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Abstract

BACKGROUND

Current evidence shows that human induced pluripotent stem cells (hiPSCs) can
effectively differentiate into keratinocytes (KCs), but its effect on skin burn
healing has not been reported.

AIM
To observe the effects of hiPSCs-derived KCs transplantation on skin burn healing
in mice and to preliminarily reveal the underlying mechanisms.

METHODS

An analysis of differentially expressed genes in burn wounds based on GEO
datasets GSE140926, and GSE27186 was established. A differentiation medium
containing retinoic acid and bone morphogenetic protein 4 was applied to induce
hiPSCs to differentiate into KCs. The expression of KCs marker proteins was
detected using immunofluorescence staining. A model of a C57BL/6 mouse with
deep cutaneous second-degree burn was created, and then phosphate buffered
saline (PBS), hiPSCs-KCs, or hiPSCs-KCs with knockdown of COL7A1 were
injected around the wound surface. The wound healing, re-epithelialization,
engraftment of hiPSCs-KCs into wounds, proinflammatory factor level, and the
NF-xB pathway proteins were assessed by hematoxylin-eosin staining, carboxi-
fluorescein diacetate succinimidyl ester (CFSE) fluorescence staining, enzyme
linked immunosorbent assay, and Western blotting on days 3, 7, and 14 after the
injection, respectively. Moreover, the effects of COL7A1 knockdown on the prolif-
eration and migration of hiPSCs-KCs were confirmed by immunohistochemistry,
EdU, Transwell, and damage repair assays.
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RESULTS

HiPSCs-KCs could express the hallmark proteins of KCs. COL7A1 was down-regulated in burn wound tissues and
highly expressed in hiPSCs-KCs. Transplantation of hiPSCs-KCs into mice with burn wounds resulted in a
significant decrease in wound area, an increase in wound re-epithelialization, a decrease in proinflammatory
factors content, and an inhibition of NF-xB pathway activation compared to the PBS group. The in vitro assay
showed that COL7A1 knockdown could rescue the inhibition of hiPSCs-KCs proliferation and migration, providing
further evidence that COL7A1 speeds up burn wound healing by limiting cell proliferation and migration.

CONCLUSION
In deep, second-degree burn wounds, COL7A1 can promote KC proliferation and migration while also suppressing
the inflammatory response.

Key Words: Induced pluripotent stem cell; Keratinocytes; Cell transplantation; Burn wound healing; COL7A1

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Current evidence shows that human induced pluripotent stem cells (hiPSCs) can effectively differentiate into
keratinocytes (KCs), but its effect on skin burn healing has not been reported. Therefore, this study was intended to observe
the effects of hiPSCs-derived KCs transplantation on skin burn healing in mice and to preliminarily reveal the underlying
mechanisms. Transplantation of hiPSCs-KCs into mice with burn wounds resulted in a significant decrease in wound area,
an increase in wound re-epithelialization, a decrease in proinflammatory factors content, and an inhibition of NF-«xB
pathway activation, which rescued by COL7A41 knockdown.

Citation: Wu LJ, Lin W, Liu JJ, Chen WX, He WJ, Shi Y, Liu X, Li K. Transplantation of human induced pluripotent stem cell
derived keratinocytes accelerates deep second-degree burn wound healing. World J Stem Cells 2023; 15(7): 713-733

URL: https://www.wjgnet.com/1948-0210/full/v15/i7/713.htm

DOI: https://dx.doi.org/10.4252/wjsc.v15.17.713

INTRODUCTION

The skin acts as an environmentally protective barrier and has vital physiological functions such as sensation, absorption,
secretion, excretion, and protection, as well as being involved in a variety of metabolic processes in the body and main-
taining the stability of the internal environment[1]. Therefore, skin integrity is crucial to maintain its function. However,
due to extensive skin integrity defects caused by different pathological conditions (including burns, scalds, vasculopathy-
triggered skin ulcers, pressure ulcers, diabetic ulcerated feet, and others), which are caused by the action of internal and
external factors, the underlying wounds develop pathological inflammatory reactions, which cannot adequately heal
through normal repair procedures. Subsequently, such poorly-healing wounds will cause severe disability or patient
death, together with adversely impacting the economic status of the patient's family and healthcare system[2-5]. Thus,
developing novel therapeutics for chronic wounds is crucial to enhance the management practices and subsequent
outcomes.

In August 2006, Takahashi and Yamanaka[6] at Kyoto University, Japan, first transfected four pluripotency related
genes, Oct4, Sox, c-myc, and KLF4, into mouse fibroblasts using retroviruses as gene introduction vectors, which led to the
creation of pluripotent stem cells with similar characteristics to ESCs and named them induced pluripotent stem cells
(iPSCs)[6]. Today, iPSC technology has revolutionized basic research and clinical disease treatment in biology[7,8]. For
instance, valproic acid strongly promotes the differentiation of human pluripotent stem cells into spermatogonial stem
cell-like cells and provides a reliable tool and model for studying human germ cell development and male infertility[9].
Another study discovered that transplanting retinal pigment epithelial cells derived from human iPSCs (hiPSCs) is
promising as a new treatment modality for age-related macular degeneration and Stargardt disease[10]. Moreover, the
transplantation of hiPSC-derived neural stem/progenitor cells (hiPSC-NS/PCs) is a promising therapeutic approach for
various neuropathological conditions[11,12].

