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Purpose: Harnessing helminth-induced immunomodulation offers a novel therapeutic avenue for autoimmune and inflammatory
diseases; however, research on helminths against psoriasis remains limited. This study evaluates the effects of the peptide SIMHE1
from Schistosoma japonicum (S. japonicum) on the inflammatory response in imiquimod (IMQ)-induced psoriasis mice and LPS-
stimulated keratinocytes, as well as the efficacy of SIMHE1-loaded hydrogel on psoriasis in mice.

Methods: SJMHEI was administered to mice with IMQ-induced psoriasis via topical administration or subcutaneous injection, and
effects were evaluated by detecting the skin inflammation of mice. LPS-stimulated HaCaT cells were used to assess the regulatory
effects of SIMHEI in vitro. Additionally, the effects of Poloxamer 407 (P407)-loaded SJMHE1 were evaluated in mice with IMQ-
induced psoriasis through topical application.

Results: Topical administration and subcutaneous injection of SIMHEI alleviated psoriasis-like skin lesions, improved PASI scores,
reduced epidermal thickness and dermal inflammatory cell infiltration, and decreased expression of Ki67, a marker of keratinocyte
proliferation or differentiation. SIMHE1 modulated pro-inflammatory and anti-inflammatory cytokine expression in LPS-treated HaCaT
cells, down-regulating NF-kB and STAT3 activation. Both SJMHE1-loaded hydrogel and SIMHEI treatment alleviated IMQ-induced
psoriasis-like skin lesions, improved PASI scores, reduced the number of Ki67-positive epidermal cells, decreased the spleen index and
T-cell infiltration, increased the proportion of regulatory T cells (Tregs), and decreased the percentage of Th17 cells, alongside reducing
inflammatory cytokine expression and NF-kB and STAT3 activation in skin lesions. Notably, weight changes in the SIMHE1-loaded gel
group were less than those in the betamethasone-positive control group on days 6, 7, and 8 post-IMQ administration.

Conclusion: SJIMHEI-loaded hydrogel and SIMHE! treatment inhibited NF-kB and STAT3 activation in skin lesions, improved
Th17/Treg balance, and reduced inflammatory cytokine expression in psoriasis mice, thereby ameliorating psoriatic lesion symptoms.
Furthermore, SIMHE1-loaded hydrogel exhibited fewer side effects compared to betamethasone, positioning it as a promising strategy
against psoriasis.
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Introduction

Psoriasis is an immune-mediated, chronic inflammatory skin disease affecting approximately 3% of the global popula-
tion, characterized by scaly erythematous patches. Its incidence is rising annually, with China’s rate increasing nearly
fourfold over the past two decades, as reported by the WHO.' The pathogenesis of psoriasis is multifaceted, involving a
polygenic genetic background and psychological stress, leading to abnormal phenotypic and functional T lymphocytes,

secretion of multiple inflammatory cytokines, induction of epidermal keratinocyte hyperproliferation, and a chronic
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inflammatory response through interaction with immune cells.> Additionally, psoriasis is a systemic inflammatory
disease with potential comorbidities beyond skin symptoms,® including arthritis,”* metabolic syndrome,’ non-alcoholic

" and inflammatory bowel disease.'> Current treatments for psoriasis

fatty liver disease,'® cardiovascular disease,
encompass topical agents such as corticosteroids, synthetic vitamin D3, retinoid derivatives, tar, or anthralin; systemic
drugs like IL-23, IL-17, TNF-a, and IL-12/23p40 inhibitors, calcineurin inhibitors, isotretinoin, and acitretin;g’13

light therapies including psoralen ultraviolet A (PUVA), photodynamic therapy (PDT), pulsed dye laser (PDL), and

and

ultraviolet B (UVB).'* However, these therapies offer only transient effects and often fail to prevent recurrence.®
Moreover, most treatments are unsuitable for long-term use due to side effects and high costs.'”> Consequently, there is
a pressing need for new intervention methods in psoriasis treatment.

The “hygiene hypothesis” posits that the rising incidence of allergic and autoimmune diseases in Western developed
countries is attributed to reduced early-life exposure to infections. Throughout the long history of human-pathogen co-
evolution, pathogens have developed mechanisms to modulate host immune regulatory networks. Accumulating evidence
indicates that microbial infections, particularly helminth infections, offer protection against autoimmune and inflammatory
diseases.'®'” Clinical trials involving helminth infections for treating inflammatory diseases have been conducted for nearly
two decades, yielding promising outcomes.'® Notably, pig Trichuris suis ova (TSO) whipworm eggs have significantly
ameliorated inflammatory bowel disease in patients with ulcerative colitis'® and Crohn’s disease, without side effects.?’
Evidence confirms that helminths and their excretory/secretory products (ESPs) possess anti-inflammatory properties,
positioning them as potential therapeutic agents.'®*'* Previous studies identified that SIMHEI, a 24-amino acid peptide
from S. japonicum eggs and adult antigens, induces CD4"CD25" regulatory T (Treg) cells in a TLR2-dependent manner,”

