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ARTICLE INFO ABSTRACT

Keywords: Background: Acne inversa (AI) is a refractory inflammatory skin disease, and TNF-a plays an
Acne inversa important role in the pathogenesis of Al By blocking TNF-q, infliximab (IFX) has been proven to
Infliximab be a promising method.

;FLItIf[;a Objectives: To explore the underlying mechanisms of IFX treatment in Al patients.

NLRP3 Methods: In this research, we integrated transcriptome sequencing data from the samples of our

patients with AI and the GEO database. Ex vivo skin culture of Al patients was conducted to
evaluate the efficacy of IFX treatment. Animal studies and cell experiments were used to explore
the therapeutic effect and mechanism of IFX treatment.

Results: Both TNF-a and NLRP3 inflammasome-related pathways were enriched in skin lesions of
Al patients and murine AI models. After IFX treatment, the NLRP3 inflammasome-related
pathway was effectively blocked, and the IL-1p level was normalized in ex vivo Al skin explants
and murine AI models. Mechanistically, IFX suppressed the NF-kB signaling pathway to lower the
expression of NLRP3 and IL-1f in keratinocytes.

Conclusions: IFX treatment alleviated skin lesions in murine AI models and downregulated NLRP3
and IL-1p expression levels by inhibiting the NF-kB signaling pathway, which was helpful for
understanding the mechanism of IFX therapy.

1. Introduction

Acne inversa (AI; OMIM #142690), also referred to as hidradenitis suppurativa, is a chronic inflammatory skin disease charac-
terized by distinctive manifestations including painful nodules, abscesses, and sinus tracts, predominantly in areas with apocrine
glands [1,2]. The underlying pathogenesis of Al is multifactorial and not completely understood. Recent findings suggest that various
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proinflammatory mediators and chemokines are involved in the inflammatory stage of Al [2]. Among these factors, tumor necrosis
factor o (TNF-) is an important and pleiotropic cytokine highly expressed in both the skin lesions and blood of Al patients [3]; it acts
on several cell types, including keratinocytes, macrophages and T lymphocytes, and induces a wide range of chemokines [4,5]. The
significance of TNF-a is further supported by patients responding to anti-TNF-a therapy [6].

Among TNF-« antibodies, adalimumab (ADA) is the only biologic drug approved by the US Food and Drug Administration (FDA) for
patients with AI [7,8]. However, not all patients respond well to ADA [9]. Infliximab (IFX), another TNF-« inhibitor, is a chimeric
(mouse/human) monoclonal antibody; it binds to soluble and transmembrane receptor-bound TNF-a and inhibits its activity [6].
Compared with ADA, IFX displayed a similar or even better efficacy in Al treatment, including reducing disease severity, improving
quality of life and normalizing laboratory parameters [10,11]. Drug survival (the probability of continuing to receive therapy) was also
comparable between IFX and ADA [11]. Therefore, IFX is another effective option for Al treatment by targeting TNF-a. Considering
that TNF-a could trigger other inflammatory cytokines implicated in the development of Al, there is lack of data on the
anti-inflammatory effects of IFX in the treatment of Al when TNF-« is blocked; therefore, it is essential to conduct the mechanistic
studies on this basis.

The aim of this study was to investigate the changes in TNF-a-dependent inflammatory molecules and pathways when IFX is
applied to treat Al The study was designed to detect (i) the enrichment of pathways in the skin lesions of Al patients and murine Al
models and (ii) the effect and molecular signature of IFX treatment in ex vivo human Al skin explants and keratinocytes in vitro and
murine Al models.