For burn trauma, inducing re-epithelialization has received much attention as a therapeutic focus and a key indicator
to evaluate the efficacy of clinical interventions[13]. To complete re-epithelialization, keratinocytes (KCs) migrate, pro-
liferate, and differentiate, with migration being the most important[14]. In this context, KC initiation and migration are
the initiating events and rate-limiting steps in the re-epithelialization process because impaired migration causes non-
healing wounds and chronic wound formation, while the inhibition of their proliferation and differentiation functions
does not[15,16]. A study showed that KC abnormalities were the main drivers that triggered psoriasis pathology, and the
ability of iPSCs to efficiently differentiate into mature KCs played a crucial role in psoriasis treatment[17]. Replacement
cells derived from hiPSCs have the potential for sufficient scalability, and selecting hiPSCs as the human pluripotent stem
cells (hPSC) of choice ensures immunocompatibility. Ibrahim ef al[18] showed that hiPSC-derived KCs would lose CD200
expression and express keratin 14 (K14), indicating the emergence of more mature terminally differentiated cells that
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could be transplanted to treat large burns or ulcers. Accordingly, while the ability to obtain sufficient KCs from hiPSCs
for transplantation repair is promising, further research is needed before this technology can be applied to skin wound
repair. Moreover, the specific mechanism of hiPSCs involvement in burn repair has not been fully revealed.

In this study, we used the cell induced differentiation technique of hiPSCs to successfully differentiate hiPSCs into
KCs. Subsequently, to study the effects of transplanting differentiated KCs on murine skin wound healing, a skin-deep
second-degree burn model was created and successfully differentiated KCs were injected around the wound. In addition,
a bioinformatics approach was taken to further explore the possible mechanism of hiPSCs-KCs transplantation role in
wound healing.

MATERIALS AND METHODS

Bioinformatics analysis

GSE140926 and GSE27186 were found in the GEO database (https://www.ncbi.nlm.nih.gov/gds) for burn trauma-
related mRNA expression profile datasets. The GSE140926 dataset was derived from the GPL15433 platform and
included 3 burned eschars and 3 normal skin tissue samples. On the other hand, the GSE27186 dataset was derived from
the GPL570 (Affymetrix Human Genome U133 Plus 2.0 Array) platform and included two iPSC and two KC samples. The
raw data of the chip, including data matrix files in txt document format and corresponding platform annotation files,
were subsequently downloaded. The difference analysis was performed via the limma package on R software, which
employed the classical bayson's t-test analysis method with |log Fold Change| = 0.5, and P < 0.05 as the filtering criteria.
Visualization Differentially expressed genes (DEGs) were used to generate a volcano plot. There were three types of
annotations present in gene ontology (GO) functional annotations: Molecular function, biological pathway (BP), and
cellular component (CC). To perform GO functional annotation of DEGs, we used the online tool David (https://
david.ncifcrf.gov/). GO pathway enrichment analysis was performed with the cluster profiler package on R software
with the following filtering criteria: False discovery rate < 0.05, and adjusted P < 0.05. The enrichment results were
visualized using R, as well.

Induced differentiation of hiPSCs into KCs

HiPSCs used in this study were purchased from Beijing Saibe Biotechnology Co., Ltd (Beijing, China). HiPSCs in the
logarithmic growth period were digested and inoculated into the culture plate. The cells were grown in a cell incubator
with 5% CO, at 37 °C for two days in DMEM culture medium containing 10% fetal bovine serum. Cells were cultured in a
cell culture chamber with 5% CO, saturated humidity at 37 °C, and 0.1 mol/L retinoic acid (RA) and 10 mol/L bone
morphogenetic protein 4 (BMP-4) (Thermofisher, United States) were added to the differentiated medium on days 3, 5,
and 7. On the 14" day of differentiation induction, 0.1 mol/L Ca* was added to the differentiation medium, and the
morphological changes of cells were observed.

Immunofluorescence staining

A total of 300 pL of each of primary antibody K14 (1:200), involucrin (1:200), loricrin (1:200), and COL7A1 (1:200) (Abcam,
United States) dilutions diluted in phosphate buffered saline (PBS) were added to hiPSCs-KCs and incubated overnight
according to the manufacturer's instructions. On the following day, after washing the cells using PBS, the corresponding
fluorescent secondary antibodies Goat anti-mouse (1:200), and Goat anti-rabbit (1:200) were added and incubated in the
dark at 37 °C for 1 h. After 15 min in the dark at room temperature, 300 uL of DAPI (1:1000 dilution) was added, and the
images were acquired using an inverted fluorescence microscope.

Cell transfection

The shRNA sequences against COL7A1 were purchased from Shanghai SANGON company (SANGON, Shanghali,
China). COL7A1 shRNA and its negative control NC shRNA were transfected into hiPSCs-KCs using Lipofectamine®3000
transfection reagent according to the manufacturer's protocol. hiPSCs-KCs were employed for the following experiments
two days after transfection.

Clinical specimens

Skin samples were obtained from the remaining burned and normal skin tissue samples of 26 male patients, aged around
30 years old, who underwent autologous skin grafting in the Burn Department of the Second Affiliated Hospital of
Soochow University from June 2019 to October 2021. All data extraction processes were reviewed and approved by the
medical ethics committee of the First Affiliated Hospital of Soochow University while also obtaining informed patient
consent.

Mouse burn model

Forty C57BL/6 male mice were purchased from Soochow University. The feeding formula was corn 35%, soy cake 15%,
raw yellow beans 5%, wheat bran 15%, flour 15%, yeast meal 2%, bone meal 2%, sesame cake 5%, maltodextrin 2%, fish
meal 2%, salt 0.5%, canola 1%, trace elements 0.2%, vitamins 0.1%, and choline chloride 0.2%. The experimental manipu-
lation process strictly adhered to the relevant regulations and requirements of medical ethics. The mice were intraperi-
toneally injected with 40 mg/kg pentobarbital sodium. After shaving the dorsal hair of mice using a small animal shaver
and smearing on the dorsal shaved area with 10% sodium sulfide, the back was wiped with water after 30 s to remove
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any residuals. The mice were returned to the animal housing room for a further 24 h. Subsequently, after anesthetizing
the mice by isoflurane inhalation, a 1.5 cm diameter circular mold was covered on the area that had been depilated on the
back of the mice, and 92 °C hot steam was used to scald each back of the mice for 6 s. Deep second-degree burns were
diagnosed when hematoxylin-eosin (HE) staining revealed scald tissue that was the full thickness of the epidermis and
below the papillary layer of the dermis, the full thickness of unwounded skin, and still had hair follicles, sebaceous
glands, and other skin appendages. After modeling, mice were randomly divided into four groups, including PBS,
hiPSCs-KCs, hiPSCs-KCs + NC shRNA, and hiPSCs-KCs + COL7A1 shRNA groups, which depicted the injection of 25
mL of 0.1 M PBS, 25 mL (2.0 x 107 cells) of hiPSCs-KCs, 25 mL of hiPSCs-KCs transfected with NC shRNA, and 25 mL of
hiPSCs-KCs transfected with COL7A1 shRNA around the postoperative wounds, respectively. On days 0, 3, 7, and 14
after injection, the wound healing area of each group was measured by a ruler, and photographed and recorded with a
digital camera. To prevent the development of immune rejection, mice were injected with FTY720 (3 mg/kg/d), an
immunosuppressive agent, to reduce any adverse reactions against hiPSCs. All animal experiments followed the Institu-
tional Animal Care and Use Committee protocols.

