Inflammation Research (2026) 75:97

https://doi.org/10.1007/500011-026-02245-2 Inflammation Research

RESEARCH ——

®

Check for
updates
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by regulating inflammatory signaling pathways and keratinocyte
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Abstract

Background Psoriasis is a chronic inflammatory disease characterized by keratinocyte hyperproliferation, immune cell infil-
tration, and persistent inflammatory signaling. Although Tm4sf19 has been implicated in inflammatory processes, its contri-
bution to psoriasis pathogenesis remains unclear.

Methods We investigate the role of Tm4sf19 in psoriatic inflammation was examined using an imiquimod-induced psoriasis
mouse model and HaCaT keratinocytes, in which Tm4sf19 expression was deleted genetically or suppressed pharmaco-
logically with the competitive inhibitor, LEL-Fc. Gene expression, protein expression, and tissue changes were assessed by
qPCR, western blotting and histological scoring, respectively.

Results Tm4sf19 expression was significantly elevated in psoriatic lesion. Tm4sf19 knockout or inhibition using LEL-Fc
suppressed psoriatic symptoms, macrophage-mediated inflammation and inflammatory cytokine expression. Tm4sf19 inhi-
bition also suppressed the activation of STAT3, EGFR, ERK and KRT17 signaling pathways in keratinocytes. Furthermore,
LEL-Fc treatment effectively inhibited LPS-induced cell cycle progression and promoted apoptosis in keratinocyte both in
vivo and in vitro.

Conclusion These findings suggest that Tm4sf19 regulates psoriatic inflammation and keratinocyte proliferation through
major signaling pathways. Therefore, inhibiting Tm4sf19 may have therapeutic potential for the treatment of psoriasis.
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EGFR

Responsible Editor: John Di Battista. Introduction

P4 Sujin Park
sujinpark@gilo.or.kr

P4 Seong-Jin Kim
jasonsjkim@gilo.or.kr

Psoriasis is a chronic, immune-mediated inflammatory
skin disorder characterized by excessive keratinocyte
proliferation, infiltration of immune cells, and sustained
activation of inflammatory signaling cascades [1-3]. The
process involves complicated interactions among kerati-
nocytes, immune cells, and pro-inflammatory cytokines,
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ultimately leading to the development of distinctive ery-
thematous plaques [4]. Keratinocytes play a central role in
the pathogenesis of psoriasis, not only as passive targets of
inflammation but also as active participants by producing
pro-inflammatory cytokines and chemokines that perpetu-
ate the inflammatory cycle [5]. Macrophages are essential
for regulating immunological responses and their role in
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the pathophysiology of psoriasis is increasingly being rec-
ognized [6, 7]. In psoriasis, macrophages are stimulated to
secrete pro-inflammatory cytokines, including TNF-a, IL-6,
and IL-1B, which enhance the inflammatory response [8].

Tetraspanins are a family of transmembrane proteins that
have two extracellular loops and four alpha-helical trans-
membrane domains. Tetraspanins are known to be essential
for immune responses and interactions between cells [9,
10]. Transmembrane superfamily 4 (TM4SF) is known to be
involved in various cellular functions, including cell adhe-
sion, migration, apoptosis, differentiation, proliferation,
and signal transduction [11, 12]. In a previous study, we
demonstrated that inhibition of Tm4sfl9 suppressed pro-
inflammatory responses in macrophages [13]. This finding
suggested that Tm4sf19 may be involved in psoriatic skin
inflammation. Therefore, we examined whether Tm4sf19
contributes not only to psoriatic inflammation but also to
keratinocyte activation. To address this, the role of Tm4sf19
was investigated using knockout (KO) mice and LEL-Fc,
a competitive inhibitor comprising the large extracellular
loop of Tm4sf19 fused to hIlgG1 in an imiquimod-induced
psoriasis model [14].

Material and methods
Ethical statements

Mice were housed at the MedPacto Animal Care Center
under specific pathogen-free conditions. All animal research
received approval from the Institutional Animal Care and
Use Committee at MedPacto Animal Care Center (Approval
No. 2023-0001) and performed following the ARRIVE
guidelines and the above ethical approval.

Animal models

Eight-week-old female WT and Tm4sf19 KO mice, derived
from a C57BL/6 background, were generated as described
previously [14]. Mice were shaved on their dorsal skin and
subjected to daily topical application of 62.5 mg of 5%
Imiquimod (IMQ) cream (DONG-A ST, Korea) for four
consecutive days to generate psoriasis-like skin inflamma-
tion. Control mice were received Vaseline instead of IMQ
under equivalent settings. Concurrently with the daily IMQ
application, 50 mg/kg of LEL-Fc was administered intra-
venously (i.v.) via the tail vein to evaluate its therapeutic
effect. Body weight and back skin thickness measurements
and assessments for redness and scaling were also per-
formed daily throughout the treatment period. At the end of
the treatment period, mice were euthanized, and dorsal skin
tissues and spleens were collected.
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Cell culture

RAW264.7 macrophages, HaCaT keratinocytes and
HEK293T cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM) enriched with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin at 37 °C in a
5% CO: environment.

