
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Thiago Almeida Pereira,
Stanford University, United States

REVIEWED BY

Keigo Nishida,
Suzuka University of Medical Science, Japan
Xiu Teng,
Sichuan University, China

*CORRESPONDENCE

Zhen Gao

shgaozhen@126.com

XiaoLi Wu

wuxiaoli528@126.com

†These authors have contributed
equally to this work and share
first authorship

RECEIVED 21 October 2024
ACCEPTED 14 March 2025

PUBLISHED 31 March 2025

CITATION

Chen Z, Yang Y, Wang X, Xia L, Wang W,
Wu X and Gao Z (2025) Keloids and
inflammation: the crucial role
of IL-33 in epidermal changes.
Front. Immunol. 16:1514618.
doi: 10.3389/fimmu.2025.1514618

COPYRIGHT

© 2025 Chen, Yang, Wang, Xia, Wang, Wu and
Gao. 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 31 March 2025

DOI 10.3389/fimmu.2025.1514618
Keloids and inflammation:
the crucial role of IL-33 in
epidermal changes
ZongAn Chen †, YaTing Yang †, XiuXia Wang †, LingLing Xia,
WenBo Wang, XiaoLi Wu* and Zhen Gao*

Department of Plastic and Reconstructive Surgery, Shanghai Ninth People’s Hospital, Shanghai Jiao
Tong University School of Medicine, Shanghai, China
Introduction: Keloids are benign fibroproliferative disorders characterized by

excessive collagen deposition and inflammation that extend beyond the original

wound boundaries. IL-33 is an alarmin cytokine released upon cellular damage or

stress. Dysregulation of IL-33 in epidermal keratinocytes compromises the skin

barrier and triggers chronic inflammation.

Method: In this study, we first noticed an increased expression of IL-33 in the

keratinocytes of keloid epidermis through histological staining. Then, an

increased expression of IL-33 receptor (ST2) in the lymphocytes infiltrating the

superficial dermis of keloid scars were identified through histological staining and

flow cytometry analysis. The IFN-g-IL-33 loop between lymphocytes and

keratinocytes were further revealed by flow cytometry and Western blotting

analysis. The abnormal keratinocyte differentiation in epiderm is mediated by

IFN-g-IL-33 loop were confirmed by in vitro studies in HaCaT cells via Western

blotting analysis and immunofluorescence staining. Finally, the IFN-g-IL-33 loop

were also verified in cocultured peripheral blood mononuclear cells and HaCaT

through ELISA analysis.

Results:Our results demonstrate that IL-33 levels are significantly elevated in the

epidermis of keloid tissues, where it functions as an alarmin, promoting a chronic

inflammatory response. We further reveal a feedback loop between IL-33 and

interferon-gamma (IFN-g), whereby IL-33 induces IFN-g production in

lymphocytes, which in turn stimulates keratinocytes to produce more IL-33.

This loop contributes to impaired keratinocyte differentiation and skin barrier

dysfunction, exacerbating the inflammatory environment.

Discussion: By elucidating the role of the IL-33/ST2 axis in keloid formation, this

research provides valuable insights into potential therapeutic targets for

managing this challenging condition.
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GRAPHICAL ABSTRACT

The IL-33/ST2 axis between keloid keratinocytes and T cells.
1 Introduction

Keloids are benign fibroproliferative disorders that initially

manifest as inflammatory nodules and eventually extend beyond

the original wound boundaries. These lesions are often associated

with symptoms such as itching and pain. The pathogenesis of keloids

is complex, involving a combination of inflammation, mechanical

tension, and genetic susceptibility (1–4). Inflammatory responses are

a hallmark of keloid disease, characterized by the infiltration of

immune cells, including macrophages, T cells, and mast cells, into

the affected tissue (5). These immune cells release various pro-

inflammatory cytokines and growth factors, such as IL-1, IL-6,

TNF-a, and TGF-b, which drive the chronic inflammatory

environment and promote excessive collagen deposition (6, 7).