inhibiting delayed hypersensitivity (DTH),?* collagen-induced arthritis (CIA),> asthma,’®*’ acute and chronic colitis,”® and
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allergic rhinitis?® in mice. Additionally, SIMHE induces M2 macrophages and promotes peripheral nerve repair.>’ However,
its efficacy in treating psoriasis remains unexplored. Although SIMHEI, as a small molecule peptide, circumvents various
drawbacks and immunogenicity associated with helminth infections, ESPs, and full-length proteins, peptide drugs face
challenges such as low plasma stability, short circulation times, and low oral bioavailability. Nanotechnology-based drug
delivery can overcome these limitations and has become widely adopted in anti-psoriasis therapies.’'~* Among
various nanoparticle-based drug delivery systems, temperature-sensitive hydrogels, which exhibit sol-gel reversibility upon
temperature stimulation, represent a promising drug delivery system, widely utilized in tumor treatment and anti-infection
strategies.”> > These hydrogels can uniformly cover irregular skin lesions in their sol state and adhere persistently in their gel
state.>*>® This study investigated the effects of SIMHE1 and SIMHE1-loaded thermosensitive hydrogels on psoriasis lesions.
As anticipated, both topical and subcutaneous administration of SIMHE1 and SIMHEI1-loaded hydrogels significantly
improved psoriasis-related skin lesions and inflammation.

Materials and Methods

SJMHE| and SJMHEI-Loaded Hydrogels
The SIMHE1 peptide (VPGGGTALLRCIPVLDTLSTKNED) was synthesized and purified by SYNPEPTIDE CO., LTD
(Nanjing, China). Mass spectrometry revealed that the purity of the peptides was greater than 99%.

For the preparation of SIMHEI1-loaded hydrogels, Poloxamer 407 (P407) (Sigma-Aldrich, USA) was employed.
Initially, phosphate-buffered saline (PBS, Gibco, USA) or SIMHE1 (20 pg) was emulsified in incomplete Freund’s
adjuvant (Sigma-Aldrich). Subsequently, 20 mg of P407 was carefully blended with 200 uL of the emulsified SIMHE]1 or
PBS and agitated vigorously at 4-5°C until a homogeneous mixture was achieved.

Mice

Specific pathogen-free (SPF) grade female BALB/c mice (6-8 weeks old) were acquired from the Laboratory Animal
Research Center of Jiangsu University (Zhenjiang, China). All animals were provided humane care, and were conducted
in accordance with the Guidelines for the Protection and Use of Experimental Animals and the Measures for the
Administration of Animal Use at Jiangsu University. The experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Jiangsu University (Permit Number: UJS-IACUC- 2023072001).

Topical Administration or Subcutaneous Injection of SIMHEI

Each mouse was shaved to expose a 2 cm % 3 ¢cm area and acclimated for two days. Experimental psoriasis was induced
using 5% Imiquimod (IMQ) cream (Med-Shine Pharmaceutical Co., Ltd, Sichuan, China), with a daily topical dose of 62.5
mg applied to the shaved dorsal skin for seven consecutive days. The mice were randomly assigned to six groups (n =7 per
group): Control group (no treatment), IMQ group (IMQ cream), IMQ + PBS group (IMQ and topical PBS treatment), IMQ
+ SIMHEI1 group (IMQ and topical SIMHE] treatment), IMQ + PBS (s.c.) group (IMQ and PBS subcutaneous injection),
and IMQ + SJIMHEI1 (s.c.) group (IMQ and SJMHEI subcutancous injection). As shown in Figure 1A, for topical
administration, 100 pL of emulsified PBS or SIMHEI (10 pg) was applied to the shaved dorsal skin from day 1 onwards,
six hours after IMQ application. For subcutaneous injection, 100 pL of emulsified PBS or SJIMHE1 (10 pg) was
administered subcutaneously into 8 sites around the shaved skin on average (approximately 12.5 pL per site) on day 1,
six hours after IMQ administration. When injecting, lift the skin at the injection site of the mouse to create a subcutaneous
space. The injection depth should be 5—10 millimeters. Gently press the puncture site after withdrawing the needle.

SJMHEI-Loaded Hydrogels Treatment

To investigate the intervention of SIMHE1-loaded hydrogels in psoriasis mice, all subjects were randomized into seven
groups (n = 6 per group): Control group, IMQ group, IMQ + Betamethasone group, IMQ + PBS group, IMQ + SIMHE1
group, IMQ + gel group, and IMQ + SIMHEI-gel group. Mice in the Betamethasone group received daily topical
Betamethasone Ointment (50 mg) as the positive control.** The mouse model of psoriasis was constructed as previously
described. Mice in the IMQ + PBS and IMQ + SJIMHEI1 groups were treated with 200 pL of emulsified PBS or SIMHEI
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(20 pg), respectively, on the shaved dorsal skin from day 1 onwards, six hours after IMQ application. In the IMQ + gel
and IMQ + SJMHE-gel groups, mice received 200 pL of emulsified blank hydrogel or STMHE1-loaded hydrogel (20 pg
SIMHEL1), respectively, from day 1 onwards, six hours after IMQ application.
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Figure | SMHEI treatment attenuates IMQ-induced skin lesions in mice. (A) Flowchart of SJMHEI intervention in a psoriasis-like mouse model (n = 7 mice per group). (B)
Representative images of mouse skin lesions during the modeling process with IMQ administration. (C) Representative images of skin lesions in each group of mice on day 8.
(D) Erythema, (E) Scales, (F) infiltration, (G) total score (* IMQ + PBS (s.c.) group vs IMQ + SJMHEI (s.c.) group, # IMQ + PBS group vs IMQ + SJMHEI group), and (H)
weight change of mice in each group. (I) Representative images of HE staining (scale bar; 100 um) and (J) Ki67 staining (scale bar, 100 pm) in each group of mice on day 8. (K)
Epidermal thickness in each group of mice (n=7 mice). (L) Ki67-positive cells/millimeter (mm) of epidermal basement membrane (EBM) in each group of mice (n = 7 mice).
Data are presented as mean + SD. **p < 0.0001, ***p < 0.001, **p < 0.0, *p < 0.05; ###H p < 0.0001, ## p < 0.001, ## p < 0.0, # p < 0.05.

