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Introduction

The skin, as the body’s largest defensive organ1, is suscep-
tible to a various external stimuli such as solid impacts, 
violent friction, and sharp cuts, leading to skin trauma.2,3 
While minor skin injuries can heal naturally, severe 
wounds, especially chronic wounds, often fail to heal 
effectively without appropriate treatment due to microbial 
invasion and accumulated inflammation.4,5 The annual 
cost of wound treatment and care is estimated to be in the 
tens of billions of dollars, creating a significant burden on 
both patients and medical systems.6 Additionally, nonheal-
ing wounds can result in life-threatening conditions like 
amputation and serious illness. Therefore, it is crucial to 
promptly close post-wound sites to prevent infection, 
inhibit scar formation, and promote healing. Stem cell 
therapy has emerged as a promising approach for wound 
treatment7,8, as stem cells can migrate, adhere to the wound 

site, and release cytokines and growth factors which can 
activate intrinsic cells to initiate the regeneration process. 
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They act as a “repository” of regenerative molecules.9 To 
achieve successful clinical application of MSCs, it is 
essential to ensure effective migration and adhesion of 
transplanted cells to damaged tissues following adminis-
tration. However, the therapeutic efficacy of stem-cell 
therapy is limited by poor homing efficiency, with only a 
small percentage of the infused cells reaching the injured 
site.10 Homing involves a complex interplay of factors 
such as chemokines, growth factors, and adhesion mole-
cules, working together to facilitate the migration of stem 
cells.11 Some studies have explored modifying chemokine 
receptors to enhance the therapeutic efficacy of infused 
MSCs by improving homing.12–15 Nevertheless, the high 
shear stress in the blood flow can disrupt the chemokine 
gradient at the injury site, hindering MSCs’ effective 
adherence to the injured tissue.16 Also, some studies have 
focused on increasing the expression of adhesion mole-
cules to improve the attachment of locally transplanted 
MSCs17–19. However, it is important to note that orthotopic 
transplantation has limited applicability to specific and 
accessible drug administration sites.20 Therefore, the 
development of a novel strategy is necessary to simultane-
ously enhance MSCs’ migration and adhesion to injured 
tissues, ultimately improving their therapeutic effect on 
chronic wound healing.

Platelets are a type of anucleated cells that contain vari-
ous receptors in the membrane, including integrin, selec-
tin, lipids, and immunoglobulin superfamily.21 In case of 
skin injury, platelets rapidly aggregate to form thrombosis 
and recruit immune cells for wound healing.22 Therefore, 
besides their role in hemostasis, platelets possess the natu-
ral ability to target the injured site.23,24 Cellular adhesion is 
mediated by four major classes of adhesion molecules: 
cadherins, integrins, immunoglobulin superfamilies, and 
selectins. Furthermore, cell adhesion molecules (CAM) 
play an essential role in various physiological and patho-
logical conditions.25–27 Targeting the highly expressed 
adhesion molecules at the wound site, selecting specific 
and relevant adhesion molecule ligands to promote the 
conjugation of MSCs to platelets and adhesion to the 
injury site without interfering with other normal cell func-
tions is one of the optimal schemes to improve the homing 
efficiency and therapeutic effect of MSCs.

Here, we demonstrated that the expression of selectin 
family members (SELL, SELP) rapidly increased within 
24 h after mouse skin injury, while SELP was also 
expressed on the membrane of activated platelets. ADSCs 
did not express PSGL-1, a high-affinity ligand for selectin. 
Knock-in of PSGL-1 in ADSCs promoted platelets binding 
and adhesion to injured endothelial cells, altered prolifera-
tion, migration, anti-apoptosis, and paracrine abilities of 
these cells in vitro. Besides, the homing efficiency of these 
cells to injured tissues was enhanced by intravenous infu-
sion in a mouse model of skin wounds with total corticec-
tomy. Mechanistically, PSGL-1 knock-in significantly 
increased the formation of PSGL-1/β-catenin protein 

complex and the level of activated β-catenin protein in the 
nucleus. Knock-down of β-catenin by siRNA abolished 
PSGL-1 knock-in induced improved phenotypes, includ-
ing proliferation and paracrine.