HE staining
The skin 1 cm around the wound was cut and fixed using 4% paraformaldehyde at 4 °C for one week. After tissue
paraffin embedding, and wax block sectioning, HE staining (Thermofisher, United States) was used according to the
manufacturer's requirements. Finally, the slides were blocked after dehydration using ethanol, and observed under a
microscope.

Immunohistochemical staining

Deparaffinization, hydration, antigen retrieval, serum blocking, primary antibody (COL7A1 and Ki67, Abcam, United
States) and secondary antibody incubation, washing, DAB color development, hematoxylin counterstaining, and
mounting of burn wound tissue sections were performed sequentially. The number of cells positive for COL7A1 and Ki67
expression was counted in three randomly selected high-power fields per section under the microscope.

Cell proliferation assay

hiPSCs-KCs, hiPSCs-KCs + NC shRNA, and hiPSCs-KCs + COL7A1 shRNA cells were harvested from three different
treatments. The hiPSCs-KCs (20 x 10°/well) were seeded in culture dishes. The EdU solution was diluted using DMEM
medium at a 5000:1 ratio to make an appropriate amount of 50 pmol/L EdU medium. Subsequently, 200 pul of EAU
medium was added to the culture dish and incubated for 2 h. After discarding the medium, cells were sequentially
incubated with fixative solution (PBS containing 4% paraformaldehyde), glycine, and Permeabilizer. After 30 min
incubation in the dark at room temperature with DAPI reaction solution, an anti-fluorescent quencher blocking reagent
was added, and images were observed and acquired under a fluorescence microscope for analysis.

Carboxifluorescein diacetate succinimidyl ester fluorescent labelling

After dilution in PBS with xylene sulfoxide solution containing 10 mmol/L carboxifluorescein diacetate succinimidyl
ester (CFSE) (Millipore, United States), a 5 pmol/L working solution was obtained. CFSE working solution at a final
concentration of 5 pmol/L was added to the hiPSCs-KCs and incubated at 37 °C for 30 min. hiPSCs-KCs suspension was
injected around the mouse skin burn wounds. The fluorescence intensity was observed under an inverted fluorescence
microscope on the 14 postoperative day.

Cell migration assay

HiPSC-KCs from all three treatment groups were gathered. In the upper chamber of the Transwell, 1 x 10° diluted
hiPSCs-KCs were added per well, and in the lower chamber, the DMEM medium was placed. Following a 24-h
incubation in 4% paraformaldehyde, the cells were fixed in blotting fixative, washed three times with PBS, and incubated
with 0.01% crystal violet before being randomly selected for observation and counting in five different fields. For damage
repair experiments, cells were streaked in the central area of cell growth with a sterile pipette tip and then rinsed with
PBS to remove dead cells. The scratch width was observed under a microscope at 24 h after scratching and was
photographed and recorded.

Western blotting

Total cell and tissue protein was extracted with RIPA lysate, and the protein concentration was determined by a BCA
protein assay kit (Thermofisher, United States) in a microplate reader. After denaturation for 10 min with the addition of
loading buffer, 50 pg of protein samples were subjected to SDS-PAGE and transferred onto polyvinylidene fluoride
membranes. The membrane was blocked with a blocking solution (5% nonfat dry milk) for 2 h and subsequently washed
three times using TBST. Then, primary and secondary antibodies were added separately and shaken. Image ] was used to
analyze membrane protein band gray values.

RT-qPCR

The RNA concentration of 26 pairs of burned and normal skin tissue samples was determined, and the RNA was reverse
transcribed into cDNA according to the instructions included in a reverse transcription kit. This cDNA was then used as a
template for COL7A1 amplification on Bio-Rad CFX90 RT-PCR. RT-PCR reaction conditions included pre-denaturation at
95 °C for 30 s, 39 cycles of denaturation at 95 °C for 5 s, annealing at 60 °C for 5 s, and extension at 65 °C for 5s. GAPDH
was used as an internal reference and the relative expression levels were calculated by the 24T method.
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Statistical analysis

Data was processed via SPSS 22.0 statistical software and presented as the mean + SEM of the results from at least three
independent experiments. Kruskal-Walli’s test was used for the non-parametric statistical analysis. Differences among
more than two groups in the above assays were estimated using one-way ANOVA, with P < 0.05 considered significant.