Scoring of Skin Inflammation and Spleen Index

Skin inflammation was assessed using the Psoriasis Area Severity Index (PASI) throughout the entire treatment
procedure. Erythema, scaling, and infiltration were independently graded on a scale from 0 to 4 (0: none, 1: mild, 2:
moderate, 3: marked, 4: severe), and the scores were then summed to provide a total score.*” The spleen index (spleen
mass/body weight) of each mouse was determined on day 8.

Histology and Immunohistochemistry

Mouse skin tissues were acquired on day 8, and then fixed in 4% paraformaldehyde, dehydrated using gradient ethanol,
and embedded in paraffin. Four-micrometer sections were cut for hematoxylin and eosin (HE) staining and immunobhis-
tochemical staining. For immunohistochemistry, skin sections were incubated overnight at 4°C with anti-Ki67 antibody
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(GB151499, 1:1000, Servicebio, Wuhan, China), or anti-CD3 antibody (GB150004, 1:2000, Servicebio), followed by
incubation with HRP-conjugated goat anti-rabbit IgG antibody (GB23303, 1:200, Servicebio). Epidermal thickness in HE
sections and the number of Ki67-positive cells per millimeter of epidermal basement membrane (EBM) in IHC sections
were calculated using Image-Pro Plus software (Leeds Precision Instruments, USA), according to previous

publications.*'*?

Cell Culture

Human epidermal keratinocytes (HaCaT) cell line (VGC-0048-0000) was obtained from Vigen Biotechnology
(Zhenjiang, China) and cultured in Dulbecco’s modified eagle medium (DMEM, Gibco, USA) supplemented with
10% fetal bovine serum (FBS, Gibco) and 1% Penicillin-Streptomycin solution (Servicebio) at 37°C with 5% CO..

Cellular Uptake of SJMHEI

HaCaT cells uptake experiment were based on previous publications*****. HaCaT cells were incubated with FITC-labeled
SJMHEI1 at varying concentrations (0, 0.1, 0.5, 1, and 2 pg/mL) for 1, 3 or 24 hours. Cells were then washed three times
with PBS and fixed with 4% paraformaldehyde for 20 minutes at room temperature. Following three PBS washes, the
cells were permeabilized with Triton X-100 (Beyotime, Nantong, China) for 15 minutes. After another three PBS washes,
cells were stained with DAPI (Beyotime) for 5 minutes and subsequently washed with PBS. Cell uptake images were
captured using a confocal laser scanning microscope (CLSM, LMS-800, Carl Zeiss).

Cell Viability Assay

Cell viability was measured using the Cell Counting Kit-8 (CCK-8, UU-bio Technology Co., Ltd, Suzhou, China).
HaCaT cells (5000 cells/well) were incubated with varying concentrations of SJMHEI (0, 0.1, 0.5, 1, and 2 pg/mL) or
LPS (0, 10, and 20 pg/mL, L2880, Sigma-Aldrich) for 24 or 48 hours. Cell viability was evaluated using CCK-8
following the manufacturer’s protocol.

in vitro Treatment with SJMHEI and LPS

HaCaT cells were seeded in 6-well plates at a density of 4x10° cells/well and cultured at 37°C in an atmosphere of 5%
CO,. At 60-70% confluence, cells were stimulated with LPS (20 pg/mL) for 24 hours to establish keratinocytes in
psoriasis.***® For SIMHEI treatment, cells were pretreated with SIMHEI (2 pg/mL) for 2 hours, followed by co-
treatment with LPS for 24 hours.

RNA Extraction and Quantitative Reverse Transcription PCR (qRT-PCR)

Total RNA from cultured HaCaT cells and mouse skin tissues was extracted using RNAiso Plus (9109, TaKaRa Bio,
Dalian, China). RNA was reverse transcribed into cDNA using the SureScript™ First-Strand ¢cDNA Synthesis Kit
(QP057, GeneCopoeia, Rockville, MD, USA). Real-time fluorescence quantitative PCR was conducted with BlazeTaq™
SYBR® Green qPCR mix 2.0 (QP033, GeneCopoeia) following the manufacturer’s instructions. PCR primers were
synthesized by Tsingke Biotech Co., Ltd. (Nanjing, China). GAPDH served as the endogenous control. Relative gene
expressions were calculated using the 274" method.