Materials and methods

Animals

Our study adhered to the ARRIVE guidelines for the report-
ing of animal experiments, and all animal procedures were 
approved by the Animal Care Committee at Sichuan 
University West China Hospital (No.20220318012), follow-
ing the Guidelines for the Care. Male C57BL/6 mice were 
procured from GemPharmatech Co. Ltd. in Chengdu, China, 
and were raised in a specific pathogen-free laboratory ani-
mal facility at West China Hospital. The mice were kept on 
a 12-hour light-dark cycle with ad libitum access to food 
and water. Cutaneous wound healing models were estab-
lished using eight-week-old male C57 mice. Euthanasia was 
conducted by cardiac puncture under isoflurane anesthesia, 
and any mice that expired before the planned euthanasia 
times were excluded from the study. Each experimental unit 
consisted of a single animal, and the control groups included 
PBS-treated and CON-ADSCs-treated animals. 

Isolation of ADSCs

Adipose tissues were obtained from healthy person through 
liposuction, which was approved by the Biomedical Ethics 
Review Committee of West China Hospital of Sichuan 
University (No. 2022-267). ADSCs were obtained from 
human adipose tissue. The tissue was finely chopped and 
treated with 0.1% collagenase type I (Gibco Life 
Technologies, New York, NY, USA) for 2–3 h at 37°C. 
After stopping the digestion process with Minimum 
Essential Medium-α (α-MEM) supplemented with a 5% 
Serum substitute (Helios Bioscience, HPCFDCRL50, 
Atlanta, GA, USA), the solution was filtered through a 
100-μm filter and centrifuged at 1400 rpm for 5 min. The 
remaining deposit was washed twice with α-MEM and 
then resuspended and cultivated in a T75 flask.

Ex vivo genome editing of ADSCs

Cells were cultured in Opti-MEM I medium (Invitrogen, 
11058021, New York, NY, USA) at a concentration of 
5000 cells per microliter (µL). To create a pre-complexed 
RNP, nucleases, and sgRNA were combined with a molar 
ratio of 2.5:1 (sgRNA-to-Cas9) and a final concentration 
of 0.3 µg/µL Cas9 protein (Integrated DNA Technologies, 
1081059, Coralville, IA, USA). The MSC-Nuclease mix-
tures were electroporated using pulse code CM-119 on the 
Lonza 4D Nucleofector (Lonza, Basel, Switzerland). 
Immediately after electroporation, the mixtures were 
diluted with a 2× volume of Opti-MEM I. In cases where 
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a repair template was required, adeno-associated virus 6 
(AAV6) vector genomes were added to the mixture at a 
concentration of 1.0*105 vector genomes/cell. The MSC-
AAV6 mixtures were then incubated at 37°C for 15 min 
before being seeded at a density of approximately 220 cells/
cm2 in a complete culture medium. The medium was 
replaced 48 h after infection to ensure optimal conditions 
for further experiments.

Flow cytometry and FACS

The efficiency of integrating the fluorescence gene was 
assessed using flow cytometry at various time points after 
targeting. To ensure purity, the EGFP+high or EGFP- popu-
lations obtained at one passage post-targeting were sorted 
using a BD FACS II Aria SORP (BD Biosciences, San 
Jose, CA, USA) and subsequently expanded for additional 
analyses and application in animal models.

Phenotypic analysis by flow cytometry

After two washes with PBS, the cells were resuspended 
and incubated for 15 min at room temperature with pre-
labeled antibodies. The cells were then washed twice more 
with PBS and resuspended in 300 µL of PBS. Flow cytom-
etry analysis was performed using a Beckman Coulter Life 
Sciences instrument located in Indianapolis, IN, USA. The 
obtained data were analyzed using Cytexpert and Flow Jo 
software to generate histograms.

Cell differentiation capacity analysis

To assess adipogenic differentiation ability, 5*104 cells were 
seeded in six-well plates. After reaching full confluence, 
cells were treated with ADBM-A (Cyagen, Santa Clara, CA, 
USA) for 3 days, followed by ADBM-B (Cyagen, Santa 
Clara, CA, USA) for 1 day. The alternating between 
ADBM-A and ADBM-B was repeated for 3–5 cycles. The 
lipid droplets were visualized by staining with fresh Oil 
Red-O (Sigma-Aldrich, 1320-06-5, New Brunswick, NJ, 
USA) solution and subsequently photographed.