IL-33 is a member of the IL-1 cytokine family and functions as an

alarmin, released upon cellular damage or stress. It is predominantly

expressed in epithelial and endothelial cells, where it plays a pivotal role

in initiating and amplifying inflammatory responses (8, 9). Its receptor,

Suppression of Tumorigenicity 2 (ST2), is expressed on various

immune cells, including Th2 cells, mast cells, and macrophages,

leading to the release of additional pro-inflammatory cytokines such

as IL-1, IL-6, and TNF-a (10). Recent studies have highlighted the

critical role of IL-33 in the progression of skin inflammation and
Frontiers in Immunology 02
fibrosis (11, 12). Dysregulation of IL-33 in epidermal keratinocytes

compromises the skin barrier and triggers chronic inflammation (13,

14). This aligns with observations of epidermal abnormalities and

infiltration of inflammatory cells in keloids (5, 15).

In this study, we identified that IL-33 expression is markedly

elevated in the epidermis of keloids, with keratinocytes being the

major source of IL-33. Additionally, ST2 expression was increased

on the infiltrating inflammatory cells in keloid tissue. Furthermore,

we discovered an IFN-g-IL-33 loop between lymphocytes and

keratinocytes that amplifies inflammatory responses and impairs

keratinocyte differentiation. Elucidating the role of IL-33 in keloids

provides novel insights into keloid formation and progression, as

well as potential therapeutic targets.
2 Method

2.1 Patients and specimen collection

All human specimens were collected during plastic surgery at

Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University

School of Medicine. Patients with keloid scars met the following

criteria: (i) a diagnosis confirmed by at least three clinicians, (ii) the
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keloid scar had persisted for over one year, and (iii) no steroid

treatment had been administered within the past year. Patients with

mature scars were excluded if they had skin diseases, such as

psoriasis or atopic dermatitis, or other immunopathologies.

This study was approved by the Clinical Research Ethics Board

of Shanghai Ninth People’s Hospital, and written informed consent

was obtained from all participants. The clinical characteristics of the

volunteers are detailed in Supplementary Table 1.
2.2 Chemical reagents

IFN-g (#300-02) and IL-33 (#200-33) were purchased from

PeproTech, Inc. (U.S.A). Itacitinib (INCB39110), Fedratinib

(TG101348), and Tofacitinib (S2789) were obtained from Selleck

Chemicals (China). Plasmids containing shRNA targeting of IL-33

were purchased from GenePharma (Shanghai, China).
2.3 Sample preparation

Both blood and tissue samples were processed within 4 hours of

collection. Human peripheral blood mononuclear cells (PBMCs)

were prepared using Ficoll-Hypaque gradient centrifugation,

following the manufacturer’s instructions. Fresh PBMCs were

incubated overnight with the patients’ serum in a 5% CO2

incubator before treatment.

Skin samples were stored at 4°C in 50-mL sterile tubes

containing phosphate-buffered saline (PBS) immediately after

excision. To isolate lymphocytes from keloid scars, the keloid

t i s sues were t rea ted wi th co l lagenase NB4 (SERVA

Electrophoresis, Heidelberg, Germany) dissolved in Dulbecco’s

Modified Eagle’s Medium (DMEM, HyClone, Logan, UT, USA,

0.25% v/v) overnight a 37°C in a 5% CO2 incubator. After digestion,

cells were harvested by sequential filtration through 100-mm and

40-mm strainers. The cells were then centrifuged and washed twice

in PBS containing 2% fetal bovine serum (FBS) (Gibco-Invitrogen

Corp., Grand Island, NY, USA) before further treatment.
2.4 Cell culture and plasmid transfection

HaCaT cells were purchased from the National Collection of

Authenticated Cell Cultures (China) and cultured in DMEM

supplemented with 10% FBS and 1% penicillin/streptomycin

(Gibco). PBMCs collected from keloid patients were cultured in

Roswell Park Memorial Institute (RPMI) 1640 medium with 10%

FBS and 1% penicillin/streptomycin.

Short hairpin RNA (shRNA) was used to knock down IL-33 in

HaCaT cells. After 48 hours of transfection with Lipofectamine™

3000 (2 mL/mg DNA), following the manufacturer’s instructions, the

cells were harvested and screened with neomycin for one week

before further experimentation.
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2.5 Immunohistochemical and
Immunofluorescence

To prepare specimens for staining, skin samples were fixed in 4%

paraformaldehyde at 4°C overnight. The specimens were then

embedded in paraffin and sectioned into 5-mm-thick slices. The

staining process was performed as previously described (16). Briefly,

deparaffinized sections underwent heat-mediated antigen retrieval.