Bone marrow-derived macrophages (BMDMs) were
derived from WT and Tm4sf19 KO mice and cultured in
DMEM supplemented with 10% FBS and 20 ng/mL mac-
rophage colony-stimulating factors (M-CSF) for 7 days to
promote macrophage differentiation.

Cells were pre-treated with the LEL-Fc fusion protein at
a concentration of 50 pg/ml, unless otherwise indicated, for
2—4 h prior to stimulation with 4 pg/ml of IMQ for the indi-
cated time points.

Antibodies

Following antibodies were used: anti-p actin (A5441, Sigma
Aldrich), anti-a. tubulin (T5168, Sigma Aldrich), anti-IL-
17A (ab79056, Abcam), anti-IL-6 (ab290735, Abcam),
anti-IL-1 (ab9722, Abcam), anti-TNF-a (ab6671, Abcam;
sc-52746, Santa Cruz Biotechnology), anti-MYD88 (sc-
74532, Santa Cruz Biotechnology), anti-COX2 (35-8200,
Thermo Fisher), anti-phospho p65 (pp65) (3033S, Cell
Signaling Technology), anti-p65 (8242S, Cell Signal-
ing Technology), anti-Caspase9 (9508 T, Cell Signaling
Technology), anti-phospho STAT3 (pSTAT3) (93618, Cell
Signaling Technology), anti-STAT3 (5397, Cell Signaling
Technology), anti-EGFR (D38B1, Cell Signaling Technol-
ogy), anti-KRT17 (D73C7, Cell Signaling Technology),
anti-phospho p38 (pp38) (92118, Cell Signaling Technol-
ogy), anti-p38 (921285, Cell Signaling Technology), anti-
phospho JNK (pJNK) (4668 T, Cell Signaling Technology),
anti-JNK (92528, Cell Signaling Technology), anti-phospho
ERK (91018, Cell Signaling Technology), and anti-ERK
(91,028, Cell Signaling Technology), anti-iNOS (ab178945,
Abcam), anti-F4/80 (sc-377009, Santa Cruz Biotechnol-
ogy), anti-NLRP3 (15,101, Cell Signaling Technology),
anti-Tm4sf19 (customized), anti-phospho IxBa (14D4, Cell
Signaling Technology), anti-CDK2 (2546, Cell Signaling
Technology), anti-CDK4 (sc-260, Santa Cruz Biotechnol-
ogy), anti-HA (sc-7392, Santa Cruz Biotechnology) All anti-
bodies were used at the indicated dilution factors according
to the manufacturer’s recommendations.

Histological analysis
For histological and immunohistochemical analysis, mouse

skin tissues were fixed in 10% paraformaldehyde, dehy-
drated using a graded alcohol series at room temperature,
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and embedded in paraffin. Serial sections with a thickness of
7 um were prepared. For histological evaluation, the sections
were stained with hematoxylin (Sigma, USA) for nuclear
visualization and eosin (Sigma, USA) for cytoplasmic stain-
ing. For immunohistochemistry (IHC), tissue sections were
incubated with primary antibodies to assess inflammatory
markers and cellular proliferation. For immunofluorescence
(IF) staining, sections were incubated with indicated anti-
bodies and Alexa Fluor 488, 647 antibodies followed by
counterstaining with DAPI. Images were acquired using
Axio Scan.Z1 (Zeiss) fluorescence slide scanner.

To detect apoptotic cells in skin tissues, a TUNEL (ter-
minal deoxynucleotidyl transferase dUTP nick end label-
ing) assay was performed using a commercial kit (Roche,
4810-30-K) according to the manufacturer's instructions.
After permeabilization with proteinase K (20 pg/mL) for
15 min at room temperature, sections were incubated with
TUNEL reaction mixture containing terminal deoxynucleo-
tidyl transferase (TdT) and labeled nucleotides for 60 min at
37 °C in a humidified chamber. Signal was detected using
the HRP-conjugated converter and DAB substrate solu-
tion. Hematoxylin was used for nuclear counterstaining.
TUNEL-positive cells were visualized under a bright-field
microscope and quantified in five randomly selected high-
power fields per section.

Western blot and immunoprecipitation

Mouse dorsal skin tissues or cells were lysed in RIPA buf-
fer containing protease and phosphatase inhibitors. Protein
concentrations were measured using the BCA assay, and
samples were separated by SDS-PAGE and transferred to
PVDF membranes. After blocking, membranes were incu-
bated with indicated primary and HRP-conjugated second-
ary antibodies, and signals were detected using the AI600
system. For immunoprecipitation, lysates were incubated
overnight with the indicated antibodies, followed by incuba-
tion with Dynabeads™ Protein G. The precipitated proteins
were analyzed by western blot.