RESULTS

GEO datasets screening identified high COL7A1 expression in hiPSCs-KCs and low expression in burn wounds

Data from the GSE140926 (containing 3 normal skin and 3 burn eschar tissue samples) and GSE27186 (2 hiPSCs and 2
hiPSCs-KCs samples) datasets were first screened for DEGs. A total of 3575 DEGs were found in hiPSCs-KCs samples
compared to the hiPSCs ones, which included 1732 and 1843 downregulated and upregulated DEGs (Figure 1A).
Furthermore, a total of 1634 DEGs were found in the burn eschar tissue samples compared to the human normal skin
ones, which included 867 and 767 downregulated and upregulated DEGs (Figure 1B). Since KCs were damaged at the
wound site, we selected DEGs downregulated at the wound site and upregulated in hiPSCs-KCs and intersected them to
get 98 DEGs (Figure 1C). Using R software's cluster profiler package, 98 DEGs' GO pathway enrichment was analyzed
(Figure 1D). Neuroinflammatory response, microglial activation, and leukocyte activation induced in inflammatory
response were significantly enriched GO-BP pathways, and the main enriched genes were AKR1C1, DKK3, COL7A1,
HTRA1, ITGB4, and others (Figure 1E). The most enriched GO-CC pathways were endocytic vesicle membrane and
collagen-containing extracellular matrix, and the most enriched genes were TLR3, RAB29, CTSC, COL7A1, LTBP2, and
others (Figure 1F). Furthermore, the significantly enriched GO-MF pathways included growth factor and steroid binding,
while the main enriched genes included PTPN3, FOXL2, CTSC, COL7A1, ITGB4 and others (Figure 1G). We additionally
intersected the three groups of the significantly enriched DEGs and obtained four DEGs, including COL7A1, HTRA1,
CAV1 and CTSC (Figure 1H and I). Since COL7A1 showed the greatest degree of differential expression in the burned
tissue samples, we decided to investigate it further.

hiPSCs successfully differentiated into keratinocyte

We used RA and BMP-4 to induce differentiation in hiPSCs before plating them to differentiate. The ability of hiPSCs to
differentiate into KCs was then evaluated by analyzing the expression and cellular distribution of several KC-expressed
proteins using immunofluorescence. Results showed that after 14 d of differentiation induction, the hiPSCs significantly
expressed KCs marker proteins (K14, involucrin, and loricrin), as evidenced by increased fluorescence intensity (Figure 2).
Afterward, at day 14, hiPSCs-KCs were implanted into mice.

COL7A1 was significantly under-expressed in second-degree burn tissues

To validate COL7A1 mRNA expression in human deep second-degree burn wound and normal skin tissues, RT-qPCR
and Western blotting were applied and the results showed that COL7A1 expression was downregulated in burn wound
tissue (Figure 3A and B). Representative photomicrographs of HE stained mouse burned skin 24 h after the injury
showed a damaged structure throughout the epidermis and deep dermis (Figure 3C). This might suggest that the mouse
deep second-degree burn model was successfully constructed. Immunohistochemical detection of COL7A1 expression
levels in mouse burn wounds and the surrounding normal skin showed that COL7A1 expression remarkably diminished
in burn wounds (Figure 3D). We also compared fibroblast, fibroblast-like, and hiPSC-KC COL7A1 expression levels.
Immunofluorescence analysis revealed that COL7A1 was only strongly expressed in hiPSCs-KCs cells, as indicated by
increased green fluorescence (Figure 3E), while it was hardly expressed in hiPSCs and fibroblasts. Our findings further
confirmed the results obtained by bioinformatics analysis.

COL7A1 inhibition abolished the promoting effects of hiPSCs-KCs on burn healing and re epithelialization in mice

We evaluated the transfection efficiency of COL7A1 shRNA before and after hiPSCs-KCs transplantation. The mRNA
expression level of COL7A1 decreased nearly five folds after transfection of hiPSCs-KCs with COL7A1 shRNA
(Figure 4A). Interestingly, as a point of reference for our experimental manipulation, we also built the COL7A1 overex-
pression vector to demonstrate the efficiency of COL7A1 overexpression. The data indicated that COL7A1 overexpression
was just as effective. Furthermore, COL7A1 expression was significantly upregulated after transplantation of hiPSCs-KCs
around mouse wounds, while COL7A1 knockdown was associated with a decrease in COL7A1 expression after
transplantation of hiPSCs-KCs. All of this suggests that knocking down COL7A1 is effective and can be used in future
experiments. At 3, 7, and 14 d after hiPSCs-KCs transplantation, the healing of burn wounds in mice was recorded by
taking photographs with a digital camera. We found that burn wound edges significantly contracted at 7 d after hiPSCs-
KCs transplantation with obvious epithelialization and newly regenerated epidermal tissue that partially covers the
wound bed. On the other hand, the normal tissue at the wound periphery contracted mildly after COL7A1 knockdown in
hiPSCs-KCs with very little newly regenerated epidermis at the wound edge.

Moreover, by day 14, most of the hiPSCs-KCs transplanted group's wounds had been covered by newly formed
epidermal tissue, and the wound margins had shrunk significantly. However, in the COL7A1 knockdown group, wound
size was reduced to a lesser extent and an exact re-epithelialization phenomenon was observed at the wound margin, but
the majority of the wounds did not heal (Figure 4A and B).

Paraffin sections of the burned tissues were stained with HE at 7 and 14 d after hiPSCs-KCs transplantation to observe
the pathological injury changes and regenerative epithelialization in each group. In the PBS group, the results showed
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Figure 1 Screening based on GEO datasets identified high expression of COL7A1 in human induced pluripotent stem cells derived
keratinocytes and low expression in burn wounds. A: Volcano plot of differentially expressed genes (DEGs) in GSE140926 dataset, which included 3
normal skin tissue samples and 3 burn eschar tissue samples. Abscissa axis indicates log2 (Fold change); B: Volcano plot of DEGs in GSE27186 dataset, which
included 2 human induced pluripotent stem cells (hiPSCs) samples and 2 hiPSCs- keratinocytes samples. Abscissa axis indicates log2 (Fold change); C: The venn
diagram exhibited the intersection of the downregulated DEGs in the GSE140926 dataset and the upregulated DEGs in the GSE27186 dataset; D: Gene ontology
(GO) entry enrichment bar plot. Abscissa is the proportion of genes identified and ordinate is the GO entry name; E: Visualization of significant DEGs enriched in GO-
biological pathway (BP) entries; F: Visualization of significant DEGs enriched in GO-cellular component entries. G: Visualization of significant DEGs enriched in GO-
MF entries; H: The Venn diagram exhibited the intersection of GO-BP, GO-CC, and GO-MF; |: Heatmap of the 4 DEGs in GSE140926.