2. Materials and methods
2.1. Clinical samples collection

This study was approved by the Medical Ethics Committee of the Chinese Academy of Medical Sciences Institute of Dermatology
(2017-KY-015) and was performed according to the principles of the Declaration of Helsinki. Written informed consent was provided
by all the individuals participating in the experiments. Tissue and serum samples from a cohort of Al patients (n = 7) and healthy
controls (n = 7) were utilized for quantitative real-time PCR analysis (QRT-PCR), ELISA, ex-vivo skin culture treatments, and histo-
pathological analyses. Based on the consideration of sample minimization, the number of samples we selected met the basic analysis
requirements, and the data from GEO database (GSE148027, GSE154773) also expand our sample range. Briefly, inclusion criteria
were: Adult patients (>18 years) with (a) duration for at least 4 years, (b) at least a Hurley II severity, (c) didn’t receive biologics
treatment and were off any other systemic treatment or topical agents for at least 4 weeks. Al patients with a history of diabetes,
hyperuricemia, gout, hyperlipidemia, hypertension and coronary heart disease were excluded. The detailed information of Al patients
and healthy individuals were shown in Supplementary Table 1.

2.2. Antibodies and reagents

The following antibodies were used: TNF-a (Novus, NBP1-19532SS), IL-1p (Novus, NB600-633), NLRP3 (Novus, NBP2-12446SS),
IkB (Cell Signaling Technology, #9936), phospho-IkB (Cell Signaling Technology, #9936), B-ACTIN (Santa Cruz, sc-47778), Goat anti-
Rabbit IgG Alexa Fluro 594 (Life technology, A147701), Peroxidase-labeled anti-rabbit IgG (KPL, #074-1516). The complete culture
medium used in the experiments was Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % fetal bovine serum (FBS;
Life Technologies). Recombinant human TNF-a was purchased from PeproTech (Rocky Hill, NJ, USA). Anti-TNF-o antibody IFX and
NF-kB inbibitor BAY11-7082 were obtained from MedChem Express (MCE, NJ, USA).

2.3. Ex-vivo skin culture treatment

Six-millimeter skin punch biopsies were taken from actively inflamed Al lesions [12-14]. The biopsies were instantly transferred
into a transwell system (Corning, USA) and placed into an insert of a 12-well plate with the epidermis pointing upwards in the air-
-liquid interface. The ex vivo explants were cultured for 24 h at 37 °C in the presence of 5 % CO3 in a humidified atmosphere. The
culture media consisted of Iscove’s Modified Dulbecco’s medium (Gibco, Carlsbad, USA) supplemented with 0.5 % human AB serum
(TCS Bioscience) in the presence of IFX or PBS, respectively, and was pipetted below the insert. We found that 20 pg/mL of IFX
effectively alleviated the inflammatory response in the ex-vivo skin culture model through preliminary experiments. Consequently, this
concentration of IFX was employed in subsequent experiments. After treatment, the biopsies were fixed in 4 % formalin or embedded
with optimal cutting temperature compound (OCT) and the culture medium was collected, frozen and stored at —80 °C for further
study. The culture supernatant was performed utilizing Luminex multifactor detection technology, facilitated by LabEx (Shanghai,
China) and ELISA assay.

2.4. Cell culture and treatment

The human immortalized keratinocyte line HaCaT (ATCC, Manassas, Virginia, USA) was cultured with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10 % fetal bovine serum (FBS; Thermo Fisher Scientific, USA) in an atmosphere of 5 % CO at
37 °C. HaCaT line was authenticated using STR analysis and was negative for mycoplasma contamination. HaCaT cells were firstly
incubated with BAY11-7082 (10 pM) or IFX (20 pg/mL) for 1 h. Then, TNF-a (20 ng/mL) was added in the media with the cells



Y. He et al.

(a)