Real-time quantitative PCR (RT-PCR) analysis

Total RNA was extracted from mouse skin tissues using the
easy-BLUE Total RNA Extraction Kit (Promega, Cat. No.
17061), following the manufacturer’s instructions. The con-
centration and purity of RNA were assessed using a Nano-
drop spectrophotometer. For reverse transcription, M-MLV
Reverse Transcriptase (Promega, Cat. No. M1705) was used
with 2 pg of total RNA to synthesize complementary DNA
(cDNA). The synthesized cDNA was subjected to quantita-
tive RT-PCR (qRT-PCR) using a QuantStudio 5 Real-Time
PCR instrument (Applied Biosystems) with TOPreal gPCR

2X PreMIX (Enzynomics, Cat. No. RT500M). Gene expres-
sion levels were analyzed using the Ct method, and all target
gene expressions were normalized to Gapdh as an internal
control.

Flow cytometry analysis

Flow cytometry analyses were conducted to assess both
apoptotic cell populations and cell cycle progression. For
apoptosis detection, cells were stained with FITC-conjugated
Annexin V and propidium iodide (PI) using the Annexin V
Apoptosis Detection Kit I (BD Biosciences, USA), accord-
ing to the manufacturer’s protocol. For cell cycle analysis,
cells were stimulated with lipopolysaccharide (LPS) with or
without pre-treatment with LEL-Fc. Harvested cells were
fixed with 70% ethanol, treated with RNase A and incubated
with PI (10 pg/mL) for 30 min in the dark at room tempera-
ture. Samples were analyzed on a BD FACS Canto II flow
cytometer and analyzed by FlowJo software.

Statistical analysis

All experiments were conducted in at least triplicate. Data
are presented as the mean+ SD. Prior to statistical compari-
sons, data normality was assessed using the Shapiro—Wilk
test. Statistical significance was determined using either
Student’s t-test or a one- or two-way ANOVA, followed by
Tukey’s post hoc test for multiple comparisons, as appropri-
ate. All statistical analyses were performed using GraphPad
Prism 8.3 (GraphPad Software, USA).

Results

The expression of Tm4sf19 is elevated in psoriatic
conditions

We examined the increased expression of the tm4sf19 gene
in the skin of psoriasis patients compared to healthy nor-
mal skin in public data sets (GSE54456) and single-cell
transcriptomic analysis (Fig. 1a and Supplementary Fig. 1)
[15-18]. To investigate the role of Tm4sf19 in psoriasis, we
used an IMQ-induced psoriatic mice model, mimics human
psoriatic symptoms. We found that the gene expression of
tnf-o0, il-6 and tm4sf19 was significantly increased in the
dorsal skin of IMQ-treated mice compared to Vaseline-
treated mice (Fig. 1b). We also demonstrated that the pro-
tein expression of Tm4sf19, along with TNF-q, IL-6 and
IL-17A, was significantly higher in the dorsal skin of IMQ-
treated mice than Vaseline-treated mice (Fig. 1c). In addi-
tion, immunofluorescence staining showed that Tm4sf19
expression was increased in epidermis and dermis of
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Fig. 1T Tm4sf19 expression is elevated in psoriatic skin and correlates
with inflammatory cytokine production. a Tm4sf19 expression lev-
els in normal and psoriatic human skin samples from the GSE54456
dataset. b Quantitative PCR analysis of tm4sf19 and marker genes
in back skin tissues from Vaseline- or IMQ-treated mice. ¢ Western
blot analysis of Tm4sf19, and marker protein levels in mouse back
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psoriatic skin of IMQ-treated mice compared with Vaseline-
treated skin (Fig. 1d). Furthermore, a significant increase of
il-6 and tm4sf19 by IMQ treatment in HaCaT keratinocytes
and bone marrow-derived macrophages (BMDMs) (Fig. le,
f). These results suggest that Tm4sf19 plays an important
role in psoriasis by regulating pro-inflammatory cytokine
production and immune cell activation in keratinocytes and
macrophages.

Tm4sf19 deficiency suppresses inflammatory
responses in IMQ-induced psoriasis mouse model

To investigate the role of Tm4sf19 in psoriasis, we induced
a psoriasis-like phenotype using IMQ treatment in wild-type
(WT) and Tm4sf19 KO mice [14]. IMQ-treated WT mice
demonstrated significant skin thickening and erythema,
typical of psoriatic inflammation; while these symptoms
decreased significantly in KO mice (Fig. 2a). Body weight
decreased significantly in IMQ-treated group compared to
Vaseline-treated group. However, KO mice showed sig-
nificantly less weight loss than WT during IMQ treatment
(Fig. 2b). The Psoriasis Area and Severity Index (PASI) is a
widely used clinical measure to assess the severity and extent
of psoriatic lesions. It incorporates assessments of redness,
scaling, skin thickness, and the affected area to provide a
comprehensive evaluation of disease severity [19]. PASI
scores were significantly lower in KO mice that WT mice
in response to IMQ treatment (Fig. 2c and Supplementary
Fig. 2a). We found that quantified skin thickness changes
which can assess the extent of epidermal hyperplasia due
to IMQ treatment were significantly reduced in KO mice
compared to WT mice (Supplementary Fig. 2b). Spleen
size and weight, indicators of systemic inflammation, were
notably increased in WT mice after IMQ induction but were
significantly reduced in KO mice (Fig. 2d, e). Histological
analysis using H&E staining demonstrated that the epi-
dermal thickness of KO mice was significantly decreased
compared to WT mice after IMQ treatment (Fig. 2f, g). The
IHC analysis revealed that the number of TNF-a, IL-1p,
and IL-17A-positive cells in the epidermis and dermis was
significantly increased following IMQ treatment and it was
significantly decreased in IMQ-treated KO mice compared
to IMQ-treated WT mice (Fig. 2f, h). These results sug-
gest that deficiency of Tm4sf19 inhibited pro-inflammatory
cytokine production and immune responses in psoriasis.