that inflammatory cells had clearly infiltrated the skin, the epidermal nuclei were deeply stained and pyknotic, the dermis
was severely damaged, and the skin structure had been destroyed. In the hiPSCs-KCs group, the inflammatory cell infilt-
ration reduced, the nucleus staining became pale, the skin structural damage improved, and the re-epithelialization of the
wounds on the postoperative day 14 was complete. However, the improvement in skin injury was prevented after
COL7A1 knockdown in hiPSCs-KCs, and the re-epithelialization capacity of the wound was diminished (Figure 4C and
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Figure 2 Human induced pluripotent stem cells successfully differentiated into keratinocyte. Retinoic acid (RA) and BMP-4 were used to induce
differentiation of hiPSCs into keratinocyte. The images as immunofluorescence staining of keratinocyte marker proteins K14, involucrin and loricrin at 14 d of induced
differentiation, scale bar: 25 pym.

D, Supplementary Figure 1). Accordingly, it can be suggested that hiPSCs-KCs transplantation promoted skin burn
healing and wound re-epithelialization in mice, which was partially counteracted by COL7A1 knockdown.

COL7A1 knockdown abolishes the facilitative effect of hiPSCs-KCs on keratinocyte proliferation in mouse burn

wounds

We further explored whether the accelerating effect of hiPSCs-KCs on wound healing was associated with hiPSCs-KC
proliferation. Immunohistochemical staining was used to evaluate Ki67 positive cells around the wounds in each group at
14 d after hiPSCs-KCs transplantation. The results demonstrated that the rate of Ki67 positive cells in burn wound tissues
significantly increased after hiPSCs-KCs transplantation, whereas it decreased after COL7A1 knockdown in hiPSCs-KCs
(Figure 5A and B). Furthermore, the results were consistent with cell experiments, and COL7A1 knockdown significantly
inhibited the EdU fluorescence intensity in hiPSCs-KCs (Figure 5C and D). Figure 5E displays the results of double
immunofluorescence staining with EAU and the human marker human leukocyte antigen (HLA) to identify the prolif-
erating cell type. Transplantation of hiPSCs-KCs led to a dramatic increase in the number of proliferating cells, and
analysis showed that most of the proliferating cells showed overlap with the human marker HLA, suggesting that most
of the proliferating cells were hiPSCs-KCs. Additionally, a small number of active proliferating cells that did not coincide
with HLA was noted, indicating that these cells were natural mouse cells involved in tissue repair. Therefore, it can be
suggested that hiPSCs-KCs proliferates actively after human hiPSCs-KCs transplantation to the burn site in mice skin
tissues and plays a major role in tissue repair, while a small number of mouse natural cells are activated and assist in
tissue repair.

COL7A1 knockdown abolishes the positive impact of hiPSCs-KCs on keratinocyte migration in mouse burn wounds

We evaluated whether COL7A1 accelerates wound healing by encouraging hiPSCs-KC migration. At day 14, frozen
section results showed green fluorescence expression in the epithelium of skin wound healing in mice transplanted with
CFSE-labeled hiPSCs-KCs, while the PBS group showed no fluorescence. This showed that hiPSCs-KCs could migrate
into mouse skin wounds and participate in the epithelialization process. COL7A1 knockdown also decreased green
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Figure 3 COL7A1 was significantly under-expressed in deep Il burn tissues. A: RT-qgPCR analysis of COL7A1 mRNA expression in 26 humans deep
second degree burn wound tissues and 26 normal skin tissues; B: Western blotting analysis of COL7A1 protein expression in 3 human deep second degree burn
wound tissues and 3 normal skin tissues; C: Representative photomicrographs of hematoxylin-eosin stained burned skin of mice at 24 h post burn, scale bar: 100
um; D: Immunohistochemical detection of COL7A1 expression levels in burn wounds and surrounding normal skin of mice, scale bar: 100 pm; E:
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Immunofluorescence detection of COL7A1 expression levels in keratinocytes, hiPSCs and fibroblasts, scale bar: 50 ym. Data: Mean = SEM. °P < 0.01 vs Normal
group.

fluorescence expression at wound healing in hiPSCs-KCs, suggesting that it prevented migration toward wounds
(Figure 6A). Besides, Transwell assay and injury repair results indicated that COL7A1 inhibition reduced the migration
ability of hiPSCs-KCs, as demonstrated by the decreased cell number in the lower chamber of Transwell and the
decreased scratch healing rate (Figure 6B and C). Consequently, hiPSCs-KC transplantation promoted the proliferation
and migration of KCs towards the wound site around the mic cutaneous wounds, which in turn accelerated the epitheli-
alization process and wound healing.

COL7A1 inhibition counteracted the inhibitory effects of hiPSCs-KCs on the inflammatory response to burn injury in
mice

The effects of hiPSCs-KCs transplantation on the production of plasma inflammatory mediators in mice were invest-
igated. Enzyme linked immunosorbent assay (ELISA) results showed that the levels of multiple inflammatory mediators,
including tumor necrosis factor o (TNF-a), interleukin (IL)-1a, IL-1p, IL-6, IL-10, and IL-12, remarkably decreased in the
plasma of mice after hiPSCs-KCs transplantation (Figure 7). Furthermore, the production of plasma inflammatory
mediators significantly increased after COL7A1 knockdown in hiPSCs-KCs.

COL7A1 inhibition reversed the inhibitory effect of hiPSCs-KCs on the NF-kB pathway in mouse burn wounds

The NF-kB inflammasome pathway is a major player in the wound inflammatory response. Upon damage by stimuli, IxB
a is degraded by phosphorylation, which dissociates NF-xB to form a complex with IkBa and translocate to the nucleus,
causing auto activation, therefore activated NF-xB has an important role in mediating inflammatory activity. We
examined the effect of COL7A1 inhibition on NF-kB pathway protein expression after hiPSCs-KCs transplantation.
Western blotting results confirmed that the protein level of p-p65 considerably increased (Figure 8A) and that of IxBa
decreased (Figure 8B) in mice wound tissues. In addition, p-p65 protein expression decreased while IkBa protein
expression was upregulated in wound tissues after hiPSCs-KCs transplantation, which was partially counteracted by
COL7A1 knockdown.