Healthy individual vs Al patient

Viral protein i with

(b)

cytokine and cytokine receptor [ ]
Primary immunodeficiency .
Cytokine-cytoki ptor i i °
B cell receptor signaling pathway . - log10(pvalue)
C ine signali o 25
NF-kappa B signaling pathway ° 20
Th17 cell differentiation . 15
Phagosome o 10
IL-17 signaling pathway ° 5
JAK-STAT signaling pathway o
Natural killer cell mediated cytotoxicity ° t
Leukocy dothelial migrati b cm.m20
Th1 and Th2 cell differentiation . ° 40
Fc gamma R-mediated phagocytosis . 60
T cell receptor signaling pathway . ®380
C and i . ®100
Toll-like receptor signaling pathway . @120
TNF signaling pathway | e
C-type lectin receptor signaling pathway { e
PI3K-Akt signaling pathway { @
NOD-like receptor sii i y {®
15 20 25 3.0 35
Enrichment
(c) (d) "
Sacrifice
N }
Tt T
Day 12345 48
*% _
300- I i Tamoxifen
—_
-
£ L[]
=
o
£ 200+
3
w
o
Z ®le
=
£ 100-
2
) [
n I o
0

Healthy individual Al patient

(f)

Normal mice

TNF-a

Murine model

Normal mice Murine model

(9)

¥ 200
1501

100+

A
o
r

Relative mRNA level of TN

Healthy individual

Heliyon 10 (2024) e33146

Al patient

Normal mice vs Murine model

aureus i
TNF signaling pathway
ECM-receptor interaction
Phagosome-

phy

and

pocy

Calcium signaling pathway

Yy P!
p53 signaling pathway
Focal adhesion-

Ch i : 1 i

Oxidative phosphorylation-
cGMP-PKG signaling pathway.
Rap1 signaling pathway

Ras signaling pathway

MAPK signaling pathway
Endocytosis

—_—
=3
~—

-

a

(=]
]

100+

a
(=]
r

Serum TNF-a (pg/mL)

[ J
°
o
L count
. ® 40
) @ 60
Y @ 80
° Iog104(pva|ue)
[ ]
Y 3
i 2
[ ]
[ J
[ ]
[ ]
14 16 18 20
Enrichment
*
P

4l

i

o

Normal mice Murine model

Normal mice Murine model

Fig. 1. The TNF signaling pathway was significantly enriched in the skin lesions of AI patients and murine AI models. (a) The top 22
inflammation-related KEGG pathways enriched from transcriptome sequencing in the skin of Al patients versus healthy individuals (GSE148027). n
= 18 Al patients and n = 8 healthy individuals. (b) Skin sections from AI patients and healthy individuals were examined following H&E and TNF-a
staining by IHC. Scale bar = 100 pm for H&E staining, Scale bar = 25 pm for IHC. (c) TNF-«a levels in the serum of Al patients and healthy individuals
were detected using ELISA analysis. Al patients (n = 7) and healthy individuals (n = 7) for panels (b—c). (d) Schematic diagram of murine AI model
construction and representative images of normal mice and murine Al models harvested on day 48 after the initial tamoxifen treatment (20 mg/kg).
(e) The top 18 enriched KEGG pathways identified from genes significantly increased in the skin lesions of murine AI models compared to normal
mice. n = 4 mice per group. (f) Skin sections from normal mice and murine AI models were examined following TNF-a expression level by IHC
analysis. Scale bar = 100 pm. (g-h) TNF-a expression level in the skin or serum of normal mice and murine Al models by qRT-PCR (g) and ELISA
(h). n = 8 mice per group for panels (d, f-h). *P < 0.05, **P < 0.01.
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continuing to incubate in the presence of BAY11-7082 or IFX for an additional 24 h. Following treatment, both cells and their su-
pernatants were collected for subsequent analysis by using qQRT-PCR, Western blot and ELISA.

2.5. Animal studies

All animal experimental procedures were conducted in accordance with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals and were approved by the Animal Ethical Board of Nanjing University (IACUC-2204017). To generate the
keratinocyte-specific Ncstn conditional-knockout (Nestn®®©) mice, we first crossed B6; 129-Nestn™ 84/ 3 mice (Jackson laboratory, Bar
Harbor, ME, USA) with Tg (Krt14-cre/ERT)20Efu (Krt14 CreER) mice to produce Ncstn foe/ *; Krt14 CreER * mice. Then, Ncstn fox/ *;
Krt14 CreER * males were crossed with Nestn /™ females to obtain Ncstn*/%; Krt14 CreER * mice. Age- and sex-matched 6-8-wk-old
mice were randomly assigned to animal studies.