Sections of keloid and mature scars were incubated with the primary

antibodies, followed by the appropriate conjugated secondary antibodies,

as listed in Supplementary Table 2. For IHC, 3,3’-diaminobenzidine

(DAB, G1211, Servicebio, Wuhan, China) was used as a chromogen to

visualize the bound antibodies, and the slides were counterstained with

hematoxylin. Cell count was conducted using ImageJ 1.53c software

(NIH, U.S.A.) in five randomly selected fields (20×magnification) under

a microscope for semi-quantification.

HaCaT cells were treated with or without Itacitinib (1.0 nM)

and shRNA in the presence of 50 ng/mL IFN-g for 48 hours before
immunofluorescence (IF) staining. The antibodies used in this

study are listed in Supplementary Table 2.
2.6 Flow cytometry analysis

Flow cytometry analysis was performed as previously

described (17).Briefly, PBMCs were resuspended in Flow

Cytometry Staining Buffer (BD Biosciences) and adjusted to a

concentration of 2 × 107 cells/mL. Fifty microliters of the cell

suspension were incubated with 50 mL of antibody cocktail for at

least 60 minutes at 2–8°C. The cells were then washed and

resuspended in buffer for flow cytometry analysis.

For the detection of intracellular cytokine production, PBMCs

were stimulated with 100 ng/mL IL-33 for 24 hours prior to flow

cytometry analysis. The intracellular cytokine staining procedure

was similar to that for the surface markers, where cells were

incubated with primary antibodies in staining buffer (eBioscience),

followed by fixation and permeabilization for intracellular and

intranuclear staining.

Data were acquired using an LSRFortessa flow cytometer (BD

Biosciences, U.S.A.) and analyzed with FlowJo software (Tree Star

Inc., U.S.A.). The antibodies used in this study are listed in

Supplementary Table 3, and the gating strategies are shown in

Supplementary Figure 1.
2.7 Western blotting analysis

HaCaT cells were treated with or without IFN-g (0, 5, 10, 15, 50,
and 100 ng/mL), Itacitinib (1.0 nM), Fedratinib (1.0 nM), and

Tofacitinib (0.5 nM) for 48 hours before Western blot (WB) analysis.

Protein was extracted and quantified as previously described (16). The

antibodies used in this study are listed in Supplementary Table 2.

Immunoreactive bands were detected using chemiluminescence

reagents, and standardized integrated density of bands was quantified

using ImageJ 1.53c software (NIH, U.S.A.) for triplicate samples.
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2.8 ELISA analysis

A transwell system was used for cell co-culture, with 0.2 × 106

HaCaT cells and 0.5 × 106 PBMCs seeded in each well of a 24-well

plate. HaCaT cells were pretreated with 50 ng/mL IFN-g for 24

hours before being co-cultured with untreated PBMCs. Similarly,

PBMCs were pretreated with 100 ng/mL IL-33 for 24 hours before

being co-cultured with untreated HaCaT cells. After 48 hours of co-

culture, the released IL-33 (EK133-A13340321) and IFN-g (EK180-
A18040624) proteins were measured using ELISA kits (Multi

Sciences (Lianke) Biotech Co., Ltd, China) according to the

manufacturer’s instructions, with absorbance measured at a

wavelength of 450 nm. All assays were performed in triplicate.
2.9 Statistical analysis

Statistical significance was determined using GraphPad Prism

10 software (GraphPad Software, USA). A Student’s t-test was used

and differences were deemed significant when P < 0.05.
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3 Result

3.1 Increased expression of IL-33 in the
keratinocytes of keloid epidermis

Chronic skin inflammation is a key pathological feature of keloid

formation and progression. In this study, we investigated the

distribution patterns and characteristics of epithelial-derived alarmins

(IL-25, IL-33, and TSLP) in keloid lesions using IHC staining.