Administration of LEL-Fc, a competitive inhibitor
of Tm4sf19, decreases IMQ-induced psoriatic skin
inflammation and reduces pro-inflammatory
cytokine expression

Based on the result that Tm4sf19 deficiency ameliorates
IMQ-induced psoriasis, we investigated whether LEL-Fc
(the large extracellular loop domain of Tm4sf19 fused to
hlgG1), a competitive inhibitor of Tm4sf19, alleviates IMQ-
induced psoriasis. In a previous study, we demonstrated that
LEL-Fc effectively suppresses inflammatory responses,
suggesting that LEL-Fc is a potential therapeutic agent
for inflammatory diseases [13]. To assess the therapeutic
efficacy of LEL-Fc in IMQ-induced psoriatic dermatitis,
we treated mice with Vehicle, hIgG1 or LEL-Fc in IMQ-
induced psoriasis mouse model. Vehicle- and hIgG1-treated
groups demonstrated significantly increased skin thickness,
scaling and erythema, indicative of psoriatic inflammation,
while these symptoms were suppressed in LEL-Fc-treated
group in IMQ-induced psoriasis mice (Fig. 3a). Significant
body weight loss was observed in the Vehicle- and higG1-
treated groups, which was suppressed by LEL-Fc treatment
in IMQ-treated groups (Fig. 3b). PASI scores were signifi-
cantly lower in LEL-Fc-treated group compared to Vehicle-
and hlgG1-treated groups, in IMQ induced psoriasis mouse
model (Fig. 3c and Supplementary Fig. 3a). Additionally,
we found that back thickness changes were significantly
reduced with LEL-Fc treatment in the IMQ-treated group
(Supplementary Fig. 3b). The size and weight of spleen
were significantly decreased in LEL-Fc-treated mice com-
pared to Vehicle- and hIgG1-treated groups (Fig. 3d, e). In
addition, extensive epidermal hyperplasia in Vehicle- and
hlgGl-treated groups was found, however, it was greatly
reduced by administration of LEL-Fc in response to IMQ
treatment (Fig. 3f, g). The expression of pro-inflammatory
cytokines, TNF-q, IL-1B, IL-17A, and IL-6, confirmed by
IHC or IF staining was higher in Vehicle- and hIgG1-treated
groups, but LEL-Fc treatment dramatically suppressed their
expression (Fig. 3f, g and Supplementary Fig. 4). Further-
more, LEL-Fc inhibited the IMQ-induced inflammation
gene expression of tnf-a, il-17a, il-23p19, and il-23p40 in
mouse dorsal skin (Fig. 3h). These data indicated that LEL-
Fc suppressed the psoriatic symptoms by inhibiting the
expression of inflammatory cytokines.

Tm4sf19 inhibition suppressed inflammatory
signaling in macrophages in IMQ-induced psoriasis
mouse model

In a previous study, we demonstrated that the critical role

of Tm4sfl9 in macrophages in inflammatory disease.
Tm4sf19 inhibition suppressed the inflammatory signaling
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4 Fig. 2 Tm4sf19 KO reduces psoriatic skin inflammation in mice.
a Representative image of mouse back skin from WT and KO mice
treated with Vaseline or IMQ. b, ¢ During IMQ treatment (b) Body
weight change, (c) PASI scores. d, e After IMQ treatment (d) spleen
size (e)spleen weight in each group. f H&E and IHC staining for TNF-
a, IL-1pB, and IL-17A in dorsal skin tissues of Vaseline- or IMQ-treated
mice. Scale bar=100 pm. g Quantification of epidermal thickness in
f. h Number of TNF-a, IL-1p, or IL-17A positive cells in f. Data are
expressed as mean+SD. Data were analyzed by two-way ANOVA.
**p<0.01, ¥***p<0.001, ****p<0.0001