According to our prior research [15], under tamoxifen (20 mg/kg) (Sigma-Aldrich, St. Louis, MO, USA) administration once daily
for 5 consecutive days, murine Al models were acquired. Three weeks later, murine Al models were performed for blocking antibody
experiments. The dosage and injections strategy of IFX in current animal experiments were referenced to previous literatures on
murine models [16,17]. The murine AI models received IFX (5 mg/kg) (MCE, NJ, USA) or isotype control (clone HRPN, BioXCell) once
a week for two weeks by intraperitoneal injection. On day 48th post to the initial injection of tamoxifen, mice were sacrificed and skin
lesions and serum were excised for histopathological analysis and ELISA assay (TNF-a and IL-1p).

2.6. Quantitative real-time polymerase chain reaction (qQRT-PCR) analysis

qRT-PCR was performed in a LightCycler480 II Detection System (Roche, Switzerland) with ChamQ Universal SYBR qPCR Master
Mix (Vazyme Biotech Co.,ltd) to determine gene expression according to the manufacturer’s protocol. f-actin was used as the internal
control for gene expression. The qRT-PCR primers were synthesized by Life Technologies, and the primer sequences were shown in
Supplementary Table 2.

2.7. Western blot

Protein extracts from HaCaT were prepared using RIPA lysis buffer containing a protease inhibitor mixture (Sigma-Aldrich) at a
1:100 dilution, and the protein concentrations were assayed with a BCA protein assay kit (Beyotime, Nantong, China). The proteins
were separated with 8-20 % glycine-SDS-PAGE and transferred to PVDF membranes for further experiments with the indicated an-
tibodies. Normalization was performed by blotting the same membrane with an antibody against p-ACTIN.

2.8. Immunostainings

Sections from paraffin-embedded skin tissues were stained with hematoxylin-eosin (H&E) for histopathological study. Cryo- or
paraffin sections were stained according to standard procedures and images were taken with an Olympus confocal microscope
(FV1000, Olympus, Tokyo, Japan) and an Olympus microscope (BX53, Olympus, Tokyo, Japan). The skin sections were incubated with
corresponding primary and secondary antibodies. For immunofluorescence, cryo-sections were counterstained with nuclear staining
DAPI (Sigma-Aldrich). Skin sections stained with matched isotype controls were used as negative controls.

2.9. Statistical analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway was conducted to determine the significant pathways through DAVID
Bioinformatics Resources (https://david.nciferf.gov/). Moreover, gene set enrichment analysis (GSEA) was used to identify the key
pathways and core genes during the development of Al The results are expressed as standard error of mean (SEM). Data was sta-
tistically analyzed using Prism software (GraphPad Software Inc. La Jolla, CA, USA) and assessed for normality or homogeneity of
variance. Differences between two groups were evaluated using the two-tailed Student’s t-test. A value of P < 0.05 was considered
significant; ns = not significant. Differentially expressed genes (DEGs) were identified by the following criteria: fold change >2 or <
0.5 and P value <0.05.