To evaluate the osteogenic differentiation capacity, 
5*104 cells were plated in six-well plates until they reached 
70% confluence. The cells were then cultured in osteo-
genic differentiation basal medium (ODBM, Cyagen, 
Santa Clara, CA, USA) for a duration of 3 weeks. Following 
this, they were fixed in 4% paraformaldehyde and stained 
with Alizarin Red.

For the investigation of chondrogenic differentiation 
capacity, a total of 5*105 cells were centrifuged and collected 
at the bottom of a 15 mL centrifuge tube. Subsequently, the 
culture medium was replaced with chondrogenic differentia-
tion basal medium (CDBM, Cyagen, Santa Clara, CA, USA) 
for 4 weeks after the cells were condensed into pellets. The 
capacity of ADSC pellets to differentiate towards chondro-
cyte pellets was evaluated using Alcian blue staining.

Real time quantitative reverse transcription 
polymerase chain reaction (RT-qPCR)

RNA was isolated from CON-ADSCs and KI-ADSCs 
using TRIZOL reagent (Invitrogen™, 15596026, New 
York, NY, USA). Subsequently, 1.0 µg of total RNA was 
subjected to reverse transcription into cDNA utilizing 
Hiscript III Reverse Transcriptase (Vazyme, R302, 
Nanjing, China). qPCR analysis was performed using 
Hieff® qPCR SYBR Green Master Mix (Yeasen, 
11201ES50, Shanghai, China) and an ABI 7900HT fast 
real-time PCR system (Applied Biosystems, QuantStudio 
6 Flex, Ajo, AZ, USA). Triplet measurements were taken 
for each sample. Comprehensive information regarding 
primer sequences can be found in Supplemental Table 1, 
encompassing the transcription levels of fibroblast growth 
factor (b-FGF), angiopoietin1 (ANG1), collagentypeIal-
pha1 (COL1a1), hepatocyte growth factor (HGF), 
chemokine (C-X-C Motif) ligand 12 (CXCL-12), colla-
gentypeIalpha3 (COL3a1), insulin-like growth factor 
(IGF), and vascular endothelial growth factor A (VEGFA). 
All genes were normalized to the endogenous reference 
gene ACTB. The mRNA expression levels of the target 
genes were determined using the DDCt method.

Conditioned medium of ADSCs

CON-ADSCs and KI-ADSCs were cultured until 70%–
80% confluence, washed with PBS, and incubated for 48 h 
in α-MEM to obtain conditioned medium. The medium 
was then centrifuged at 3000 rpm for 5 min at 4°C and 
stored at −80°C.

Elisa analysis

The conditioned medium (CM) of ADSCs was obtained 
using the method described earlier. To assess the levels of 
HGF, VEGFA, and IGF in the CM, an enzyme-linked 
immunosorbent assay (ELISA) was conducted. The ELISA 
assay kits used for HGF (Elabscience, ER242RB), VEGFA 
(Elabscience, E–EL–H0111c), and IGF (Elabscience, 
E–EL–H0086c) were employed, following the instructions 
provided by the manufacturer.

Western blotting analysis

Skin tissues and cell suspension were lysed in RIPA lysis 
buffer (MB–030–0050, Multi Sciences Biotech, 
Hangzhou, China) supplemented with phenylmethylsul-
fonyl fluoride. Protein concentrations were determined 
using a BCA Protein Assay Kit (23225, Thermo Fisher, 
Waltham, MA, USA). Total proteins of equal quantity 
were then separated on 4%–20% SDS–PAGE gel (ACE 
Biotechnology, Nanjing, China), and transferred onto 
PVDF membranes (Millipore, NJ, USA). After blocking 
with 5% skimmed milk and washing with tris–buffered 
saline containing 0.1% tween–20 (TBST), the protein 
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bands were incubated with primary antibodies 
(Supplemental Table 2 for antibody information) over-
night at 4°C. Post washing with TBST, the protein bands 
were probed with HRP-conjugated secondary antibody 
and visualized using ECL buffer (32,209, Thermo Fisher, 
Waltham, MA, USA). The western blotting results were 
quantified using ImageJ.