Figures 1A, B show that IL-33 expression was significantly

upregulated in both the peripheral (P-Lesion) and interior (I-Lesion)

regions of keloid lesions, as well as in non-lesioned (N-Lesion) skin

from keloid patients, compared to mature scars. However, IL-33

enrichment was not observed in the dermis of keloid scars,

surrounding normal skin, or mature scars (Figures 1A, C). IL-25 and

TSLP expression did not show significant differences in mature scars or

various keloid regions (Supplementary Figure 2). The WB results also

revealed an elevated level of both cleaved IL-33 and full-length IL-33 in

keloid tissues compared to mature scars (Supplementary Figure 3). IF

staining further revealed that IL-33 (white) was localized in K14+

(green) and K10+ (red) keratinocytes (Figure 1D).
FIGURE 1

Increased expression of IL-33 in the epidermis of keloid scar. (A) IHC analysis of IL-33 in the epidermis and dermis of mature scars and various
regions of keloid scars, including the peripheral (P-Lesion), interior (I-Lesion), and non-lesioned (N-Lesion) skin. (B) Quantitative analysis of IL-33+
cells in the epidermis of mature scars and different keloid scar regions. (C) Quantitative analysis of IL-33+ cells in the dermis of mature scars and
various keloid scar regions. (D) IF analysis demonstrating the colocalization of IL-33(white) with K14+ (green) and K10+ (red) keratinocytes (IL-33 is
shown in white). *Statistical significance is indicated as P < 0.05 compared to the mature scar group.
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3.2 Increased expression of IL-33 receptor
(ST2) in the lymphocytes infiltrating the
superficial dermis of keloid scars

We analyzed ST2 expression in keloid and mature scars using IHC

staining. As shown in Figure 2A; Supplementary Figure 4, ST2

expression was significantly increased in the superficial dermis of

keloid scars compared to mature scars. However, ST2 expression in

the dermis and epidermis did not differ significantly across scar types

(Supplementary Figure 4). Flow cytometric analysis of ST2-positive

cells from keloid tissue revealed that CD45+ lymphocytes and CD45

+Lin- myelocytes were the primary ST2-expressing cells, with positive

rates of 14.1 ± 6.6% and 6.6 ± 3.5%, respectively (Figure 2B). Among

CD45+ST2+ lymphocytes, 44.9 ± 12.8% were CD19-CD3+CD4+ T

cells, 25.8 ± 10.5% were CD19-CD3+CD8+ T cells, 6.8 ± 3% were

CD19+CD56+ NK cells, and 2.3 ± 2.4% were CD19+ B cells (Table 1).
Frontiers in Immunology 05
These findings indicate that increased ST2 expression in the superficial

dermis of keloid scars is primarily associated with lymphocytes,

particularly CD4+ T cells.
3.3 The IFN-g-IL-33 loop between
lymphocytes and keratinocytes

IL-33 significantly increased IFN-g expression in CD4+ (from

5.78% to 7.33%) and CD8+ (from 14.4% to 25.1%) PBMCs

(Figure 3A), while IL-4 and IL-17 expression remained unchanged

(Supplementary Figure 5). This suggests that IL-33 secreted by

keratinocytes induces IFN-g production in lymphocytes.

Conversely, treating HaCaT cells with IFN-g promoted IL-33

production, with maximum effects at 50 ng/mL (Supplementary

Figure 6A), forming an IFN-g-IL-33 feedback loop.
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FIGURE 2

Increased expression of IL-33 receptor (ST2) in the lymphocytes infiltrating the superficial dermis of keloid scars. (A) IHC analysis of ST2 expression in the
epidermis and dermis of mature scars and various regions of keloid scars, including the peripheral (P-Lesion), interior (I-Lesion), and non-lesioned
(N-Lesion) skin. (B) Flow cytometric analysis of ST2+ skin cells isolated from keloid tissue. *** Statistical significance is indicated as P < 0.001.
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IFN-g plays a crucial role in immune responses by activating

JAK/STAT pathway (18). Western blot (WB) analysis showed that

IFN-g treatment (50 ng/mL for 48 hours) significantly increased IL-

33, pJAK1, and pSTAT1 levels, without affecting JAK1 or STAT1

(Figure 3C). Treatment with the JAK1 inhibitor Itacitinib reduced

pJAK1 and IL-33 levels under IFN-g stimulation, confirming JAK1/

STAT1 pathway involvement. Further studies showed that IFN-g-
induced JAK1/STAT1 activation began within 5 minutes and

persisted for over 120 minutes (Figure 3B).