Western Blotting

Total proteins from cultured HaCaT cells and mouse skin tissues were extracted using RIPA lysis buffer (Biosharp,
Anhui, China). Using the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime) to isolate nuclear and cytoplasmic
proteins following the manufacturer’s protocol. Quantified proteins (10 ug per lane) were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF)
membrane. After blocking with 5% skim milk, the membranes were incubated with various primary and secondary
antibodies: GAPDH (60004-1-Ig, Proteintech, Wuhan, China), Histone H3 (17168-1-AP, Proteintech), Phospho-STAT3
(Tyr705) (#9145, Cell Signaling Technology, Danvers, MA, USA), Phospho-NF-kB p65 (Ser468) (82335-1-RR,
Proteintech), STAT3 (#12640, CST), NF-kB p65 (#8242, CST), Goat Anti-Rabbit IgG (H+L) HRP (S0001, Affinity,
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Changzhou, China), and Goat Anti-Mouse IgG (H+L) HRP (S0002, Affinity). GAPDH and Histone H3 served as the
loading control. Signals were visualized using an ECL Kit (Beyotime), images were captured with a ChemiScope 3400
Mini (CLINX Science Instruments, Shanghai, China), and protein intensity was quantified using ImageJ software.

Flow Cytometry
For Treg staining and analysis, 1x10° cells from murine splenic single-cell suspension were surface-stained with FITC-
CD4 antibody (11-0041-86, Invitrogen, USA) and APC-CD25 antibody (102012, BioLegend, USA), then fixed and
permeabilized using the Foxp3/Transcription Factor Staining Buffer Set (00-5523-00, Invitrogen) and blocked with Fc
receptor (Invitrogen). Cells were subsequently intracellularly stained with PE-Foxp3 antibody (12-5773-82, Invitrogen).
For Th17 staining and analysis, 1x10° cells from murine splenic single-cell suspension were cultured in RPMI 1640
complete medium (Gibco) and stimulated with a PMA/Ionomycin Mixture (MultiSciences, Hangzhou, China) and BFA/
Monensin Mixture (MultiSciences) at 37°C in 5% CO, for 5-6 hours. Cells were then surface-stained with FITC-CD4
antibody (11-0041-86, Invitrogen), fixed and permeabilized, followed by intracellular staining with PE-IL17A antibody
(506904, BioLegend).

Statistical Analysis

Statistical analyses were conducted using GraphPad Prism 8.0.1 software. Data are presented as mean + standard
deviation (SD). One-way ANOVA with the Tukey-Kramer post-hoc test was employed for group comparisons. A
p-value of < 0.05 was considered statistically significant.

Results
SJMHE| Treatment Alleviated IMQ-Induced Psoriasis-Like Skin Lesions in Mice

To evaluate the effects of SIMHE1 on skin lesions in an IMQ-induced psoriasis-like mouse model, mice were treated
with topical administration or subcutaneous injection of SJIMHEI], as illustrated in Figure 1A. As shown in Figure 1B, the
extent of dorsal lesions in the IMQ group increased progressively. As shown in Figure 1C, compared to the control
group, mice in the IMQ group exhibited typical manifestations of psoriasis, including skin scales, erythema, thickening,
and inflammatory infiltration on day 8. The daily lesion status for each group was presented in Figure S1. However, both
topical administration and subcutaneous injection of SIMHE] significantly alleviated IMQ-induced skin lesions. Scoring
of erythema (Figure 1D), scaling (Figure 1E), infiltration (Figure 1F), and total PASI (Figure 1G) increased in the IMQ,
IMQ + PBS (s.c)., and IMQ + PBS groups. In contrast, SIMHE! subcutaneous injection resulted in a lower PASI.
Notably, the PASI in the IMQ + SJMHEI group peaked on day 6 after IMQ application, then declined, and was lower
than that of the IMQ group by day 8. Aside from the control group, no significant differences in weight change were
observed among the treatment groups (Figure 1H).

HE staining revealed pathological psoriasis lesions in the IMQ group, including epidermal thickening, stratum corneum
hyperkeratosis with parakeratosis, an increased number of spinous cell layers, and inflammatory cell infiltration in the
dermis. However, in the IMQ + SIMHEI] (s.c.) and IMQ + SIMHE]1 groups, the severity of pathological changes in dorsal
skin lesions was reduced. Specifically, there was a thinner epidermis, reduced parakeratosis and hyperkeratosis, improved
acanthosis, and decreased inflammatory cell infiltration in the dermis, as shown by HE staining (Figure 11 and K). IMQ
induced an increase in Ki67 antigen expression, indicative of keratinocyte hyperproliferation, whereas SIMHE] treatment
reduced the number of Ki67-positive cells, suggesting that SIMHE1 inhibits the proliferation and differentiation of aberrant
keratinocytes (Figure 1J and L). Both topical administration and subcutaneous injection of SIMHE1 effectively alleviated
IMQ-induced psoriasis-like skin lesions in mice.