Establishment of a cutaneous wound healing 
model

To establish cutaneous wound healing models, we used 
8-week-old male C57 mice. Anesthesia was induced by 
administering pentobarbital sodium (i.p. injection, 50 mg/
kg), and a full-thickness skin injury with a diameter of 
4 mm was created on the dorsal region of each mouse. To 
prevent contracture, hydrogel was applied to the wounds. 
Subsequently, the mice were randomly assigned to one of 
three groups: CON-ADSCs group (n = 20), KI-ADSCs 
group (n = 23) with 1*106 cells in 100 μL PBS, or 100 μL 
PBS group (n = 16). Mice were housed separately. The 
wounds were photographed on days 0, 3, and 7 to monitor 
the healing progress. The wound healing rate was calcu-
lated using the following formula: Dn wound healing 
rate = (D0 wound area−Dn wound area)/D0 wound 
area × 100%.

IVIS observation

CON-ADSCs group (n = 6) and KI-ADSCs group (n = 7) 
marked with DiR were transplanted into mice via tail 
vein injection at a dosage of 1*106 cells per mouse. DiR 
imaging was performed with an excitation/emission of 
710/760 nm, high lamp level, medium binning, filter 1, 
and 1.0 s exposure time. Living Image software version 
4.3 (Xenogen) was used to analyze the grayscale and 
fluorescent images of each sample, with regions of 
interest automatically drawn over the signals and man-
ual corrections made based on the grayscale image. 
Quantification of DiR-labeled cell distribution in each 
organ was performed using Cho et al.’s19 method with 
some modifications, with the average radiant efficiency 
of the organs to the background calculated to reduce 
variability.

Histological observation

The tissue samples taken on day 3 and day 7 after the 
wound were treated with 4% paraformaldehyde at 4°C 
overnight. Then, the samples underwent dehydration using 
graded ethanol concentrations (30%, 50%, 70%, 80%, 
90%, and 100%), xylene, and paraffin washes. Thick sec-
tions measuring approximately 4–6 mm were prepared 
from the paraffin-embedded wound tissues and subjected 
to staining using Masson’s trichrome. The stained tissue 
sections were examined using a microscope.

Targeted binding of KI-ADSCs to activated 
HUVECs and platelets

HUVECs were purchased from American Type Culture 
Collection (ATCC, USA). HUVECs were cultured in tissue-
culture-treated 6-well plates until they reached confluence. 
Before the experiment, the HUVECs were treated with 
10 ng/ml of tumor necrosis factor-α (TNF-α) for 6 h. After 
washing the cells with fresh ECM culture medium, a sus-
pension of CON-ADSCs or KI-ADSCs (5*104 cells/mL) 
was added to each well and incubated at 37°C with shaking. 
After an hour, the unbound cells were removed by rinsing 
with PBS. The specific binding of KI-ADSCs to activated 
HUVECs was observed using confocal microscopy.

Statistical analysis

The data obtained from the mouse and cell model were 
presented as the mean ± standard deviation (SD). To deter-
mine significant differences, a two-tailed independent-
sample t-test was utilized for comparing two groups, while 
a one-way analysis of variance (ANOVA) followed by a 
Tukey post hoc test was employed for comparing multiple 
groups. A p-value less than 0.05 was considered to indicate 
statistical significance. All the statistical analyses were 
conducted using GraphPad Prism software.

Results

PSGL-1 is a potential target for improving 
MSCs homing

To investigate the changes in cell-cell adhesion molecules 
following injury, we conducted an analysis of multiple 
transcriptomes from different studies (Supplemental Table 
3). Given the expeditious targeting of the injured site facil-
itated by the exogenous infusion of stem cells,28 our study 
focused primarily on genes that showed enrichment during 
the early stages of damage (Figure 1(a)). Notably, there 
were significant alterations observed in the L-selectin 
(Sell) and P-selectin (Selp) during the early stage of wound 
healing (Figure 1(b)).