DISCUSSION

Burn injury usually refers to heat-induced tissue damage with skin tissue damage as the first manifestation[19]. Skin and
mucosal tissues are commonly involved at the site of burn injury, and deep tissues, such as muscle, bone, and internal
organs, might also be affected in severe cases[20]. The skin is the largest organ and the first barrier of the human body,
which has many important functions such as blocking pathogen invasion, preventing dehydration, regulating body
temperature, and providing sensation[21]. Besides, the skin is also an active immune organ, maintaining the homeostasis
of relevant intracellular environments for both specific and nonspecific immunity[22,23]. If severe and extensive skin
burns occur, the regenerative capacity of the skin can be disrupted, leading various pathological problems. Therefore,
timely repair and closure of wounds can effectively prevent these issues, including infections, delay and prevent
progressive damage to the underlying organs, prevent scar and contracture, and others.

Wound repair involves many physiological processes, including inflammation, KC migration, proliferation, gra-
nulation tissue formation, and matrix remodeling[24]. KCs proliferation is relatively slow in the normal skin basal layer,
but rapid in the damaged skin[25]. In addition, they can secrete specific keratins, and various cytokines and signaling
molecules, which work together to promote the healing of skin wounds[26]. One of the current therapies for treating skin
wounds is cell therapy, which entails the transplantation of KCs at the wound's periphery so that they can proliferate and
migrate within the wound as it heals[27].

In theory, hiPSCs can differentiate to various skin cell types. Moreover, they have become the most ideal and abundant
seed cell source for skin tissue engineering due to their characteristics, such as simple expansion in vitro and simple gene
interference or overexpression. This is because hiPSCs have solved the problems limiting the research and development
of other types of stem cells, such as material source, immune rejection, ethics, and others[28]. Recently, researchers have
focused on finding effective means to induce the differentiation of pluripotent stem cells into a single KC population.
Using the ability of KCs to rapidly attach to collagen IV, Bilousova et al[29] induced pluripotent stem cell differentiation
in mice with RA and BMP4, and ultimately obtained 80%-90% K14 + KCs[29]. Further evidence that RA alone can induce
efficient differentiation of hiPSCs into K14+/p63+ KCs was published in 2013 by Selekman et al[30]. This not only
widened the use of KCs in tissue engineering, but also demonstrated the promise of hiPSCs for use in skin regeneration
and repair[30]. Moreover, researchers found that miR-762-mediated promotion of keratinocyte and endothelial cell
migration by exosomes from hiPSCs-KCs aided in the healing of deep second-degree burn wounds in mice[31]. In the
current investigation, we utilized RA and BMP-4 to induce hiPSCs differentiation into KCs, which has been demonstrated
by immunofluorescence. Subsequent injection of hiPSCs-KCs around the mice skin wounds was associated with
significant improvement in skin burn wound healing rate and re-epithelialization in mice, which may be attributed to the
ability of hiPSCs-KCs to promote the proliferation and migration of KCs around the wounds.
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Figure 4 COL7A1 inhibition abolished the promoting effects of human induced pluripotent stem cells derived keratinocytes on burn
healing and re epithelialization in mice. A: RT-qPCR detection of the COL7A1 mRNA levels in human induced pluripotent stem cells derived keratinocytes
(hiPSCs-KCs) after transfection of pcDNA- COL7A1 or COL7A1 shRNA; B: RT-gPCR detection of the COL7A1 mRNA levels in burned skin of mice after
transplantation of hiPSCs-KCs or COL7A1 knock-downed hiPSCs-KCs; C: At 3, 7, 14 d after hiPSCs-KCs transplantation, the healing of burn wounds in mice was
recorded by taking photographs with a digital camera; D: Statistical analysis of relative size of burn wounds in each group of mice; E: Hematoxylin-eosin staining was
performed after burn tissues were paraffin sectioned at 7 and 14 d after hiPSCs-KCs transplantation, and then wound healing as well as re-epithelialization were
observed by histological sections in each group, scale bar: 200 pym; F: Re-epithelialization ratio of the burned window in mice of each group. Data: Mean + SEM. 2P <
0.05,°P < 0.01, °P < 0.001. n = 10. NS: Not significant; PBS: Phosphate buffered saline; hiPSCs: Human induced pluripotent stem cells; KCs: Keratinocytes.

Through interactions with extracellular matrix (ECM) proteins like type IV collagen[32], the type VII collagen fibril (
COL7A1), which is composed of three identical collagen chains, acts as an anchoring fibril between the outer epithelium
and the underlying matrix to promote clustering and adhesion of the epithelial basement membrane. The skin,
endometrium, and prostate are the most common normal human tissue types in which COL7A1 is expressed[33]. KCs
have been shown to have high levels of COL7A1[34]. By retroviral transduction, Pourreyron et al[35] increased KC
adhesion, migration, and invasion in patients with recessive dystrophic epidermolysis bullosa (RDEB) by introducing
type VII collagen into KCs. Mutations in the COL7A1 gene lead to a lack of type VII collagen, which leads to RDEB. In
addition, COL7A1 was found to be an important factor in the physiological healing of wounds in humans and mice,
which could aid in the development of therapeutic strategies for RDEB and other chronic wounds[36]. However, the
function of COL7A1 in the recovery from burns is not known currently. In the current investigtion, screening the GEO
database revealed that COL7A1 was highly expressed in hiPSCs-KCs, whereas it was poorly expressed in burn wounds.
Besides, hiPSCs-KCs transplantation promoted cutaneous burn healing and wound re-epithelialization in mice, which
was partially counteracted by COL7A1 knockdown. Moreover, COL7A1 positively contributes to the migratory ability of
KCs. Subsequently, we also found that COL7A1 knockdown partially abolished the promotion of KC migration towards
the epithelium in wound healing by hiPSCs-KCs transplantation. According to the above findings, COL7A1 is found
mostly in KCs and promotes burn wound healing by enhancing KC migration.