SJMHE| Regulated Inflammatory Cytokines Expression and Reduced NF-xB p65 and
STAT3 Phosphorylation in HaCaT Cells

Inhibiting keratinocyte activation is a viable strategy for protecting against psoriasis. The uptake of SIMHE1 by HaCaT
cells was investigated using FITC-labeled SJMHE1. As shown in Figure 2A and Figure S2, SIMHEI predominantly
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accumulates around the nucleus, with perinuclear green fluorescence increasing in correlation with the concentration of
SIMHE! and the duration of exposure. CCK-8 assays demonstrated that 20 pg/mL LPS and 2 pg/mL SJMHE]1 did not
affect cell survival over 24 hours, establishing these concentrations for subsequent experiments (Figure 2B-D). LPS
stimulation elevated the relative expression of IL-1f, IL-17A, and TNF-a mRNA, while SIMHEI treatment inhibited
their expression in HaCaT cells. Additionally, LPS stimulation induced an increase in IL-10 mRNA expression, which
was further enhanced by SIMHET1 treatment in HaCaT cells (Figure 2E-H). The NF-kB and STAT3 signaling pathways,
involved in the secretion of inflammatory cytokines, play crucial roles in the pathogenesis of psoriasis.***” As expected,
LPS stimulation significantly increased the phosphorylation of NF-kB p65 and STAT3 in HaCaT cells, whereas SIMHE1
reduced the expression of p-p65 and p-STAT3 (Figure 2I-L). In their unactivated state, STAT3 and p65 primarily reside
in the cytoplasm. As shown in Figure 3A and B, compared to the control group, the expression of p-STAT3 and p-p65 in
the LPS group significantly increased in both the nucleus and cytoplasm. In contrast, the LPS + SIMHE1 group exhibited
a less pronounced reduction in cytoplasmic expression of p-STAT3 and p-p65, while a significant decrease was observed
in the nucleus. This indicates that upon LPS stimulation, STAT3 and p65 become phosphorylated and partially translocate
into the nucleus. However, the nuclear translocation of p-STAT3 and p-p65 is inhibited following the intervention of
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nucleus. (B) The expression and quantitative analysis of p-STAT3 and p-p65 protein in the cytoplasm. Data are presented as mean * SD (in vitro, n = 3). ¥**p < 0.0001, **p < 0.001,
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SIMHEI. These findings suggest that SIMHE1-mediated suppression of keratinocyte activation via the NF-kB and
STAT3 signaling pathways may be partially achieved by suppressing the nuclear translocation of p-STAT3 and p-p65,
thereby reducing the expression of inflammatory cytokines.

SJMHE | -Loaded Hydrogel and SJMHEI| Treatment Alleviated IMQ-Induced Psoriasis-

Like Skin Lesions in Mice

To enhance the efficiency of topical administration, SIMHE1-loaded thermosensitive hydrogels with P407 were prepared.
To improve compliance, subcutaneous injection of the SIMHE1-loaded hydrogel was not utilized. The treatment regimen is
illustrated in Figure 4A. As expected, mice in the IMQ group exhibited progressively worsening skin lesions during the
modeling process. Administration of betamethasone, SIMHE1, and SIMHE1-gel reduced IMQ-induced skin lesions on day
8 (Figure 4B and C). The daily lesion status for each group was presented in Figure S3. The scoring of erythema
(Figure 4D), scaling (Figure 4E), infiltration (Figure 4F), and total PASI (Figure 4G) in the IMQ + SJIMHE1-gel group
was not superior to the IMQ + Betamethasone group, but by day 8, these PASI scores were close to or slightly better than
those of the IMQ + Betamethasone group. The weight change in the SIMHE1-gel group was less than that in the IMQ +
Betamethasone group from day 6 onwards (Figure 4H). On day 6, the PASI scores peaked and then declined in the IMQ +
SIMHEI group, and by day 8, they were close to or slightly better than those in the IMQ + Betamethasone and IMQ +
SIMHE1-gel groups (Figure 4D-G). Histopathological analysis revealed that treatments with betamethasone, SIMHEI,
and SJMHEI-loaded gel improved psoriasis-like pathological lesions such as epidermal thickening, parakeratosis, hyper-
keratosis, acanthosis hypertrophy, and inflammatory infiltration in mice (Figure 41 and K). Similarly, all three treatments
reduced the expression of Ki67, a marker of keratinocyte proliferation induced by IMQ (Figure 4J and L). Compared to
IMQ + SJMHEL, the epidermal thickness and number of Ki67-positive cells were lower in the SIMHE1-loaded gel group,
indicating that the hydrogel loaded with SIMHE1 was more effective than free SIMHE]1 (Figure 4K and L). These results
suggest that SIMHE1-loaded hydrogel has a potent anti-psoriasis effect with fewer side effects than betamethasone.