Platelets possess a natural targeting ability to localize at 
sites of injury, inflammation, and tumors, allowing them to 
accumulate rapidly at the injured site and mediate the 
recruitment of immune cells, thereby facilitating early-
stage wound healing. It is important to note that SELP is 
expressed on the membrane of platelets. PSGL-1, a high-
affinity ligand for the selectin family, has been reported to 
serve as a ligand for both SELL and SELP.29 It plays a criti-
cal role in the initial adhesion phase of leukocyte migra-
tion across the endothelium. However, ADSCs do not 
express PSGL-1.30 Therefore, surface modification of 
ADSCs to express PSGL-1 may enhance their interaction 
with platelets and promote adhesion to the injured site, 
thereby improving their homing efficiency.
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Furthermore, it is worth mentioning that the effective 
interaction between PSGL-1 and selectin receptors requires 
glycosylation of PSGL-1 by the enzyme Fucosyltransferase 7 
(FUT-7).29,31 In this study, we employed a CRISPR/Cas9-
based approach to achieve precise site-specific integration in 
ADSCs, resulting in stable expression of both PSGL-1 and 
FUT-7. This modification potentially improves the adhesive 
properties of ADSCs and their homing ability to injured sites.

Cas9-AAV6 mediated Knock-in ensured a 
successful targeted integration of PSGL-1 in 
ADSCs

Efficient delivery of the Cas9-AAV6 tool has been previ-
ously shown to be critical for successful gene knock-
in.32–35 To accomplish transgenic integration in ADSCs, 
we utilized electroporation to deliver CRISPR/Cas9 

system while AAV6 was used to deliver homologous repair 
templates. To begin, we designed 10 sgRNAs targeting dif-
ferent exons of the HBB gene locus using an online plat-
form (Supplemental Figure 1A, Supplemental Table 4). 
Among these sgRNAs, sgRNA2 exhibited exceptional 
efficiency, with a cleavage efficiency exceeding 95% in 
ADSCs (Supplemental Figure 1B and C). To enable effi-
cient homology-directed repair (HDR), a recombinant 
adeno-associated virus 6 (rAAV6) vector was constructed 
as the donor template. This rAAV6-PSGL1 donor template 
incorporated essential components such as a EGFP expres-
sion cassette, homology arms centered around the break 
site, and cDNA of PSGL1 and FUT7 (Figure 1(c), 
Supplemental Table 5). Following the construction of the 
rAAV6-PSGL1 donor template, the subsequent step 
involved determining the optimal concentration of the 
AAV6 virus vector to ensure efficient infection. Our results 

Figure 1. The screening process for target genes and the corresponding sgRNA. (a) Schematic depiction of the overall workflow. 
The expression levels of adhesion molecules were evaluated at 6h, 12h, and 24h after induction of skin injury. (b) RT-qPCR analysis 
of SELP, SELL, SELE, and SELPLG expression 24 hours after skin injury modeling (n = 3). (c) Design of the rAAV6-PSGL-1 donor.  
(d) Flow cytometry analysis of the average frequency of EGFP+ cells in ADSCs was evaluated at multiple time points following co-
incubation (n = 3). In the control group, cells were not subjected to RNP addition during electroporation, precluding homologous 
recombination events. Consequently, the proportion of EGFP+ cells exhibited a decline concomitant with cell proliferation.  
(e) RT-qPCR analysis of PSGL-1 and FUT-7 expression in CON-ADSCs and KI-ADSCs (n = 3). This and subsequent experiments 
exclusively employed CON-ADSCs, obtained through flow cytometry sorting, which ensured sustained expression of EGFP via 
homologous recombination. (f) Western blotting analysis of expression PSGL-1 and FUT-7 in CON-ADSCs and KI-ADSCs (n = 3). 
Data are shown as mean ± SD. Independent-sample t-test (two-tailed) was used for statistical comparisons between two groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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indicated that the most favorable electroporation-assisted 
transduction (EAT) occurred at an incubation rate of 1*105 
vector genomes per cell (Supplemental Figuer 2A), with 
no alterations in cell viability observed after 2 days of 
infection at this concentration (Supplemental Figure 2B 
and C). With these detailed confirmations, subsequent 
gene knock-in experiments at the HBB locus were con-
ducted (Supplemental Figure 3A).