We also observed increased pJAK2 levels 30 minutes post-IFN-g
treatment (Supplementary Figure 6B), but JAK2 and JAK3

inhibitors (Fedratinib and Tofacitinib) did not affect the JAK1/

STAT1 pathway or IL-33 levels (Figure 3B). These findings confirm

that the IFN-g-IL-33 loop operates through the JAK1/

STAT1 pathway.
3.4 IFN-g-IL-33 loop mediated abnormal
keratinocyte differentiation in epidermis

IL-33 disrupts keratinocyte differentiation, impairing the skin

barrier and promoting chronic inflammation (19, 20). HaCaT cells

treated with 5 to 100 ng/mL IFN-g showed reduced Filaggrin and

Involucrin expression alongside increased IL-33 production

(Figures 4A; Supplementary Figure 6A). IL-33 knockdown via

shRNA restored Filaggrin, Involucrin, and Keratin 1 levels and

suppressed JAK1/STAT1 activation in the presence of 50 ng/mL

IFN-g (Figure 4B; Supplementary Figure 6C). Similarly,

immunofluorescence analysis revealed that Itacitinib or IL-33

shRNA treatment restored keratinocyte marker expression in
Frontiers in Immunology 06
IFN-g-treated cells (Figure 4C). These results indicate that IL-33

enrichment from the IFN-g-IL-33 loop mediates keratinocyte

differentiation defects in the epidermis.
3.5 In vitro verification of the IFN-g-IL-33
loop in cocultured peripheral blood
mononuclear cells and HaCaT

Lymphocytes residing in the skin originate from circulating

PBMCs and communicate with local cells via cytokines and

chemokines to maintain skin homeostasis and regulate skin

inflammation (21). To verify the IFN-g-IL-33 loop in vitro,

PBMCs from keloid patients were co-cultured with HaCaT cells.

IL-33 levels remained unchanged when HaCaT cells were cultured

alone or co-cultured with unstimulated PBMCs (Figure 5A).

However, co-culture with PBMCs pretreated with IL-33

significantly increased IL-33 levels, and co-culture with HaCaT

cells pretreated with IFN-g elevated IFN-g levels in the media

(Figure 5B). These findings demonstrate that the IFN-g-IL-33
loop between PBMCs and keratinocytes enhances IFN-g
production in lymphocytes and IL-33 infiltration in the

epidermis, contributing to IL-33 accumulation and compromised

skin barrier function in keloid skin.
4 Discussion

Inflammation in the dermis has traditionally been the focus of

keloid research. However, accumulating evidence suggests that
TABLE 1 Subsets of ST2+ lymphocytes among CD45+ cells in keloid.

Sample ID
ST2+ ST2+ Subsets of ST2+ lymphocytes(%CD45+ST2+)

% Myelocyte %Lymphocyte CD3+ T CD4+ T CD8+ T NK CD19+ B

K1 9.5% 23.5% 58.8% 25.8% 21.3% 14.9% 5.6%

K2 10.3% 14.3% 69.4% 41.8% 17.6% 4.7% 8.5%

K3 8.5% 20.1% 77.7% 39.9% 26.0% 6.1% 0.6%

K4 4.1% 9.4% 78.5% 55.0% 18.0% 6.1% 1.4%

K5 8.9% 21.0% 84.0% 51.6% 23.5% 4.7% 0.8%

K6 3.2% 8.4% 73.4% 47.9% 17.7% 9.8% 1.9%

K7 2.9% 6.8% 71.0% 21.2% 38.7% 7.0% 3.0%

K8 2.6% 4.3% 87.5% 31.0% 52.0% 3.0% 0.0%

K9 6.3% 6.3% 79.1% 47.1% 24.6% 6.2% 2.3%

K10 13.9% 20.7% 83.0% 53.5% 21.7% 8.4% 0.3%

K11 7.4% 16.5% 87.1% 67.3% 13.4% 5.1% 3.2%

K12 3.1% 12.2% 87.5% 47.2% 34.1% 5.2% 0.7%

K13 4.7% 19.9% 83.4% 54.0% 26.2% 6.7% 1.1%

Mean 6.6% 14.1% 78.5% 44.9% 25.8% 6.8% 2.3%

SD 3.5% 6.6% 8.5% 12.8% 10.5% 3.0% 2.4%
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abnormalities in the epidermis also play a critical role in skin

inflammation. IL-33, primarily stored in the nuclei of endothelial

and epithelial cells, is rapidly released upon cellular damage or

stress (22). Its receptor, ST2, is expressed by various immune cells
Frontiers in Immunology 07
involved in both innate immunity (e.g., mast cells and