pathways in macrophages [13]. In this study, we observed
that elevated expression of Tm4sf19 is mainly found in both
epidermis and dermis in the dorsal skin of IMQ-treated
mice (Fig. 1d). Therefore, we examined the expression
of F4/80, a macrophage marker, by immunofluorescence
staining. IMQ treatment increased macrophage infiltration
in the dermis, and F4/80-positive macrophages were sig-
nificantly reduced in the dorsal skin of KO mice compared
with WT mice (Fig. 4a). Similarly, LEL-Fc treatment sig-
nificantly suppressed the expression of F4/80 in the dorsal
skin, thereby inhibiting macrophage activation, compared
with the Vehicle-treated group following IMQ treatment
(Fig. 4b). This suggests that Tm4sfl9 plays an important
role in promoting macrophage recruitment in the psoriatic
inflammatory process [20]. The MyD88-TRAF6-NLRP3
signaling pathway mediates the innate immune response
and activates Toll-like receptors (TLRs) to amplify inflam-
matory signals in psoriasis, leading to cytokine production
and NLRP3 inflammasome activation [21-23]. IkBa, a
key component of the NF-kB pathway, is known to regu-
late inflammatory gene transcription and maintains chronic
inflammation in psoriatic lesions [24]. We confirmed that
IMQ treatment increased phosphorylation of IkBa, and
activated the MyD88-NLRP3 signaling pathway, a down-
stream signaling cascade of TLR pathway in WT mice;
however, these were significantly suppressed in KO mice
during IMQ treatment (Fig. 4c). Furthermore, we found that
pro-inflammatory cytokines, including IL-17A, TNF-a, and
IL-6, were significantly reduced in KO mice compared to
WT after IMQ treatment (Fig. 4c). We further demonstrated
that LEL-Fc treatment inhibited the activation of inflam-
matory signaling pathways, including MyD88, plkBa, and
NLRP3, and pro-inflammatory cytokines such as TNF-a
and IL-6 (Supplementary Fig. 5). We also confirmed that the
mRNA levels of tnf-a, il-17a, il-23p19 and il-23p40 were
significantly reduced in KO mice compared to WT controls,
and in LEL-Fc-treated mice compared with Vehicle-treated
mice in the IMQ-induced psoriasis model (Fig. 4d, e).

To further elucidate the role of Tm4sfl9 in psoriatic
inflammation, we analyzed inflammatory signaling path-
ways in response to IMQ treatment using Tm4sf19 knock-
out RAW264.7 macrophages (KO#1 and KO#2), and
BMDMs isolated from KO mice [13]. Phosphorylation of

key inflammatory signaling proteins, including p65, p38,
IJNK, and ERK, was analyzed at 15 and 30 min after IMQ
stimulation in RAW264.7 and BMDMs. Phosphorylation
of these proteins was significantly inhibited in RAW264.7
KO#1 and KO#2 cells and Tm4sf19 KO BMDMs com-
pared with WT, and the phosphorylation inhibition effect
was more prominent at 30 min after IMQ treatment (Fig. 4f,
g). Furthermore, LEL-Fc treatment significantly suppressed
the phosphorylation of p65, p38, INK, and ERK in response
to IMQ in BMDMs, RAW264.7 and HaCaT cells (Fig. 4h
and Supplementary Fig. 6 and 7). Tm4sfl19 KO signifi-
cantly reduced the mRNA expression of i/-6 and il-23 in
IMQ-treated RAW264.7 and BMDMs compared with WT
cells (Fig. 4i, j). LEL-Fc treatment significantly reduced
the expression of il-6, il-1f, and tnf-a induced by IMQ in
RAW264.7 and BMDMs (Supplementary Fig. 8). Neutro-
phil infiltration is a hallmark feature of the psoriatic skin
lesions [25]. We found that Tm4sf19 KO significantly sup-
pressed neutrophil infiltration in IMQ-treated skin, as con-
firmed by MPO staining, a marker of neutrophil, compared
to WT (Supplementary Fig. 9). In addition, administration of
LEL-Fc inhibited IMQ-induced neutrophil infiltration com-
pared to the Vehicle-treated group (Supplementary Fig. 10).
These results suggest that Tm4sfl9 deficiency inhibits
inflammatory signaling in psoriasis by suppressing IMQ-
induced macrophage activation and neutrophil infiltration
and LEL-Fc is a potential therapeutic for the treatment of
inflammatory dermatitis induced by activated macrophage
and immune responses.