When utilizing sgRNA, Cas9, and AAV6 repair tem-
plates, the frequency of EGFP+ ADSCs reached its peak 
3 days after targeting and remained stable from days 3 to 7. 
To further analyze the integration efficiency, Fluorescence 
Activated Cell Sorting (FACS) was performed 7–10 days 
after AAV6 treatment. The results revealed that the per-
centage of targeted integration in ADSCs was 10% ± 2%, 
and the EGFP signal persisted for at least three passages 
(Figure 1(d), Supplemental Figure 3B). Notably, when 
using only the AAV6 vector, the EGFP+ population was 
observed initially, but this population significantly dimin-
ished after one passage in culture (Supplemental Figure 
3C). The presence and subsequent disappearance of the 
EGFP+ population in AAV6-treated cells align with the 
gene expression dynamics of AAV fragments diluted by 
cell proliferation. These rapid clearance kinetics after 
AAV-only delivery and transient EGFP expression high-
light the limitations of relying solely on exogenous expres-
sion to enhance MSC efficacy. To further validate the 
targeted knock-in of PSGL-1 and FUT-7, genomic DNA 
was extracted from the cells for PCR followed by agarose 
gel electrophoresis and sequencing. Both methods con-
firmed the successful integration of the recombinant frag-
ments (Supplemental Figure 4). Moreover, RT-qPCR and 
western blotting results demonstrated the transcription and 
translation of these two genes, PSGL-1 and FUT-7, in 
ADSCs (Figure 1(e) and (f)).

In addition, we evaluated the maintenance of stemness 
in knock-in cells according to the standard definition of 
mesenchymal stem cells established by the International 
Association for Cell Therapy.36 Specifically, we examined 
the expression of specific surface markers and the capacity 
for three-dimensional differentiation into adipocytes, oste-
oblasts, and chondrocytes. Notably, the results revealed 
that gene knock-in did not affect the expression of surface 
markers associated with mesenchymal stem cells nor their 
ability for three-dimensional differentiation (Supplementl 
Figure 5). In summary, we successfully generated knock-in 
ADSCs for PSGL-1 and FUT-7 using the Cas9-AAV6 plat-
form, while preserving the ex vivo properties of ADSCs in 
terms of their stemness and differentiation potential.

The knock-in of PSGL-1 promoted ADSCs binding 
to platelets and adhesion to activated human 
umbilical vein endothelial cells (HUVECs)

The knock-in of PSGL-1 in ADSCs holds the potential for 
enhanced platelet capture and targeted adhesion at the 

wound site through SELP-PSGL-1 interaction. To assess 
this capability, DiO-labeled KI-ADSCs or CON-ADSCs 
were co-incubated with Dil-labeled platelets. Fluorescence 
imaging demonstrated efficient binding of KI-ADSCs 
(green) to platelets (red), while CON-ADSCs showed lim-
ited binding (Figure 2(a)). Furthermore, flow cytometry 
analysis revealed that, following an hour of co-incubation, 
55% of KI-ADSCs formed aggregates with platelets 
(Figure 2(b) and (c)). Subsequently, we investigated 
whether this increased binding capacity would lead to 
excessive platelet aggregation and thrombosis, a potential 
risk during cell administration. The results showed that the 
increased binding efficiency of ADSCs to platelets didn’t 
significantly promote platelet aggregation or thrombus 
formation (Figure 2(d)–(f)).

Furthermore, we simulated changes in the adhesion of 
ADSCs to injured tissue by adhesion to endothelial cells in 
vitro. Tumor necrosis factor-α (TNF-α) preconditioning 
was employed to activate HUVECs and then the adhesion 
of ADSCs to HUVECs was assessed (Supplemental Figure 
6). Immunofluorescence staining revealed that the adhe-
sion to HUVECs didn’t significantly change without TNF-
α pretreatment between KI-ADSCs and CON-ADSCs 
(Supplemental Figure 7). However, when HUVECs were 
pretreated with TNF-α, the adhesion of KI-ADSCs to 
HUVECs was significantly increased. Platelet-rich plasma 
(PRP) contains various growth factors and cytokines that 
can modulate cellular interactions. Moreover, to explore 
the potential impact of PRP on the adhesion of KI-ADSCs 
to activated HUVECs, we conducted additional experi-
ments. The results demonstrated that binding platelets with 
KI-ADSCs significantly enhances the adhesion of ADSCs 
to activated HUVECs (Figure 2(g) and (h)). These find-
ings suggested that KI-ADSCs possessed excellent bind-
ing ability to both activated HUVECs and platelets.