3. Results
3.1. Aberrant upregulation of TNF-a in the skin lesions of Al patients and murine AI models

Transcriptome sequencing analysis based on the GEO database (data from GSE148027) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis indicated that the TNF signaling pathway was significantly enriched in Al patients (Fig. 1a). In our study,
five Al patients were enrolled, and a clinical diagnosis was established according to AI criteria [18]. Immunohistochemistry (IHC)
staining and ELISA indicated the upregulation of TNF-a levels in the skin lesions and serum of Al patients, respectively (Fig. 1b and c).
Given the embryonic lethality of Ncstn-null mice, we developed a specialized mouse strain featuring keratinocyte-specific Ncstn
knockout to mimic the clinical characteristics of Al, which was subsequently referred to as the murine AI model (Fig. 1d and Fig. S1).
Transcriptome sequencing and KEGG analysis revealed the pivotal role of the TNF signaling pathway in murine Al models versus
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Fig. 2. Infliximab treatment decreased TNF-a and IL-1p expression levels. (a) Schematic diagram of the ex vivo Transwell model. (b) Cluster
analysis of cytokines in the culture supernatant of AI patient lesions via Luminex multifactor detection technology. n = 3 patients. (c) TNF-a
expression levels were detected in the culture supernatant of Al patient lesions treated with IFX (20 pg/mL) or PBS by ELISA. (d) ELISA was applied
to detect IL-1f3 expression levels in the culture supernatant of Al patient lesions treated with IFX (20 pg/mL) or PBS. n = 7 Al patients for panels
(c—d). (e) Correlation analysis of TNF and IL1B levels in the skin of Al patients and healthy individuals (data from GSE154773). n = 22 Al patients
and n = 10 healthy individuals. (f~h) The mRNA and protein levels of IL-1p in the skin or serum of Al patients and healthy individuals by qRT-PCR
(f), ELISA (g), and IHC (h). Scale bar = 100 pm. Al patients (n = 7) and healthy individuals (n = 7) for panels (c-d). (i-k) IL-1p expression level in
the skin or serum of normal mice and murine AI models using QRT-PCR 7 (i), ELISA 7 (j) and IHC analysis (k). Scale bar = 100 pm. n = 8 mice per
group for panels (i-k). *P < 0.05, **P < 0.01.
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normal mice (Fig. 1e). Furthermore, TNF-« levels were elevated in skin lesions and serum of murine AI models when compared to
normal mice (Fig. 1f-h).
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Fig. 3. Infliximab treatment selectively downregulated NLRP3 expression levels. (a) gRT-PCR technology was used to measure the level of
inflammasome sensors in the skin lesions of Al patients compared to healthy individuals. (b) The level of inflammasomes in the skin lesions of Al
patients with IFX (20 pg/mL) or PBS treatment using QRT-PCR. (c) Correlation analysis of TNF and NLRP3 levels in the skin of Al patients and
healthy subjects (data from GSE154773). n = 22 Al patients and n = 10 healthy individuals. (d) NLRP3 staining was performed in the skin of AI
patients and healthy individuals via IF. Scale bar = 100 pm. (e) Immunostainings showed NLRP3 expression levels in the skin lesions of Al patients
treated with IFX (20 pg/mL) or PBS. Scale bar = 100 pm. (f-g) NLRP3 expression level in the skin of normal mice and murine Al models by gqRT-PCR
(f) and immunostainings (g). Al patients (n = 7) and healthy individuals (n = 7) for panels (a-b, d). n = 7 Al patients for panels (b, e). n = 8 mice per
group for panels (f-g). Scale bar = 50 pm *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.2. Infliximab induced downregulation of IL-1/ expression

Al explants were cultured with IFX or PBS for 24 h, after which the culture supernatant was collected for the quantification of
cytokines (Fig. 2a). The heatmap exhibited a comprehensive profiling of 27 cytokines in the culture supernatant of Al explants with IFX
or PBS treatment by Luminex multifactor detection technology (Fig. 2b). Notably, the results from ELISA for TNF-a and IL-1§
corroborated the trends after IFX treatment observed through Luminex analysis (Fig. 2c and d). Furthermore, through an analysis of
data from GSE154773, we substantiated a positive correlation between the expression of TNF and IL1B (R = 0.7, P < 0.05) (Fig. 2e).
Elevated mRNA and protein levels of IL-1§ were detected within the lesional skin and serum of both Al patients (Fig. 2f-h) and the
murine Al models (Fig. 2i-k).