Tm4sf19 inhibition suppresses keratinocyte
proliferation in psoriatic skin

In psoriasis, excessive keratinocyte proliferation is a hall-
mark feature that contributes to epidermal hyperplasia and
the development of psoriatic plaques. This process is trig-
gered by dysregulated signaling pathways, including EGFR,
ERK, and STAT3, which amplify inflammatory responses
and enhance keratinocyte activation [2]. To investigate
whether Tm4sf19 modulates the EGFR signaling pathway
in vivo, we analyzed the expression of EGFR and its down-
stream effectors in the dorsal skin of psoriatic mouse mod-
els. The expression of EGFR was significantly elevated in
the psoriatic dorsal skin of WT mice. However, this increase
was markedly suppressed in both Tm4sf19 KO mice and
mice treated with LEL-Fc (Fig. 5a, b). Next, we evaluated
the activation status of key signaling intermediates down-
stream of EGFR. The phosphorylation of ERK and STAT3,
two major drivers of keratinocyte proliferation and inflam-
matory cytokine production, was significantly diminished in
the Tm4sf19 KO and LEL-Fc-treated groups compared to the
control group (Fig. 5a, b). To further confirm the functional
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{ Fig. 3 LEL-Fc alleviates IMQ-induced psoriasis. a Representative
photo of back skin from mice treated with Vehicle, hIgG1, or LEL-Fc
under IMQ stimulation. b, ¢ During IMQ treatment (b) Body weight
change, (c) PASI scores. d, e After IMQ treatment (d) spleen size (e)
spleen weight. f Representative images of H&E and IHC staining.
Scale bars indicate 200 um for H&E and 100 pm for IHC staining. g
Quantification of epidermal thickness and TNF-a, IL-1p, or IL-17 pos-
itive cell counts in (f). h Relative mRNA expression analysis of maker
genes in mouse back skin with Vehicle, higG1, or LEL-Fc under IMQ
induction. Data are expressed as mean=SD. Data were analyzed by
one-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, ****»p<0.0001,
ns=not significant

consequences of reduced EGFR signaling, we measured the
expression of Keratin 17 (KRT17), a well-known down-
stream target of the EGFR/STAT3 pathway and a hallmark
of activated keratinocytes in psoriasis. The robust induction
of KRT17 observed in the psoriatic skin was effectively
suppressed by Tm4sf19 inhibition (Fig. 5a, b). Consistent
with these in vivo findings, we observed a similar regulatory
pattern in vitro using HaCaT keratinocytes. Treatment with
IMQ markedly induced the expression of EGFR, whereas
LEL-Fc treatment effectively suppressed this induction and
subsequently diminished the phosphorylation of ERK and
STAT3 in a time-dependent manner, along with the down-
stream expression of KRT17 (Fig. 5c¢).

To further evaluate the functional impact of Tm4sf19
inhibition on epidermal pathology, we performed immu-
nohistochemical (IHC) analysis on psoriatic dorsal skin.
The results revealed that the Tm4sf19 inhibition markedly
reduced the number of Ki67- and KRT17-positive pro-
liferating keratinocytes (Fig. 5d). Furthermore, LEL-Fc
treatment effectively suppressed the expression of krtl7,
indicating a reversal of the activated keratinocyte phenotype
(Fig. 5e). Taken together, these findings demonstrate that
Tm4sf19 promotes psoriatic phenotypes by regulating the
EGFR-pERK/pSTAT3-KRT17 signaling cascade, establish-
ing the Tm4sf19-EGFR axis as a pivotal pathogenic driver
in psoriasis.

Recent studies have demonstrated that the spatial orga-
nization of EGFR within the plasma membrane as a criti-
cal determinant of its signaling efficacy. Specifically, it has
been reported that tetraspanins interact with EGFR, regu-
late EGFR signal transduction by promoting the enrichment
of signaling intermediates within specialized tetraspanin-
enriched nanodomains [26]. Based on these observations,
we hypothesized that Tm4sf19, a tetraspanin family protein,
may functionally associate with EGFR to modulate its acti-
vation. To test this hypothesis, we examined the interaction
between Tm4sf19 and EGFR using HaCaT cells expressing
3HA-hTm4sf19. Co-immunoprecipitation analysis revealed
an endogenous interaction between Tm4sfl9 and EGFR,
and this interaction is further enhanced under inflammatory
conditions, such as LPS treatment, leading to the activation
of downstream pro-inflammatory cascades, whereas it was

effectively attenuated upon LEL-Fc treatment (Fig. 5f). To
further identify the region of Tm4sfl9 responsible for its
interaction with EGFR, we generated a series of Tm4sf19
deletion mutants and evaluated their binding capacity. Co-
immunoprecipitation analysis revealed that the transmem-
brane domain 3-large extracellular loop—transmembrane
domain 4 region of Tm4sf19 is essential for its interaction
with EGFR (Fig. 5g, h). Consistently, a deletion mutant
containing only amino acids 94-196 retained the ability
to interact with EGFR, indicating that this region is suffi-
cient for EGFR binding (Fig. 51). These data indicated that
Tm4sf19 directly associates with EGFR through a defined
structural motif consisting of its transmembrane and extra-
cellular components, which may facilitate the assembly of
the Tm4sf19-EGFR signaling complex.