Studies have shown that direct burn injury to the skin mucosa disrupts the important barrier against the outside
environment and tissue organ system function, breaks the relative balance between the body and the outside
environment, and causes various degrees of systemic inflammatory responses[37]. A variety of cellular immune
(macrophages, neutrophils, endothelial cells, etc.) and immune molecules mediate tissue cellular immune defense
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Figure 5 COL7A1 knockdown abolishes the facilitative effect of human induced pluripotent stem cells derived keratinocytes on
keratinocyte proliferation in mouse burn wounds. A: The Ki67 positive cells in burn wound tissues of each group were detected by immunostaining on the
14" postoperative day. scale bar: 200 ym; B: The statistical graph of the number of Ki67 positive cells; C: The proliferation ability of keratinocytes in each group was
detected by EdU staining, scale bar: 100 pym; D: The proliferation ability of keratinocytes in each group was detected by EdU staining; E: Immunofluorescence
estimate of the EdU and HLA levels in burn tissue of mice in each group. P < 0.05, °P < 0.01. n = 10. PBS: Phosphate buffered saline; hiPSCs: Human induced
pluripotent stem cells; KCs: Keratinocytes; HLA: Human leukocyte antigen.
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Figure 6 COL7A1 knockdown abolishes the facilitative effect of human induced pluripotent stem cells derived keratinocytes on
keratinocyte migration in mouse burn wounds. A: On the 14" day after operation, frozen sections showed that carboxifluorescein diacetate succinimidyl
ester labeled human induced pluripotent stem cells derived keratinocytes (hiPSCs-KCs) migrated to the epithelium of the wound healing site scale bar: 100 pym; B:
Transwell assay was employed to determine the migration capability of hiPSCs-KCs transfected with COL7A1 shRNA, scale bar: 100 um; C: Damage repair assay
was applied to test the migration capability of hiPSCs-KCs transfected with COL7A1 shRNA. Data: Mean + SEM. 2P < 0.05, °P < 0.01, °P < 0.001. n = 10. PBS:
Phosphate buffered saline; hiPSCs: Human induced pluripotent stem cells; KCs: Keratinocytes; CFSE: Carboxifluorescein diacetate succinimidyl ester.
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Figure 7 COL7A1 inhibition counteracted the inhibitory effects of human induced pluripotent stem cells derived keratinocytes on the
inflammatory response to burn injury in mice. A: Enzyme linked immunosorbent assay (ELISA) detection of the tumor necrosis factor o contents in the
plasma of mice in each group; B: ELISA detection of the interleukin (IL)-1c contents in the plasma of mice in each group; C: ELISA detection of the IL-1f contents in
the plasma of mice in each group; D: ELISA detection of the IL-6 contents in the plasma of mice in each group; E: ELISA detection of the IL-10 contents in the plasma
of mice in each group; F: ELISA detection of the IL-12 contents in the plasma of mice in each group. 2P < 0.05, °P < 0.01, °P < 0.001. n = 10. PBS: Phosphate
buffered saline; hiPSCs: Human induced pluripotent stem cells; KCs: Keratinocytes.

functions to collectively clear the source of infection, promoting wound repair and healing[38]. After burn injury, the
levels of TNF-o, IL-10, IL-1p, IL-6, IL-10, and IL-12 change significantly[39]. This has been indicated in this investigation
as the ELISA results on wound tissues showed that the levels of multiple inflammatory mediators, including TNF-q,
IL-10, IL-1B, IL-6, IL-10 and IL-12 significantly decreased in the plasma of mice after hiPSCs-KCs transplantation, which
were furtherly reversed by COL7A1 knockdown in hiPSCs-KCs. Accordingly, it can be suggested that COL7A1 might
accelerate wound epithelialization by inhibiting wound inflammatory response and promoting KC migration and prolif-
eration. However, the molecular mechanism is still unknown.

NF-kB is one of the major regulatory factors in the pathways related to inflammatory mediators regulation[40,41].
Recently, more and more attention has been paid to the role of NF-xB in infections, autoimmune diseases, tumors, and
other conditions. For instance, Wang et al[42] discovered that foamy macrophages may inhibit fibroblasts functions and
accelerate wound healing by inhibiting the activation of NF-xB signaling pathway in tuberculous wounds. Moreover, in a
study on mouse back burn skin tissues, Jiang et al[43] found that MDL-800, a highly efficient and selective SIRT6
activator, significantly reduced the expression levels of proinflammatory factors TNF-a and IL-6 by inhibiting the NF-«B
pathway, thereby demonstrating anti-inflammatory and pro-healing effects. It has also been shown by Chen et al[44] that
CFTR promotes skin wound healing by inhibiting the NF-kB inflammatory response, decreasing KC proliferation, and
encouraging its differentiation. Normally, NF-kB exists in a "silent" state from which it can be triggered by proinflam-
matory factors. When activated, it promotes the production of additional factors —including proinflammatory factors,
adhesion factors, chemokines, and others —that can either prolong the acute phase of an inflammatory response or cause
it to transition into chronic inflammation[45]. These findings indicate the importance of NF-xB in wound healing.
Additionally, it has been demonstrated that when the NF-kB pathway is activated leading to the phosphorylation and
degradation of IxBa proteins, p65 is translocated from the cytosol to the nucleus to further regulate downstream inflam-
matory cytokine signals[46]. This is consistent with the findings of our investigation. NF-«kB expression in burn wounds of
mice was detected by Western blotting, and the results indicated that the protein level of p-p65 strikingly increased and
that of IxBa decreased in the wound tissues of the included mice. In addition, after hiPSCs-KCs transplantation, p-p65
protein expression remarkably decreased in the wound tissues, while IkBa protein expression was upregulated, which
was partially counteracted by COL7A1 knockdown.