3.3. Infliximab downregulated IL-1f expression by inhibiting NLRP3

Inflammasomes control the bioactivity of the IL-1 family. Subsequently, the expression of inflammasome sensors (NLRP1, NLRP3,
NLRC4, and AIM2) was investigated. The mRNA levels of NLRP1 and NLRP3 exhibited significant upregulation in Al lesions, and IFX
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Fig. 4. TNF-a promoted NLRP3-IL-1§ pathways by activating NF-kB signaling pathways in keratinocytes. (a) The level of inflammasomes
and IL-1p expression in HaCaT cells with or without TNF-« (20 ng/mL) treatment using qRT-PCR. n = 3 biologically independent samples. (b)
Western blot was performed to semiquantify NLRP3 and IL-1p expression in HaCaT cells with or without TNF-a (20 ng/mL) treatment, and the
grayscale analysis of NLRP3 and IL-1f was normalized to the unstimulated group. (c) GSEA plot showing the enrichment of genes upregulated in the
NF-xB signaling pathway and cytokine-cytokine receptor interaction. (d) P-IxB and IkB expression in HaCaT cells with or without TNF-a (20 ng/mL)
treatment by Western blot, and the gray levels of P-IxB and IkB expression were normalized to those in the unstimulated group. (e) HaCaT cells were
pre-treated with 10 pM BAY11-7082 for 1 h and TNF-« (20 ng/mL) was added into the media containing BAY11-7082 for another 24 h. NLRP3 and
IL-1p expression was determined by Western blot. The grayscale analysis of NLRP3 and IL-1p expression was normalized to the unstimulated group.
(f) HaCaT cells were incubated with 20 pg/mL IFX for 1 h and TNF-a (20 ng/mL) was added into the media containing IFX for another 24 h. P-IkB,
IxB, NLRP3 and IL-1f expression was determined by Western blot. The grayscale analysis of p-IkB, IkB, NLRP3 and IL-1p expression was normalized
to the unstimulated group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Fig. 5. Infliximab treatment reduced TNF-a, IL-1f and NLRP3 expression levels in murine AI models. (a) Schematic diagram of murine AI
models with or without IFX (5 mg/kg) treatment. (b) Gross appearance of skin lesions in murine Al models with or without IFX (5 mg/kg) treatment.
(c) H&E staining of skin sections from normal mice, lesional skin of murine AI models, and lesional skin of murine AI models with IFX (5 mg/kg)
therapy. Scale bar = 100 pm. (d) Representative images showing the protein levels of TNF-a and IL-1p in the skin of normal mice, murine Al models,
and murine AI models with IFX (5 mg/kg) therapy via IHC analysis. Scale bar = 100 pm. (e) NLRP3 expression level in the skin of normal mice and
Turine Al models treated with IFX (5 mg/kg) or IgG by immunostainings. Scale bar = 50 pm. n = 8 mice per group for panels (a-e).

treatment reduced the levels of these two genes in ex vivo skin explants from Al patients (Fig. 3a and b). A positive association between
TNF and NLRP3 levels (R = 0.45, P < 0.05) (Fig. 3c) was analyzed, whereas no such relationship was observed between TNF and NLRP1
(R =0.34, P > 0.05) (data from GSE154773) (Fig. S2). Therefore, we focused on the function of NLRP3. Similar to the mRNA results,
the NLRP3 protein level was upregulated in Al patients and decreased in ex vivo skin explants of Al patients following IFX treatment
(Fig. 3d and e). Moreover, an analogous elevation of NLRP3 expression was observed in skin lesions of the murine Al models compared
to normal mice (Fig. 3f and g). These findings suggested that TNF was positively correlated with NLRP3 and that IFX could suppress the
expression of NLRP3 in Al patient explants.