LEL-Fc treatment inhibits psoriasis plaque
development by promoting keratinocyte apoptosis
and inducing cell cycle arrest

To further elucidate the role of Tm4sf19 in keratinocyte sur-
vival, we investigated whether inhibition of Tm4sf19 pro-
motes apoptosis in psoriasis mouse skin tissues. The number
of TUNEL-positive cells was significantly increased in apop-
totic keratinocytes in mouse dorsal skin of LEL-Fc-treated
mice compared to Vehicle- and hIgG1-treated controls fol-
lowing IMQ application (Fig. 6a, b). We also confirmed that
Caspase-9 expression was increased in a dose-dependent
manner in HaCaT cells treated with LEL-Fc, supporting
the activation of keratinocyte apoptosis (Fig. 6¢). In addi-
tion, we investigated that LEL-Fc treatment significantly
increased the proportion of apoptotic cells compared to
mock in LPS-stimulated HaCaT cells (Fig. 6d). Next, we
demonstrated that LEL-Fc treatment induced a marked cell
cycle arrest compared to mock in LPS-induced HaCaT cells
(Fig. 6e). The expression of cdknla and cdkn2a, the cyclin-
dependent kinase inhibitor 1a and 2a which contribute to the
stability of cell cycle arrest, was increased by LEL-Fc treat-
ment in LPS-treated HaCaT cells (Fig. 6f). Furthermore, the
expression of CDK2, CDK4 and cyclin El, key cell cycle
regulators was suppressed by LEL-Fc treatment in keratino-
cytes in the presence of LPS (Fig. 6g). These results suggest
that LEL-Fc treatment inhibits psoriatic plaque formation by
promoting apoptosis and cell cycle arrest in keratinocytes.

Discussion

Psoriasis is a chronic inflammatory skin disease that affects
2-3% of the world's population, causing significant physi-
cal, psychological, and economic burdens [27-30]. Psoria-
sis presents as erythematous, scaly plaques caused primarily
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{ Fig. 4 Tm4sf19 inhibition attenuates macrophage-driven inflamma-
tion. a, b Representative image of F4/80 immunofluorescence staining
in mouse psoriatic skin tissues. The white dashed line indicates the
epidermis area marked E. Scale bar=50 pum. In psoriatic skin, a WT
or KO b Vehicle-treated or LEL-Fc-treated ¢ Immunoblot analysis of
inflammatory mediators in mouse back skin at 2 or 4 days after IMQ
treatment. d, e Relative mRNA expression analysis of marker genes
in mouse psoriatic skin tissues of d WT or KO e Vehicle-treated or
LEL-Fc-treated. f, g, h Western blot analysis of MAPK and NF-«B
signaling in RAW264.7 KO#1 and KO#2 cells (f), BMDMs from (g)
WT and KO mice (h) BMDMs treated with LEL-Fc after IMQ treat-
ment. i, j Relative mRNA levels of i/-6 and i/-23 in (i) Raw 264.7 and
(j) BMDM. IMQ 2 and IMQ 4 represent treatments with 2 and 4 pg/
ml IMQ, respectively. Data are expressed as mean=SD. Data were
analyzed by two-way ANOVA. *p<0.05, **p<0.01, ***p<0.001,
*HxEp <0.0001

by keratinocyte hyperproliferation, immune cell infiltra-
tion, and persistent inflammation. Keratinocytes contrib-
ute to disease progression by maintaining an inflammatory
environment by producing cytokines and chemokines that
recruit and activate immune cells [1, 2, 19, 31].

In this study, we identified Tm4sfl9 as an important
mediator of psoriatic inflammation. Using an IMQ-induced
psoriasis mouse model, we showed that both Tm4sf19 dele-
tion and pharmacological inhibition of Tm4sf19 markedly
alleviated psoriasis-like symptoms, including epidermal
hyperplasia, erythema, immune cell infiltration, and sple-
nomegaly, accompanied by reduced levels of pro-inflam-
matory cytokines such as TNF-a, IL-6, IL-1B, IL-17A, and
IL-23 (Figs. 2, 3). Histological analysis and PASI scores
further supported the attenuation of disease severity in
Tm4sf19 KO or LEL-Fc-treated mice.

The MyD88—plkBa—NLRP3 signaling axis is well estab-
lished as a key pathway in psoriasis pathogenesis, orchestrat-
ing innate immune responses and amplifying inflammatory
cascades [23]. Our results showed that Tm4sf19 deficiency
or LEL-Fc treatment suppressed this pathway, as evidenced
by reduced expression of MyD88, plkBa, and NLRP3 in
IMQ-treated mouse skin (Fig. 4c and Supplementary Fig. 5).

Macrophages are major sources of pro-inflammatory
cytokines and play an essential role in sustaining chronic
inflammatory environment in psoriasis [6, 8]. We observed
that both Tm4sf19 KO and LEL-Fc administration mark-
edly reduced macrophage infiltration and suppressed NF-«kB
and MAPK pathway activation, leading to downregulation
of il-6, tnf-a, and il-23 (Fig. 4).