macrophages) and adaptive immunity (e.g., CD4+ and CD8+ T

cells) (23, 24). The IL-33/ST2 axis is widely recognized for its role in

immunity and tissue homeostasis, promoting wound healing and
FIGURE 3

The IFN-g-IL-33 loop between lymphocytes and keratinocytes. (A) Flow cytometric analysis of IFN-g+ PBMCs pretreated with 100 ng/mL IL-33 for 24 hours.
**Statistical significance is indicated as P < 0.01. (B) Western blot analysis and quantification of IL-33, pJAK1, and JAK1 levels in HaCaT cells treated with or
without JAK inhibitors (Itacitinib [1 nM], Fedratinib [1 nM], and Tofacitinib [0.5 nM]) in the presence of 50 ng/mL IFN-g for 48 hours. (C) Western blot analysis
and quantification of pJAK1, JAK1, pSTAT1, and STAT1 levels in keratinocytes treated with 50 ng/mL IFN-g for various durations. Statistical significance is
indicated as follows: * P < 0.05 compared to cells treated without IFN-g or inhibitors, # P < 0.05 compared to cells treated with IFN-g alone.
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FIGURE 4

Discouraged keratinocyte differentiation mediated by the IFN-g-IL-33 loop. (A) Western blot analysis of Filaggrin, Involucrin, and Keratin 1 levels in
HaCaT cells treated with varying concentrations of IFN-g (0, 5, 10, 20, 50, and 100 ng/mL) for 48 hours. (B) Western blot analysis of IL-33, Filaggrin,
Involucrin, and Keratin 1 levels in HaCaT cells treated with or without shRNA1, shRNA2, shRNA3, and shRNA4 in the presence of 50 ng/mL IFN-g for
48 hours. (C) Immunofluorescence staining of Filaggrin, Involucrin, Keratin 1, and IL-33 in HaCaT cells treated with or without Itacitinib (1 nM) or IL-
33 shRNA in the presence of 50 ng/mL IFN-g for 48 hours. NC refers to the negative control. Statistical significance is indicated as follows: * P <
0.05 compared to cells treated without IFN-g or inhibitors, # P < 0.05 compared to cells treated with IFN-g alone.
Frontiers in Immunology frontiersin.org08
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tissue repair (25). In this study, we identified excessive expression of

IL-33 in keratinocytes and ST2 in lymphocytes within keloid scars.

Given that increases in IL-33 are frequently observed during

inflammatory processes, our findings confirm that the epidermis

is also inflamed and damaged during keloid progression (26, 27).

IFN-g, primarily produced by Th1 cells, serves as a key factor in

activating macrophages, enhancing bactericidal activity, and

promoting the differentiation of Th1 cells. IL-33, belonging to the

IL-1 family, functions as an alarmin involved in inflammation and

immune responses, particularly playing a significant role in Th2-

type immune responses. Studies have shown that the regulatory

effect of IFN-g on IL-33 is cell-type dependent. In lung fibroblasts,

IFN-g induces the expression of LMP2 (latent membrane protein 2)

proteasome through activation of the STAT1 signaling pathway,

leading to the degradation of IL-33 protein and significantly

downregulating IL-33 mRNA expression (28). However, in skin

keratinocytes, IFN-g promotes the expression of IL-33 mRNA and

protein by activating signaling pathways including ERK, p38,

EGFR, and JAK in a dose- and time-dependent way (29).

Previously, we reported increased T lymphocyte infiltration in

keloid tissues (17). Here, we demonstrated that the enhancement

of the IL-33/ST2 axis in keloid scars results from an IFN-g-IL-33
feedback loop between keratinocytes and lymphocytes. Specifically,

IL-33 stimulates lymphocytes to produce excess IFN-g ,
which, in turn, induces keratinocytes to overexpress IL-33 via

the JAK1/STAT1 signaling pathway (30). This reciprocal

interaction between the epidermis and immune cells contributes

to the establishment and maintenance of the inflammatory

microenvironment in keloid skin.