3.4. Infliximab decreased NLRP3 and IL-1f levels by inhibiting NF-kB pathways in keratinocytes

Based on our results that anti-TNF-a treatment lowered the expression of NLRP3 and IL-1f, we performed a more comprehensive
mechanistic study using HaCaT cells. The exposure of HaCaT cells to TNF-a only induced a substantial increase in NLRP3 expression
rather than other inflammasomes, and the IL1B level was also enhanced (Fig. 4a). Moreover, Western blot and ELISA indicated that
TNF-a stimulation also led to the upregulation of NLRP3 and IL-1f protein levels (Fig. 4b and Fig. S3a). This result indicated that TNF-o
administration concurrently promoted the transcription and subsequent mature expression of IL-1f. Furthermore, GSEA from our
sequencing data displayed a notable enrichment of genes correlated with the NF-kB signaling pathway and cytokine-cytokine receptor
interaction in the skin of patients with Al in the leading-edge subset (Fig. 4c). When HaCaT cells were exposed to TNF-a, the phos-
phorylation level of IkB was increased (Fig. 4d). In addition, NF-kB inhibitor (Bay 11-7082) treatment reduced the levels of NLRP3 and
IL-1p after TNF-o stimulation (Fig. 4e and Fig. S3b), implying that TNF-a promoted IL-18 and NLRP3 expression by activating the NF-
kB signaling pathway. To evaluate the effect of IFX on attenuating NF-kB and its downstream NLRP3/IL-1p pathways, HaCaT cells were
pretreated with IFX and then stimulated with TNF-a. The results demonstrated that IFX abrogated TNF-dependent upregulation of p-
IkB, NLRP3, and IL-1f (Fig. 4f and Fig. S3c).

3.5. Infliximab alleviated the symptoms of murine AI models and downregulated NLRP3 and IL-1f expression

To evaluate the therapeutic effect of IFX in murine AI models, IFX was applied to mice twice after tamoxifen treatment (Fig. 5a).
There was obvious improvement in the morphology of skin in murine AI models after IFX treatment (Fig. 5b). The curative effects of
IFX were further confirmed by H&E staining, as indicated by decreased acanthosis and epidermal thickness (Fig. 5¢). IHC and im-
munostaining results indicated that IFX could downregulate TNF-a, NLRP3 and IL-1p levels in the skin of murine Al models (Fig. 5d and
e). Results in Figs. S4a-b indicated that serum levels of TNF-« and IL-1p were also downregulated in the murine AI models following
IFX treatment. These data suggested that IFX application could alleviate AI symptoms by downregulating the NLRP3-IL-1p axis.

4. Discussion

The results obtained in our study indicated that both TNF-a and the NLRP3 inflammasome-related pathway were significantly
enriched in the skin lesions of Al patients and murine Al models. Moreover, NLRP3 expression was normalized and IL-1f secretion was
dramatically downregulated in Al patients explants after IFX therapy. These results were consistent with those of murine AI models.
Mechanistically, IFX reduced the expression of NLRP3 and IL-1f by suppressing the NF-xB signaling pathway in keratinocytes.

TNF-a plays essential proinflammatory roles in the skin, and is produced by immune cells and keratinocytes [19]. Our clinico-
pathological examination indicated increased expression of TNF-a in Al skin lesions compared with heathy controls. In line with our
investigation, previous studies reported that the serum expression level of TNF-a was increased in Al patients [20]. Indeed, GEO data
analysis also confirmed that the TNF signaling pathway was enriched in patients with AL Furthermore, we observed enhanced TNF-a
levels in the skin lesions of our murine Al models. This rationale also underpinned our subsequent use of Ncstn conditional-knockout
mice for in vivo investigations into the therapeutic mechanisms of IFX. Lowe et al. showed that TNF-a is a highly increased cytokine and
that TNF-a-regulated molecules (IFNG, IL1B, and OSM) are also enriched in Al lesional skin using Ingenuity Pathway Analysis [21].
These results suggested TNF-a as a central hub in the pathogenesis of Al

