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SI Methods

Secondary Structure Analysis

The secondary structure and stability of Fej under different solvent conditions were examined by circular dichroism (CD) spectroscopy using a Chirascan Plus ACD spectropolarimeter (Applied Photophysics Ltd, Leatherhead, UK). Measurements were performed over a wavelength range of 180-280 nm in a 0.1 cm path length cuvette, with a bandwidth of 1 nm, a response time of 1 s, and a scan speed of 100 nm min-1 at 25 °C. Fej samples were prepared at a concentration of 1 mg mL-1 in 10 mM PBS and 50% TFE. CD spectra were acquired at 37 °C and processed using Spectra Manager software. 
Hemolytic And Acute Activities of Fej Peptides 

The hemolytic activity of Fej peptides (ranging from 3.12 to 800 μM) was evaluated using red blood cells obtained from Kunming mice. To assess the acute toxicity of Fej-1a and Fej-1b, Kunming mice were administered intraperitoneal injections of each peptide at a dose of 500 mg kg-1, with 0.1% dimethylsulfoxide (DMSO) phosphate-buffered saline (PBS) serving as the negative control. The peptides were prepared as a stock solution with a concentration of 75 mg mL-1. Each mouse received a daily injection of 200 μL, and both mortality and changes in body weight were recorded over a one-week observation period.

Analysis Of RNA Sequencing and Proteomic Profiling

The paragraph describes the extraction of total RNA and proteins from the wounded skin of both control and Fej-1a-treated KM mice, followed by transcriptome analysis (via RNA-seq on Illumina NovaSeq 6000) and proteome analysis (via TMT-labeled LC-MS/MS), which was performed by LC-Bio Technology (Hangzhou, China).

In Vivo Validation of Immunomodulatory Effects

Wound tissues were preserved using a 4% formaldehyde solution. Subsequently, 5 μm tissue sections were prepared and mounted on slides for histological examination. Hematoxylin and eosin (H&E) staining was performed to assess wound closure areas, while Masson's trichrome staining was used to quantify collagen deposition. Additionally, immunofluorescence staining for CD86 and CD206 was conducted on days 1 and 3 after model establishment to evaluate macrophage infiltration and differentiation at the wound site.

Cell Scratch Wound Assay 

RAW264.7 macrophages and HSF fibroblasts were grown in 24-well plates until they reached 80% confluency. To synchronize the cell cycles, the cultures were incubated for 2 h in serum-free DMEM supplemented with 10 μg mL-1 mitomycin C. Following three washes with PBS, uniform scratch wounds were generated using ibidi® culture inserts. The experimental groups were treated with serum-free DMEM containing Fej peptides at concentrations of 12.5, 25, or 50 μM, while the control groups received an equal volume of serum-free DMEM or remained untreated. The scratch lines were imaged under a microscope at 20x magnification at 0, 12, and 24 h post-scratching, and the acellular area was quantified using ImageJ software. 

Transwell Assay 

Transwell migration experiments with HSF and RAW264.7 macrophages were modified from previous methods. Eight-micrometer pore Corning Transwell inserts were pre-coated with 0.1 mg mL-1 collagen I. The lower chambers contained serum-free DMEM with Fej peptide gradients (12.5, 25, 50 μM), while control wells had peptide-free medium. After 24 h at 37 °C with 5% CO₂, migrated cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Quantitative analysis was performed using an inverted phase-contrast microscope (Nikon Eclipse Ti, 20× objective) with automated cell counts via ImageJ. Three independent experiments were conducted with triplicate technical replicates.

EdU Proliferation Assay 

DNA synthesis activity was assessed using the BeyoClick™ EdU-488 kit (Beyotime, C0071L). Cells were pulse-labeled with EdU (20 μM for 2 h) and fixed in 4% paraformaldehyde. Click-iT reaction cocktails with 488-azide fluorophore labeled nascent DNA strands. Nuclei were counterstained with DAPI (1 μg mL-1 for 10 min) and mounted with ProLong™ Gold antifade reagent. Confocal imaging was performed on an Olympus FV3000 microscope with a 60× oil-immersion objective (NA 1.42). EdU incorporation was quantified as the ratio of green (EdU positive) to blue (DAPI stained) cells.