The above results indicate that COL7A1 plays a role in accelerating wound healing by inhibiting the inflammatory
response and promoting keratinocyte proliferation and migration in deep second-degree burn wounds. Therefore, it can
be suggested that COL7A1 is vital for encouraging wound healing and providing a new target for deep second-degree
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Figure 8 COL7A1 inhibition reversed the inhibitory effect of human induced pluripotent stem cells derived keratinocytes on the NF-xkB
pathway in mouse burn wounds. A: The protein level of p-p65 in mouse wound tissues treated with hiPSCs-KCs, with or without COL7A1 shRNA transfection,
was employed by Western blotting; B: The protein level of IkBa in mouse wound tissues treated with hiPSCs-KCs, with or without COL7A1 shRNA transfection, was
employed by Western blotting. °P < 0.01. n = 10. PBS: Phosphate buffered saline; hiPSCs: Human induced pluripotent stem cells; KCs: Keratinocytes.

burn wound treatment. However, there are a few limitations to our findings. For instance, we used FTY720 injection
alone to suppress immune rejection in mice, based on previous experiments in the literature. FTY720 is a newly
developed immunosuppressant that selectively reduces peripheral circulating lymphocytes and significantly prolongs the
survival of transplanted organs in experimental animals. Ryu et al[47] reported an increase in the number of T lympho-
cytes in mesenteric lymph nodes and a reduction within the spleen among FTY720-treated mice. Besides, FTY720 has
been shown to promote local wound healing via an immunomodulatory mechanism after being delivered using a
biomaterial[48]. We hypothesized that local delivery of FTY720 can promote local wound healing through immunomodu-
latory mechanisms, which may also prevent delayed tissue repair after injury. Unfortunately, a control group without
FTY720 injection was not considered in this investigation, so it was not possible to determine whether FTY720 could have
an impact over tissue repair. Nevertheless, according to our findings, no immune rejection events were observed in our
included mice, and the wound healing rate was within the normal range. Besides, future studies from our team will
concentrate on modifying the experiment to account for FTY720's impact on tissue repair delay.

CONCLUSION

The above results indicate that COL7A1 can play a role in accelerating wound healing by inhibiting the inflammatory
response and promoting KC proliferation and migration in deep second degree burn wounds, revealing the mechanism
of COL7A1 for encouraging wound healing and providing a new target for deep second degree burn wound treatment.
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ARTICLE HIGHLIGHTS

Research background

Based on the extensive skin integrity defects caused by burns, scalds, vasculopathy triggered skin ulcers, pressure ulcers,
diabetic ulcerated feet, and so on, which are caused by the action of internal and external factors, the wounds develop
pathological inflammatory reactions, which cannot achieve the healing through normal repair procedures, and then lead
to slow or non-healing, causing severe disability or death to the patient, and at the same time, bringing a heavy economic
burden to the patient's family. Studies have shown that impaired keratinocyte (KC) migration causes non healing wounds
and is an important cause of chronic wound formation, whereas inhibition of their proliferation and differentiation
functions does not result in the formation of non-healing wounds. Deriving the replacement cells from human-induced
pluripotent stem cells (hiPSCs) allows for sufficient scale up and by using hiPSCs as the choice of human pluripotent stem
cells (hPSC) will ensure immunocompatibility.

Research motivation
The specific mechanism of hiPSCs involvement in burn repair has not been fully revealed.

Research objectives

The current study showed that hiPSCs can effectively differentiate into KCs under the effect of inducers, but its effect on
skin burn healing has not been reported. Therefore, this study was intended to observe the effects of hiPSCs-derived KCs
transplantation on skin burn healing in mice, and to preliminarily reveal the related mechanisms by which it exerts its
effects.

Research methods

In this study, we used the cell induced differentiation technique of hiPSCs to successfully differentiate hiPSCs cells into
KCs (hiPSCs-KCs) using inducing factors. Subsequently, a murine skin-deep degree II burn model was constructed, and
KCs induced to differentiate successfully were injected around the mouse skin wound, to deeply investigate the effect of
transplantation of KCs induced to differentiate formed on the healing of murine skin wounds. In addition, a
bioinformatics approach was taken to further explore the possible mechanism of hiPSCs-KCs transplantation
involvement in wound healing.

Research results

The above results indicate that COL7A1 plays a role in accelerating wound healing by inhibiting the inflammatory
response and promoting KC proliferation and migration in deep second-degree burn wounds. Therefore, it can be
suggested that COL7A1 is vital for encouraging wound healing and providing a new target for deep second-degree burn
wound treatment. However, there are a few limitations to our findings. For instance, we used FTY720 injection alone to
suppress immune rejection in mice, based on previous experiments in the literature. FTY720 is a newly developed
immunosuppressant that selectively reduces peripheral circulating lymphocytes and significantly prolongs the survival
of transplanted organs in experimental animals. A study reported an increase in the number of T lymphocytes in
mesenteric lymph nodes and a reduction within the spleen among FTY720-treated mice. Besides, FTY720 has been shown
to promote local wound healing via an immunomodulatory mechanism after being delivered using a biomaterial. We
hypothesized that local delivery of FTY720 can promote local wound healing through immunomodulatory mechanisms,
which may also prevent delayed tissue repair after injury. Unfortunately, a control group without FTY720 injection was
not considered in this investigation, so it was not possible to determine whether FTY720 could have an impact over tissue
repair. Nevertheless, according to our findings, no immune rejection events were observed in our included mice, and the
wound healing rate was within the normal range. Besides, future studies from our team will concentrate on modifying
the experiment to account for FTY720's impact on tissue repair delay.

Research conclusions

The above results indicate that COL7A1 can play a role in accelerating wound healing by inhibiting the inflammatory
response and promoting KC proliferation and migration in deep second degree burn wounds, revealing the mechanism
of COL7AL for encouraging wound healing and providing a new target for deep second degree burn wound treatment.

Research perspectives
This study will focus on the aspects of autologous transplantation of human iPSCs in the future.
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