SJMHE | -Loaded Hydrogel and SJMHE| Treatment Attenuated Splenomegaly and T

Cell Infiltration in Psoriasis Mice

Due to increased immune activity, IMQ induces splenomegaly in mice.*® Splenomegaly was observed in the IMQ, IMQ
+ gel, and IMQ + PBS groups, but was reduced in the IMQ + Betamethasone, IMQ + SIMHE1-gel, and IMQ + SIMHE1
groups (Figure 5A). Correspondingly, treatments with betamethasone and SJMHEI reduced the IMQ-induced increase in
spleen index, based on the spleen weight/body weight ratio (Figure 5B). Furthermore, the spleen index in the IMQ +
SIMHE1-gel group was lower than in the IMQ + SIMHEI1 group, indicating that the SIMHE1-loaded hydrogel was more
effective in reducing the spleen index than free SIMHE1 (Figure 5B). T cell infiltration contribute to the pathogenesis of
psoriasis.*’ As expected, the infiltration of CD3" T cells was observed in dermis and epidermis of IMQ-treated mice, but
reduced in Betamethasone, SIMHE1-loaded hydrogel and SIMHEI-treated mice (Figure 5C). Thus SIMHE1-loaded
hydrogel and SJMHEI treatment attenuate splenomegaly and T-cell infiltration in psoriasis mice.

SJMHEI-Loaded Hydrogel and SJMHE| Treatment Regulated the Splenic Th17/Treg

Cell Balance in Psoriasis Mice

Cytokines secreted by activated immune cells and keratinocytes stimulate inflammatory Th17 differentiation and inhibit
Treg cell differentiation, leading to a Th17/Treg imbalance, which plays a crucial role in the pathogenesis of psoriasis.>
Consequently, Th17 and Treg cells in mouse splenocytes were analyzed by flow cytometry. As shown in Figure 6A-D,
betamethasone, SIMHE1-loaded hydrogel, and SIMHE1 increased Treg cell numbers, with the SIMHE1-loaded hydro-
gel being more effective than both betamethasone and free SIMHEI. Additionally, betamethasone, SJMHE1-loaded
hydrogel, and SJMHE] inhibited the IMQ-induced increase in Th17 cells. These results suggest that SIMHE1 treatment,
particularly with the SIMHE1-loaded hydrogel, effectively improves IMQ-induced Th17/Treg cell imbalance in mice,
and is not inferior to, and possibly superior to, betamethasone in correcting immune imbalance in psoriasis mice.
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SJMHE | -Loaded Hydrogel and SJMHEI Treatment Regulated Inflammatory Cytokines
Expression and Inhibited NF-kB p65 and STAT3 Phosphorylation in Psoriasis Mice

Abnormally proliferating keratinocytes and resident immune cells secrete cytokines that promote psoriasis skin inflam-
mation and lesions.”" Therefore, the expression of cytokine genes in mouse skin lesions was investigated using qRT-PCR.
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As shown in Figure 7, IMQ significantly upregulated mRNA levels of IL-6, IL-17A, and TNF-a, while treatment with
betamethasone, SIMHEI1, and SIMHEI-gel significantly downregulated this IMQ-induced upregulation and notably
increased the expression of IL-10 mRNA (Figure 7A-D). Similarly, more IL-6, and lesser IL-10 expression were
observed in the psoriasis-like lesions of IMQ, IMQ + gel, and IMQ + PBS-treated mice than in control mice as
shown by the results of immunohistochemical staining (Figure S4). However, betamethasone, SIMHE1, and SJIMHE]1-
gel treatment induced a decrease of IL-6, and an increase of IL-10 expression (Figure S4). NF-kB p65 and STAT3
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stimulate the expression of inflammatory cytokines in psoriasis.’> Western blot analysis revealed that the expression of
p-p65 and p-STAT3 was elevated in the IMQ, IMQ + betamethasone, IMQ + gel, and IMQ + PBS groups, but decreased
following SIMHE1-loaded hydrogel and SIMHEI treatments (Figure 8 A—C). These findings suggest that SIMHE1 can
suppress the secretion of inflammatory cytokines by inhibiting the activation of NF-kB and STAT3 signaling pathways,

thereby improving skin lesions in psoriasis mice.

Discussion

Psoriasis is a chronic, systemic inflammatory disease. While biologics targeting cytokines and their receptors are more
effective than traditional immunosuppressants for treating psoriasis, their high cost, severe side effects, and low
adherence limit their use.’*>>* Helminths and their products, which evolved alongside humans, can inhibit inflammatory
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reactions such as allergies and autoimmune diseases, and improve metabolic homeostasis.'® This anti-inflammatory
property of helminths and their ESPs has shown promising results in treating inflammatory diseases.’” For instance, pig

56,57 19,58

whipworm Trichuris suis ova (TSO) has demonstrated therapeutic effects in Crohn’s disease, ulcerative colitis,

allergies,” multiple sclerosis,’” and autism.®’ Similarly, Necator americanus larvae have been used to treat celiac

6455 allergic rhinitis, and type 2 diabetes.®® However, there are few reports on

disease,®® asthma,® multiple sclerosis,
using parasites or their products to treat psoriasis. Cysteine protease inhibitors from ticks can improve skin inflammation
in mannan-induced psoriasis mice by regulating innate immune cells, Th17 cells, and inflammatory cytokine expression.-
41 A 3kD peptide, SjDX5-53, from S. japonicum eggs, inhibits inflammatory Th1 and Th17 cells in psoriasis mice by
inducing Treg cells.®’ This study evaluated the protective effect of SIMHE] from S. japonicum peptide and SJMHEI-
loaded hydrogel against psoriasis. SIMHE] inhibits DTH,** CIA,* asthma,?® and colitis*® in mice by inducing Tregs,
regulating the expression of inflammatory cytokines, and balancing Th cell populations. Additionally, STIMHE]1 inhibits
allergic rhinitis in mice by inducing regulatory B cells.”?’ Furthermore, compared to worm ESPs or full-length proteins,
SIMHEI! induces less immunogenicity and does not elicit elevated immunoglobulin responses in SJIMHEI-injected
arthritic or asthmatic mice.>*® In this study, topical administration or subcutaneous injection of SIMHEI improved skin
inflammation in psoriasis mice and reduced inflammatory cytokine expression in keratinocytes. Furthermore, SIMHE1-
loaded hydrogel was at least as effective as, if not better than, betamethasone in reducing skin inflammation, with fewer
side effects.