Histopathological Analysis 

Skin specimens from all experimental groups were fixed in 4% paraformaldehyde (PFA) at 4 °C for at least 48  h, then dehydrated in ethanol and embedded in paraffin. Serial sections (5  μm thick) were cut using a rotary microtome (Leica RM2255) for morphological assessment. Re-epithelialization was evaluated by hematoxylin and eosin (H&E) staining (Solarbio, G1120), and collagen deposition was analyzed via Masson’s trichrome staining (Solarbio, G1340). For immunohistochemical detection, sections were incubated with antibodies against α-smooth muscle actin (α-SMA; 1:200, Proteintech, 14395-1-AP) and TNF-α (1:200, Abcam, ab220210). Immunofluorescence co-staining was employed to assess TGF-β and NF-κB signaling components using antibodies targeting TGFBR2 (1:100, Abcam, ab184948), Smad4 (1:200, CST, 38454), phospho-Smad2/3 (1:500, Abcam, ab63399), TAK1 (1:200, ABclonal, A12022), IκBα (1:200, ABclonal, A24909) and NF-κB p65 (1:500, CST, 6956T), along with appropriate Alexa Fluor 488/594-conjugated secondary antibodies (1:500, Invitrogen). Nuclei were counterstained with DAPI (Solarbio, C0060) prior to imaging on an Olympus FV3000 confocal microscope with a 60× oil immersion objective. Signaling activation was quantified as follows:

Activation index (%) = (Number of double-positive cells [Target+/DAPI+]) / (Total DAPI+ cells) × 100.

Three independent blinded evaluators performed cell counts in at least five non-overlapping fields per section using ImageJ FIJI. Representative images were selected for presentation.

Enzyme‑linked Immunosorbent Assay (ELISA) 

ELISA was conducted to assess the effects of Fej peptides (12.5, 25 and 50 μM) on inflammatory factor secretion during mouse wound healing. Inflammatory factors, including TNF-α (Solarbio, SEKM-0034), IL-1β (Solarbio, SEKM-0002), IL-10 (Solarbio, SEKM-0010), IL-6 (Solarbio, SEKM-0007), and EGF (Solarbio, SEKM-0038), were detected using a tissue grinding solution per the ELISA kit instructions.

Quantitative Real-Time PCR (RT-PCR) 

Total RNA was isolated and transcribed from skin tissue and cultured cells for cDNA screening to identify reference peptides. Then RT-qPCR was conducted using ArtiCanCEO SYBR qPCR Mix (Takara), with GAPDH/β-actin expression as an internal control analyzed by the ΔΔCt method. Primer sequences are in Table S2.
Western Blotting 

Skin and cell samples were lysed with RIPA lysis buffer (Beyotime) containing a protease inhibitor. Protein concentration was measured using a BCA assay (Beyotime). Proteins were separated by SDS-PAGE, transferred to PVDF membranes (Millipore), and immunoblotted for TGF-β and TAK1-NF-κB signaling components: TGFBR2 (1:1000, Abcam, ab184948), Smad4 (1:1000, CST, 38454), Phospho-Smad2/3 (1:1000, Abcam, ab63399), TAK1 (1:1000, ABclonal, A12022), P65 (1:1000, CST, 6956T), Phospho-p65 (1:1000, Beyotime, AN371), Phospho-IκBα (1:1000, ABclonal, AP0707), IκBα (1:1000, ABclonal, A24909), β-actin (1:1000, Beyotime, AF5003), GAPDH (1:2000, Beyotime, AF1186), and α-Tubulin (1:2000, Affinity, AF7010). Blots were visualized with a chemiluminescent HRP substrate (Beyotime) using the Tanon-5200 system (Shanghai, China).
LPS-induced Inflammation Model with RAW264.7 Macrophages 

Detach healthy RAW264.7 cells from the culture dish using a pipette. Adjust the cell concentration to 1 × 10⁶ cells mL-1 and incubate overnight until over 80% adhesion is achieved. Subject the cells to 6 h of starvation treatment. Remove the supernatant and add peptide gradients prepared in 1640 medium (Fej-1a and Fej-1b at 12.5, 25, and 50 μM) for another six hours. Discard the peptide-containing medium and add lipopolysaccharide (LPS) prepared in complete 1640 medium at a concentration of 100 μg mL-1. The LPS group, which does not receive active peptides, serves as the model control group and is treated for 18 h.

Macrophage Activation by Fej Peptides 

Macrophage polarization of Fej-1a and Fej-1b peptides were evaluated on the RAW264.7 cells by flow cytometry and observed by CLSM (confocal laser scanning microscopy). RT-qPCR and WB were used to determine the potential cellular signal transduction pathway for macrophage polarization.
Molecular Docking 

Download the crystal structure of the TGFBR2 receptor protein from the RCSB PDB database and preprocess it using Discovery Studio. Optimize the structure with CHARMm for energy minimization. Model and minimize the Fej-1a/b amino acid sequence in MOE to obtain stable conformations. Perform flexible molecular docking between the optimized Fej-1a/b and TGFBR2 (PDB ID: 9E9G) using FlexX, and identify the optimal binding mode based on the lowest free energy. Document the key binding sites and residues, and visualize the results using PyMOL.