Beyond its role in regulating immune responses, IL-33 also

affects the integrity of the skin barrier. Keratinocytes, as the primary

component of the epidermis, play a pivotal role in maintaining skin
Frontiers in Immunology 09
structure and function. Although the functional state of the keloid

epidermis remains debated, abnormalities such as increased

epidermal thickness and altered keratin expression are well-

documented (15). IL-33 influences keratinocyte proliferation and

differentiation, affecting the production of key structural proteins,

including filaggrin, involucrin, and keratin 1 (25). Filaggrin and

involucrin contribute to the formation of the cornified cell envelope,

which protects the skin from external microorganisms and prevents

water loss (31). Keratin 1 is essential for safeguarding the skin from

physical and chemical damage (32). Our study revealed that the

IFN-g-IL-33 loop leads to IL-33 accumulation in the epidermis,

impairing the production of these proteins. This disruption

compromises the skin barrier, increasing its susceptibility to

external inflammatory stimuli.

We propose that epidermal IL-33 levels in keloid patients could

serve as a biomarker to assess keloid severity and guide clinical

decisions. Additionally, targeting the IL-33/ST2 axis offers a

promising therapeutic approach for inflammatory diseases.

Recent studies suggest that inhibiting ILC2s through the IL-33/

ST2 and JAK/STAT pathways can alleviate type 2 inflammation in

OVA-induced allergic rhinitis (33). In our study, blocking IL-33 via

shRNA successfully reversed its inhibitory effects on keratinocyte

maturation, highlighting the IFN-g-IL-33 loop as a potential target

for keloid treatment.

IL-33 is primarily expressed in the nucleus and is released upon

stress-induced necrosis. In tissues, it undergoes enzymatic cleavage

to function. Its receptor, ST2, is expressed on cell membrane but can

release its extracellular domain as neutralizing antibodies,

particularly in high ST2+ environments, enabling interactions

with IL-33 in skin tissues. IL-33 acts as an alarmin in various

diseases, including inflammatory bowel disease, asthma, and atopic

dermatitis (AD) (34, 35). AD, characterized by type 2 skin
FIGURE 5

ELISA analysis of IL-33 and IFN-g concentrations in the co-culture system. (A) IL-33 levels in the co-culture media after 48 hours of co-culture.
IL33-PBMC refers to PBMCs pre-incubated with 100 ng/mL IL-33 for 24 hours, followed by washing with PBS prior to co-culturing with HaCaT cells.
(B) IFN-g levels in the co-culture media after 48 hours of co-culture. IFN-HaCaT refers to HaCaT cells pre-incubated with 50 ng/mL IFN-g for 24
hours, followed by washing with PBS before co-culturing with PBMCs. * represents P < 0.05 in compared to PBMC group. *Statistical significance is
indicated as P < 0.05 compared to the PBMC group.
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inflammation, is an independent risk factor for keloid formation

(36, 37). IL-33 transgenic mice expressing IL-33 in keratinocytes

spontaneously develop AD-like eczema, suggesting that IL-33 alone

can drive AD pathogenesis (38). Furthermore, IL-33 reduces skin

barrier function by downregulating filaggrin, promoting allergen

exposure and inflammation (39).

The IL-33/ST2 axis is also linked to pain and itch sensitization

in AD (40). Pruritus is a common symptom in both AD and keloids.

Investigating the relationship between pruritus severity and

epidermal IL-33 infiltration may offer a non-invasive method to

assess keloid inflammation in the future.

While this study provides significant insights, it has certain

limitations. First, the role of JAK1 in IFN-g-induced IL-33

production was primarily inferred through the use of the JAK1

inhibitor Itacitinib, which has weak affinity for JAK2. Knockdown

experiments for JAK1 and JAK2 using shRNA would provide

stronger evidence. Second, interactions between secreted IL-33

and ST2 are rapid and transient, with cleaved IL-33 exhibiting

diverse recognition sites, particularly in inflammatory

environments. Our monoclonal antibody could not capture all

forms of IL-33, explaining the subtle changes detected by WB,

despite their biological relevance. Future studies will focus on

detecting extracellular IL-33 using ELISA or WB and

distinguishing nuclear from extracellular IL-33 to further evaluate

their respective functions.

Finally, due to the loss of epigenetic features during culture,

primary keratinocytes derived from keloid tissues were not used.

Instead, HaCaT cells and patient-derived PBMCs were employed to

partially model keloid pathology. We hope that the development of

stable keratinocyte cell lines in the future will allow us to validate

our findings further.

Our study underscores the critical role of epidermal inflammation

in keloid formation and maintenance. We highlight the IFN-g-IL-33
loop as a central mechanism driving epidermal dysfunction and as a

potential therapeutic target for keloid treatment.
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