Consistent with previous reports,®®*” IMQ induced typical psoriasis-like scales, erythema, and epidermal hyperplasia
in mice. Both topical administration and subcutaneous injection of SJMHE] alleviated psoriasis-like skin lesions on the
backs of mice and improved PASI scores. Histological analysis revealed that SJMHEI treatment reduced epidermal
thickness, parakeratosis, hyperkeratosis, acanthosis hypertrophy, inflammatory cell infiltration in the dermis, and the
expression of Ki67, a marker of keratinocyte proliferation or differentiation.”® Both topical administration and sub-
cutaneous injection of SIMHEI effectively inhibited aberrant keratinocyte proliferation and reduced skin lesions in IMQ-
induced psoriasis mice.

Various cytokines secreted by immune cells in skin lesions stimulate excessive proliferation of keratinocytes.
Overproliferating keratinocytes, in turn, produce a large number of pro-inflammatory cytokines, sustaining and amplify-
ing the inflammatory response in psoriasis. It was observed that HaCaT cells could uptake SJMHEI, reducing LPS-
induced activation of keratinocytes. For instance, LPS stimulates HaCaT cells to increase IL-1p, IL-17, and TNF —a,52 but
SIMHE] treatment decreases the mRNA expression of these cytokines while increasing the expression of IL-10 mRNA.
Thus, SJMHE] not only ameliorates skin lesions in IMQ-induced psoriasis mice but also reduces LPS-induced activation

of keratinocytes.
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NF-«B and STAT3 signaling are closely associated with the development of psoriasis.”* Activation of NF-kB signaling in
psoriasis lesions, and its inhibition, can reduce excessive proliferation and inflammation of keratinocytes.”"’* Inflammatory
stimuli in cells activate IkB kinase (IKK), which leads to the phosphorylation and subsequent degradation of IkBa. This
process triggers the nuclear translocation and transcriptional activation of NF-kB’* Phosphorylation of p65 in NF-kB
signaling drives the transcription and expression of various inflammatory factors.”* Cytokines in the psoriasis skin micro-
environment, such as IL-6, can activate STAT3, promote hyperproliferation of keratinocytes, and recruit T cells in the
epidermis, causing epidermal inflammation.*> Curcumin inhibits STAT3 phosphorylation and reduces the levels of its
downstream proteins, including Cyclin D1, Bcl-2, and Pim1. Thereby suppressing skin psoriasis-like dermatitis in mice.”
Consistent with the above findings on inflammatory cytokine expression (Figure 2), LPS stimulates HaCaT cells to increase
the expression of p-p65 and p-STAT3. However, SJIMHE1 treatment decreases their expression, indicating that SJMHE1
inhibits the activation of NF-kB and STAT3 in keratinocytes, thereby reducing the expression of inflammatory cytokines in
HaCaT keratinocytes. Future research should further explore how SIMHE] regulates inflammatory mechanisms in keratino-
cytes by modulating downstream signaling of NF-kB and STAT3.

To enhance the efficiency of local anti-psoriasis drug delivery and achieve better therapeutic outcomes, hydrogels have
become a focal point in anti-psoriasis research. Betamethasone-loaded topical hydrogel (B-Gel) attenuates IMQ-induced skin
inflammation in mice with psoriasis.”® Indigolin microemulsion gel down-regulates the expression of CD4" T cells, IL-17A,
and Ki67, improving symptoms of IMQ-induced psoriasis in mice.”” In this study, poloxamer 407 (P407), an amphiphilic
polymer deemed safe for human use by the US Food and Drug Administration,”® was selected to form a hydrogel loaded with
the peptide SIMHEL, utilizing its water-soluble and micelle-based properties. Encapsulating drugs in P407 hydrogel prolongs
their residence time at the site of local application and reduces the cytotoxicity associated with free drugs. This approach has
been widely adopted in delivery systems for anticancer, antidiuretic, and antibacterial medications.”>*® Additionally, hydro-
gel-based peptide delivery not only protects peptides from rapid enzymatic degradation or inactivation but also allows for
effective filling of irregularly shaped psoriatic skin lesions. The effects of this SIMHE1-loaded hydrogel on psoriasis in mice
were observed. Consistent with the topical administration and subcutaneous injection of SIMHEI, the SIMHE1-loaded
hydrogel alleviates IMQ-induced psoriasis-like skin lesions and PASI scores. It reduces epidermal thickening, parakeratiniza-
tion, hyperkeratosis, and inflammatory cell infiltration in the dermis, and decreases the number of Ki67-positive cells per
millimeter of the basement membrane in the epidermis. Compared with the positive control group treated with betamethasone
(IMQ + Betamethasone), the SJMHE1-loaded hydrogel group (IMQ + SIMHEI-gel) exhibited a lower number of Ki67-
positive cells in epidermal proliferation, though the difference was not statistically significant. Moreover, the weight of mice in
the SIMHE1-loaded hydrogel group (IMQ + SIMHE1-gel) gradually increased from the third day. On the 6th, 7th, and 8th
days post-IMQ administration, the weight of mice in the betamethasone group was lower than that in the SJMHE1-loaded
hydrogel group, indicating higher toxicity of betamethasone. Furthermore, compared to free SIMHE1, the SIMHE1-loaded
hydrogel induced lower epidermal thickness and fewer Ki67-positive cells in the lesion tissues of psoriasis mice, demonstrat-
ing that the SJIMHE-loaded hydrogel improved psoriasis symptoms more effectively than free SIMHE1 administration.