Colocalization of TGFBR2 and Fej-1a 

Raw264.7 and HSF cells (1×10⁴ cells/well) were seeded in 24-well plates containing circular cover glasses (14 mm, Nest). After attachment, the cells were treated with FITC-labeled Fej-1a (25 μM) (Fig.S6A and Fig.S7C) for 1 h, followed by fluorescent staining according to a previous study. Serial skin sections (5 μm thick) from KM mice were prepared using a rotary microtome (Leica RM2255) for morphological assessment. The skin sections and cells were incubated with a TGFBR2 primary antibody (1:200, Abcam) for 12 h at 4  °C, followed by incubation with a secondary antibody (goat anti-rabbit IgG Fluor 594-conjugated, Affinity, China, 1:300) for 1 h at 37  °C. After DAPI staining and mounting, the samples were observed using an Olympus FV3000 laser scanning microscope.

Co-Immunoprecipitation (Co-IP) 
Cells were incubated with biotin-labeled Fej-1a (Fig.S6B and Fig.S7D) for 24 h and subsequently lysed in 1% NP-40 lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA (pH 7.4), and a protease inhibitor cocktail (Solarbio, IKM1140) at 4  °C for 30  min. For endogenous co-immunoprecipitation, 5  μL of TGFBR2 antibody (abcam, ab225902) or control rabbit IgG (ABclonal, A19711) was incubated with ADynabeads™ Streptavidin for Target Enrichment (Thermo Fisher Scientific, 65605D) at 4  °C for 6  h. The antibody–bead complexes were then added to pre-cleared cell lysates and gently rotated overnight at 4 °C. After extensive washing, immunoprecipitates were boiled in SDS-PAGE loading buffer, resolved by SDS-PAGE, and subjected to immunoblotting analysis. 