Thus far, targeted biologics, especially TNF-a inhibitors, have become a promising approach for AI [22]. IFX can neutralize both
transmembrane receptor-bound and soluble TNF-a and deactivate its proinflammatory effect [23]. The symptoms of murine Al models
were remarkably improved with IFX treatment by pathological examination. IL-1p is a highly prominent cytokine in Al lesional skin
and is overexpressed even compared with psoriatic lesions [20]. IL-1p-induced transcriptomes in various cell types showed excessive
upregulation of molecules causing immune cell infiltration and extracellular matrix degradation [24]. Furthermore, IL-1 was the most
significantly reduced after IFX therapy in Al lesion skin using a different multiplex-based cytokine array, consistent with relevant
reports by van der Zee [25]. Given the extensive and vital function of IL-1p, a first case report documented significant clinical
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improvement by an anti-IL-1p antibody (canakinumab) [26]. Collectively, the evidence above suggests that IFX treatment may
effectively mitigate the clinical symptoms of AI by decreasing IL-1p expression. In addition, Lowe et al. reported that ADA treatment
primarily attenuates B cell activation with minimal effects on the IL-1 signaling pathway [21]. Clinically, approximately half of treated
patients fail to respond to ADA therapy. IL-1f expression tended to be elevated in nonresponders to ADA [21]; this may explain why
IFX is more effective than ADA.

Biologically activated IL-1p is produced by the cleavage of pro-IL-1p, which is regulated by the inflammasome complex [27]. Our
group and others have reported that the NLRP3 inflammasome is elevated in Al skin lesions [24,28]. In fact, IFX therapy may exert its
therapeutic effects in Al patients and murine Al models in part by reducing the expression of NLRP3 and IL-1f in skin lesions, sug-
gesting a tight relationship between inflammasome-related pathways and TNF-a. Similar to our results in Al, in psoriasis, ADA induced
a remarkable decrease in NLRP3 and IL-1p [29]. Some research groups have shown that TNF-a or miR-155 can activate the NLRP3
inflammasome to induce psoriasis-related inflammatory responses [29,30]. In acne, the mechanism of NLRP3 activation depends on
cellular K™ efflux and reactive oxygen species (ROS) [31]. To date, only one study has sought to investigate the cause of the increase in
the NLRP3 inflammasome in AI. They reported that altered mRNA levels of multimeric NADPH oxidase (NOX) enzymes, which
generate endogenous ROS, seem irrelevant to epidermis NLRP3 inflammasome activity in patients with AI [28]. It has been reported
that NF-xB is an important transcription factor regulated by TNF-a [32]. The suppression of NF-kB viability could downregulate NLRP3
inflammasome expression in mouse mesangial cell strains [33]. In this study, TNF-a treatment induced NLPR3 inflammasome acti-
vation and increased IL-1p secretion, and one NF-kB inhibitor (Bay 11-7082) counteracted this effect, suggesting TNF-a-dependent
NF-kB activation of the NLPR3 inflammasome in patients with Al

There are still some limitations to our study. First, in addition to NLRP3, NLRP1 levels were also increased in Al skin tissue.
However, TNF-a treatment of HaCaT cells did not induce NLRP1 expression, which might be due to the lack of a more suitable cell
model. Second, many other cytokines that were reduced in Al skin explants after IFX treatment deserve further study. Despite these
limitations, our report provides insights into the underlying mechanism of IFX treatment in the management of Al It would be of
interest to determine the benefit of therapeutic targeting of downstream targets such as the NLRP3 inflammasome relative to anti-TNF-
a to help restore keratinocyte function in patients with Al

5. Conclusion

Here, IFX was applied to keratinocytes, ex-vivo human Al skin explants and murine Al models. We found that both TNF-a and
NLRP3 inflammasome-related pathways were enriched in skin lesions of Al patients and murine Al models. After IFX treatment, NLRP3
inflammasome-related pathway was effectively blocked and IL-1p level was normalized in ex-vivo Al skin explants and murine Al
models. Mechanically, IFX suppressed NF-kB signaling pathway to lower the expression of NLRP3 and IL-1p in keratinocytes. These
findings contribute to understand the action mechanism of IFX therapy.
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