The spleen index signifies an increase in splenocyte numbers and an enhanced immune response.®' Activated CD4" T cells
infiltrate the epidermis, triggering inflammation and keratinocyte hyperproliferation in psoriasis.®*> The interaction between
keratinocytes and immune cells, particularly helper T cells, plays a major role in the pathogenesis of psoriasis.***** Abnormally
differentiated Thl and Th17 cells secrete IFN-y, IL-17, and TNF-a, promoting keratinocyte proliferation.”®> Moreover,
cytokines in the psoriatic skin microenvironment may cause an imbalance of Th17 and Treg cells.®® The Th17/Treg ratio from
peripheral blood in patients with psoriasis is positively correlated with the PASI score.***” Consistent with the literature, IMQ
increased the spleen index and the proportion of Th17 cells in the spleen of mice, while free SIMHE1, SIMHE1-loaded
hydrogel, and betamethasone reduced the spleen index and the proportion of Th17 cells while increasing the proportion of
Treg cells. SIMHEI treatment also reduced the mRNA expression of IL-6, IL-10, IL-17A, and TNF-a in mouse skin lesions.
These results suggest that SIMHE1 improves the Th17/Treg balance and reduces the expression of inflammatory cytokines in
psoriasis mice, thereby ameliorating psoriasis symptoms. Consistent with in vitro results (Figure 2), IMQ induces increased
expression of p-p65 and p-STAT3 in the damaged skin of mice, but SIMHE]1 treatment reduces their expression, indicating
that SIMHEI1 inhibits NF-kB and STAT3 activation in skin lesions, thus decreasing the expression of inflammatory cytokines.
Although betamethasone can inhibit the inflammatory response of LPS-stimulated dental pulp cells® and the skin barrier® by
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inhibiting NF-«B, the effect of betamethasone on p65 expression was not observed in this study. Betamethasone can inactivate
NF-«B and STAT3 signaling and reduce the release of inflammatory cytokines in osteoarthritis.”® However, Ladenburger et al
found that betamethasone has no effect on STAT3 phosphorylation but can enhance IL-6-induced STAT3 activation in human
lung adenocarcinoma H441 cells.”’ Similarly, no changes in STAT3 phosphorylation were observed in the lesion tissues of
betamethasone-treated mice. The differences in betamethasone effects on NF-kB and STAT3 signaling may be related to
different cell and disease models. Thus, the effect of SIMHE1-loaded hydrogel in inhibiting skin inflammation in psoriasis
mice is comparable to, or even better than, betamethasone, but with fewer side effects. SIMHEI-loaded hydrogel is
inexpensive, easy to obtain, and safe, providing a new strategy for the treatment of psoriasis.

Despite the clear advantages of hydrogel-based peptide delivery, the efficacy and long-term safety of these systems
remain important areas for ongoing evaluation. Additionally, the study had several limitations. For instance, this study
focused solely on P407 loaded with SJMHE1. Modifying the structure and chemistry of poloxamers is complex, and
exploring SIMHE1 with different hydrogels may be a direction for future research. The mechanisms by which SIMHE1
affects keratinocytes and inflammation in psoriatic mice are still in their early stages, and further investigation is needed
to elucidate the molecular pathways involved with SIMHEl and SJMHEl-loaded hydrogels in psoriasis. Given
SIMHE1’s broad anti-inflammatory properties, hydrogels or other SIMHEIl-loaded nanoparticles hold promise for
treating psoriasis and other inflammatory diseases.

Conclusion

This study demonstrates that topical application or subcutaneous injection of SIMHE1 can improve skin inflammation in
mice with psoriasis and reduce the expression of inflammatory cytokines in keratinocytes. SJMHE1-loaded hydrogel and
SIMHEI! treatment inhibit NF-kB and STAT3 activation in skin lesions, improve the Th17/Treg balance, and reduce the
expression of inflammatory cytokines in psoriasis mice, thereby ameliorating psoriasis symptoms. SIMHE1-loaded
hydrogel improved psoriasis symptoms in mice more effectively than free SJIMHEI administration. Therefore,
SIMHE1-loaded hydrogel may represent an attractive strategy against psoriasis.
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