Figures S1 to S7
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Figure S1. In vivo toxicity and hemolytic activity of Fej peptides. (A) H&E staining analysis of the heart, liver, spleen, lungs, and kidneys from mice after continuous intraperitoneal administration of Fej peptides for 7 days (n = 3; scale bar = 100 μm). (B) Body weight changes in mice following daily intraperitoneal injections of Fej peptides over a 7-day period (n = 3). (C) Hemolytic activity of Fej peptides toward red blood cells. (D) Pearson correlation coefficient analysis of transcriptomic data from skin of KM mice treated with Fej-1a (25 μM) or PBS, with red and white indicating strong and weak correlations, respectively. (E) Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) in Fej-1a-treated (25 μM) versus PBS-treated skin, showing upregulated (red) and downregulated (blue) DEGs across GO terms. (f) Hierarchical clustering analysis of proteomic profiles comparing Fej-1a and PBS treatments. (g) Volcano plot of differentially expressed proteins (P<0.05), showing log2(fold change) versus -log10(p-value), with significantly upregulated (red) and downregulated (green) proteins highlighted. Data are presented as means ± S.E.M. Statistical analyses were performed using one-way ANOVA with PBS-treated mice as the control group. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S2. Fej anionic peptides enhance cellular proliferation and migration in RAW264.7 and HSF cells. (A) RT-qPCR analysis of TGF-β pathway-related proteins (TGFBR2, Smad2/3, p-Smad2/3, and Smad4) and α-SMA in wound tissues treated with Fej-1a on day 9 (n = 3). (B) RT-qPCR analysis of TGF-β pathway-related proteins (TGFBR2, Smad2/3, p-Smad2/3, and Smad4) and α-SMA in wound tissues treated with Fej-1b on day 9 (n = 3). (C) Activity of Fej-1a and Fej-1b peptides in RAW264.7 cells (n = 3). (D) Activity of Fej-1a and Fej-1b peptides in HSF cells (n = 3). (E, F) Scratch wound-healing assays of RAW264.7 and HSF cells treated with Fej-1a and Fej-1b (25 μM) at 0, 12, and 24 h (n = 3; scale bar = 100 μm). (G, H) Quantitative analysis of wound-healing rates in RAW264.7 and HSF cells treated with Fej-1a and Fej-1b (25 μM) at the indicated time points (n = 3). (I) Quantitative analysis of EdU fluorescence intensity in RAW264.7 and HSF cells treated with Fej-1a and Fej-1b (25 μM) at the indicated time points (n = 3). Data are presented as means ± S.E.M. Statistical analyses were performed using one-way ANOVA with untreated cells as the control group. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S3. Fej-1a/b enhances proliferation and migration of RAW264.7 macrophages and human skin fibroblasts. (A, B) Transwell migration assays and corresponding quantification assessing the effects of Fej-1a and Fej-1b peptides on the migration of RAW264.7 and HSFs (n = 3; scale bar = 100 μm). (C) EdU proliferation assays and corresponding quantification in RAW264.7 cells (green) after a 24-h treatment with Fej-1a (n = 3; scale bar = 100 μm). (D) EdU proliferation assays and corresponding quantification in HSFs (green) after a 24-h treatment with Fej-1b (n = 3; scale bar = 100 μm). Data are presented as means ± S.E.M. Statistical significance was determined by one-way ANOVA compared to untreated controls. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S4. Fej-1a and Fej-1b peptides attenuate LPS-induced inflammation in RAW264.7 macrophages. (A, B) Representative cell images and quantitative analysis of nitric oxide (NO) production in LPS-stimulated RAW264.7 cells treated with Fej-1a (n = 3). (C, D) Representative cell images and quantitative analysis of nitric oxide (NO) production in LPS-stimulated RAW264.7 cells treated with Fej-1b (n = 3). (E) RT-qPCR analysis of inflammatory cytokine expression in RAW264.7 cells under the indicated treatments (n = 3). Data are presented as means ± S.E.M. Statistical analyses were performed using one-way ANOVA with untreated cells as the control group. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S5. Fej-1a and Fej-1b peptides promote HSF cell proliferation via activation of the TGF-β/Smad signaling pathway. (A) RT-qPCR analysis of mRNA expression levels of key components involved in TGF-β signaling, including TGFBR2, Smad4, Smad2, and Smad3, in HSFs treated with Fej-1a and Fej-1b. β-actin was used as an internal reference gene (n = 3). (B) Immunofluorescence localization and quantification of TGFBR2 (red) in HSFs treated with Fej-1a and Fej-1b, with nuclei counterstained with DAPI (blue) (n = 3; scale bar = 100 μm). (C) Subcellular distribution and quantitative analysis of Smad4 (green) in HSFs treated with Fej-1a or Fej-1b (n = 3; scale bar = 100 μm). (D) Subcellular distribution and quantitative analysis of Smad2/3 (green) in HSFs treated with Fej-1a or Fej-1b (n = 3; scale bar = 100 μm). Data are presented as means ± S.E.M. Statistical analyses were performed using one-way ANOVA with PBS-treated cells as the control group. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S6. Verification of the proliferative effects of labeled Fej-1a peptide and TGFBR2 knockdown in human skin fibroblasts (HSFs). (A) CCK-8 assay evaluating the proliferative activity of HSF cells treated with biotin‑labeled Fej-a peptide (n = 3). (B) CCK-8 assay evaluating the proliferative activity of HSF cells treated with FITC-labeled Fej-1a peptide (n = 3). (C) Assessment of lentivirus-mediated TGFBR2 knockdown efficiency in HSF cells (n = 3; scale bar = 200 μm). (D) CCK-8 assay evaluating the proliferative activity of HSF cells treated with Fej peptides under TGFBR2 knockdown conditions (n = 3). Data are presented as means ± S.E.M. Statistical analyses were performed using one-way ANOVA with PBS‑ treated cells as the control group. *P<0.05, **P<0.01, ***P<0.001; N.S., not significant.
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Figure S7. Mass spectrum of Fej peptide. (A) The mass spectrum of the Fej-1a peptide.

(B) The mass spectrum of the Fej-1b peptide. (C) Mass spectrum of FITC-labeled Fej-1a peptide. (D) Mass spectrum of Biotin-labeled Fej-1a peptide.
Tables SI to S3
Table S1. Physical and Chemical Properties of Fejervarin
	Peptides
	Amino acid residue
	PIa
	Net chargea
	Calculated molecular weight (Da)a
	GRAVY (Total mean of hydrophilicity)b

	Fejervarin-1a 
	8
	4.53
	-1
	963.18
	-0.65

	Fejervarin-1b
	8
	4.25
	-2
	1007.23
	-0.325


Table S1 Physical and Chemical Properties of Fejervarin. Molecular masses were determined by mass spectrometry. Net charge at physiological pH was calculated based on the number of charged amino acid residues. a, Physicochemical parameters were determined using HeliQuest (http://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py), ExPASy (http://www.expasy.org/tools) and DBAASP (http://dbaasp.org/). b, Grand average of hydropathicity (GRAVY) values were obtained from APD3 (http://aps.unmc.edu/AP/)。
Table S2. The following mRNA Primer Sequences used for reverse transcription-quantitative PCR 

