasis is of

significant importance for developing novel therapeutic approaches.
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