Keratinocyte hyperproliferation is a hallmark of psoria-
sis, driven by the upregulation of proliferation markers such
as Ki-67 and KRT17, and activation of key signaling path-
ways including STAT3, ERK, and EGFR [32-35]. Analy-
sis of a publicly available single-cell transcriptomic atlas
of healthy and psoriatic epidermis revealed that Tm4sf19
expression is predominantly localized in keratinocyte-asso-
ciated clusters (Supplementary Fig. 1) [18]. These clusters

are enriched for hyperproliferative and differentiated kera-
tinocyte populations in psoriatic lesional skin, suggesting a
potential role for Tm4sf19 in keratinocyte-driven psoriatic
pathology. In psoriatic skin, EGFR is overexpressed and
forms signaling complexes that enhance keratinocyte prolif-
eration and cytokine-mediated inflammation [36]. LEL-Fc
treatment significantly reduced Ki-67 and KRT17 expres-
sion and suppressed EGFR-associated signaling, suggesting
a pivotal role of Tm4sf19 in driving epidermal hyperplasia
(Fig. 5). In addition to regulating proliferation, Tm4sf19
inhibition also promoted apoptotic regulation and cell cycle
arrest in keratinocytes (Fig. 6). Our findings suggests that
Tm4sf19 may facilitate these processes by interacting with
EGFR, and by promoting downstream activation of STAT3
and ERK in psoriatic keratinocytes (Fig. 5).

Chronic interaction between immune cells and kerati-
nocytes sustains the inflammatory cycle in psoriasis. Kera-
tinocytes not only respond to inflammatory cues but also
actively contribute by secreting cytokines that recruit and
activate immune cells. Our findings suggest that Tm4sf19
inhibition disrupts this pathological feedback loop by sup-
pressing keratinocyte proliferation and cytokine production,
thereby attenuating immune cell infiltration and psoriatic
plaque formation.

While our analysis of the GSE54456 dataset and single-
cell RNA sequencing data provides supportive clinical
relevance for Tm4sf19 expression in psoriatic skin, we rec-
ognize that the lack of direct validation using independent
patient-derived biopsy samples represents a limitation of
the present study (Fig. 1a and Supplementary Fig. 1). How-
ever, as the primary objective of this work was to elucidate
the functional role of Tm4sf19 within a controlled in vivo
murine model, further investigations involving well-char-
acterized clinical cohorts will be essential to fully translate
these mechanistic insights into human therapeutic strategies.

Currently, various therapeutic strategies are available
for the treatment of psoriasis, including topical agents, sys-
temic immunosuppressants, and biologic therapies, which
primarily consist of monoclonal antibodies or fusion pro-
teins targeting pro-inflammatory cytokines such as TNF-
o, IL-17A, and IL-23. These therapies have significantly
improved clinical outcomes in many patients [33, 37—40].
However, they are often limited by potential side effects,
and poor long-term efficacy. These limitations highlight the
need for the development of novel therapies based on alter-
ative mechanisms of action to achieve more effective and
sustained therapeutic strategies to control psoriasis [41, 42].

In conclusion, this study identifies Tm4sf19 as a critical
contributor to the pathogenesis of psoriasis lesions. Inhibi-
tion of Tm4sf19 led to reduced psoriasis severity by sup-
pressing immune cell infiltration, controlling keratinocyte
proliferation, and suppressing pro-inflammatory signaling.
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{ Fig. 5 Inhibition of Tm4sfl9 suppresses keratinocyte proliferation.
a, b, ¢ Western blot analysis of mouse dorsal skin or HaCaT cells
with indicated treatments and antibodies. a WT or KO b Vaseline-,
Vehicle- or LEL-Fc-treated ¢ Mock or LEL-Fc-treated HaCaT cells d
Representative image of immunohistochemistry of Ki-67 and KRT17
and quantification of Ki-67 and KRT17-positive cells in IMQ-treated
mouse skin following Vehicle, higGl, or LEL-Fc administration.
Scale bar=50 um. e Relative mRNA expression of krt/7 after indi-
cated treatments. f Immunoprecipitation results showing interaction
Tm4sf19 with EGFR with indicated treatment. g, h, i Representative
immunoprecipitation results of EGFR with Tm4sf19 deletion mutants

Our findings highlight LEL-Fc as a possible therapeutic
agent that targets Tm4sf19, effectively alleviating the patho-
genesis of psoriasis.
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{ Fig. 6 LEL-Fc treatment increases apoptotic cell death, and induces
cell cycle arrest. a Representative image of TUNEL staining. b quan-
tification of TUNEL-positive cells in mouse dorsal skin with indicated
treatment. Scale bar=50 pm. ¢ Western blot analysis of Caspase-9
in HaCaT cells with indicated treatment. d Flow cytometry analysis
and quantification of apoptotic cells with indicated treatment. e Flow
cytometry analysis of cell cycle distribution and quantification with
indicated treatments. f Relative expression of cdknla and cdkn2a after
indicated treatment. Data are expressed as mean+SD. Data were ana-
lyzed by one-way ANOVA. **p<0.01, ***p<0.001, ****p<0.0001,
ns=not significant. g Western blot analysis of CDK2, CDK4 in LEL-
Fc-treated HaCaT cells in response to LPSaa

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00011-0
26-02245-2.
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