	Gene
	Spices
	Upstream primer sequence
	Downstream primer sequence

	GAPDH 
	Human
	5'-GGAAGCTTGTCATCAATGGAAATC-3'
	5'-TGATGACCCTTTTGGCTCCC-3'

	TGFBR2
	Human
	5'-TCATTTGGCACTCGATGGTGA-3'
	5'-GTAGCTCTGATGAGTGCAATGAC-3'

	β-actin
	Human
	5'-CACCCAGCACAATGAAGATCAAGAT-3'
	5'-CCAGTTTTTAAATCCTGAGTCAAGC-3'

	GAPDH
	Mouse
	5'-CCTCGTCCCGTAGACAAAATG-3'
	5'-TGAGGTCAATGAAGGGGTCGT-3'

	TNF-α
	Mouse
	5'-CTG TGAAGGTGGGTGTT-3'
	5'-GGTCACTGTCCCAGCATCTT-3'

	IL-1β
	Mouse
	5'-ACGATGACCTGTACGATCACT-3'
	5'-GAGAACACCACTTGTGCTCCA-3'

	NF-κB
	Mouse
	5'-GCTCAAGATCTGCCGAGTAAA-3'
	5'-GTCCCGTGAAATACCTCAA-3'

	IL-6
	Mouse
	5'-CATCATCCAGTTGCCTT-3'
	5'-CAG AATTGCCATTGCACAAC-3'

	p65
	Mouse
	5'-GGTCCACGGCGGACCAGGGGT-3'
	5'-GACCCCGAACGTGGTGGTGCGC-3'

	CD86
	Mouse
	5'-ATGGACCACCAGATGACCAT-3'
	5'-TCACTCTGCATTTGGTTTTG-3'

	CD206
	Mouse
	5'-GATGATACCTGCGACAGTAAACG-3'
	5'-GCTTGCAGTATGTCTCCGCTT-3'

	IL-10
	Mouse
	5'-AACCTGCCTAACATGCTTCG-3'
	5'-GAGTTCACATGCGCCTTGAT-3'

	iNOS
	Mouse
	5'-CTCACTGGGACAGCACAGAA-3'
	5'-TGGTCAAACTCTTGGGGTTC-3'

	Arg
	Mouse
	5'-GAAGAGTCAGTGTGGTGG-3'
	5'-CAGTGTGAGCATCCACCCAA-3'

	β-actin
	Mouse
	5'-GTGACGTTGACATCCGTAAAGA-3'
	5'-GTAACAGTCCGCCTAGAAGCAC-3'

	Smad2
	Mouse
	5'-AACAGGAATGGGATGAGGAG-3'
	5'-GGGGGAAGACAAGTGGATTA-3'

	Smad3
	Mouse
	5'-GGAATGCAGCCGTGGAACTT-3'
	5'-TTGCAGCCTGGTGGGATCTT-3'

	Smad4
	Mouse
	5'-TATGCCCGTCTGTGGAGGTG-3'
	5'-CTTCAGTGGGTAAGGACGGCT-3'

	α-SMA
	Mouse
	5'-TCAGGGAGTAATGGTTGGAATG-3'
	5'-CCAGAGTCCAGCACAATACCAG-3'


Table S3. Sequences for shRNAs 

	Name
	Interference site
	Sequences (5′ to 3′)

	ShRNA1
	TRCN0000197056
	gatcg-GACCTCAAGAGCTCCAATATC-CTCGAG-GATATTGGAGCTCTTGAGGTC-TTTTTT

	ShRNA2
	TRCN0000040012
	gatcg-GCCTGGTGAGACTTTCTTCAT-CTCGAG-ATGAAGAAAGTCTCACCAGGC-TTTTTT


TGFBR2 protein expression fragment
TGFBR2 (P37173, Human)

>TGFBR2 (169 aa, MW=19.24 kDa, pI=5.95)

MRAWIFFLLCLAGRALATIPPHVQKSVNNDMIVTDNNGAVKFPQLCKFCDVRFSTCDNQKSCMSNCSITSICEKPQEVCVAVWRKNDENITLETVCHDPKLPYHDFILEDAASPKCIMKEKKKPGETFFMCSCSSDECNDNIIFSEEYNTSNPDLLLVIFQGSHHHHHH