KI-ADSCs showed better retention at the 
wound site in mice

A skin injury model was established by a 4mm full-thick-
ness punch biopsy on the backs of 10-week-old c57 mice. 
To prevent wound contraction, the wounds were fixed 
using hydrogel. Subsequently, 1*106 KI-ADSCs or CON-
ADSCs were promptly administered via tail vein infusion 
to assess disparities in cellular homing (Figure 3(a)).  
After 24 h post-cell administration, fluorescent imaging 
revealed a markedly increased fluorescence signal sur-
rounding the wounds in the KI-ADSCs treatment group 
compared to the CON-ADSCs treatment group (Figure 
3(b) and (c)). Immunostaining analyses revealed the accu-
mulation of a significantly greater number of infused 
MSCs (EGFP-labelled cells) in the injured sites of the 
KI-ADSCs-infused group than in the CON-ADSCs-
infused group on Day1 (Figure 3(d) and (e)). Besides, ex 
vivo organ imaging demonstrated a substantial decrease in 
fluorescence signal intensity within non-target organs in 
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the KI-ADSCs treatment group compared to the CON-
ADSCs treatment group (Figure 3(f) and (g)). As time pro-
gressed, the transplanted cells gradually diminished and 
died. Extensive cell loss was observed on days 3 and 7 
after cell administration via in vivo fluorescent imaging, 
which was significantly reduced in the KI-ADSCs treat-
ment group compared to the CON-ADSCs treatment group 
(Figure 3(h)). Notably, the analysis of CD4+ T cells and 

CD8+ T cells within peripheral blood CD3+ lymphocytes 
(Supplementary Fig8A), as well as the histopathological 
examination of the spleen (Supplementary Fig8B), sug-
gested that systemic administration of ADSCs did not 
induce immunogenicity. Furthermore, the long-term distri-
bution of ADSCs within non-target organs, including the 
liver, lung, and kidney, did not result in any discernible 
organ damage (Supplemental Figure 8C). These findings 

Figure 2. PSGL-1-engineered ADSCs exhibited enhanced binding and adhesion capabilities to platelets and HUVECs. (a) 
Fluorescence microscopy was employed to assess the binding ability of CON-ADSCs and KI-ADSCs to platelets. DIO-labeled 
ADSC and Dil-labeled platelets (n = 3). ADSCs co-incubated with platelets for 1 hour. Scale bars, 200 μm. (b, c) Flow cytometry 
analysis of the binging ability of ADSCs to platelets (n = 6). (d, e) Absorbance analysis of platelet aggregation induced by the addition 
of ADSCs (n = 6). (f) RT-qPCR analysis of tissue factor CD142 in ADSCs to gauge its ability to promote thrombosis (n = 3). (g, h) 
Fluorescence microscopy analysis of the binding number of CON-ADSCs, CON-ADSCs+PRP, KI-ADSCs, and KI-ADSCs+PRP 
co-cultured with activated HUVECs after 1h. (n = 10). Scale bars, 500 μm. Data are shown as mean ± SD. Independent-sample t-test 
(two-tailed) was used for statistical comparisons between two groups; One–way ANOVA followed by Tukey post hoc test was 
used for statistical comparisons between multiple groups.
*p < 0.05, ****p < 0.0001.
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Figure 3. PSGL-1-engineered ADSCs exhibited enhanced homing efficiency and retention to mouse wound tissue. (a) Schematic 
representation of animal experiments. The animal experiments entailed the application of hydrogel to wounds for the purpose of 
moisturization and prevention of wound contraction. The wound area was measured relative to the constant size of the silicone 
ring and then normalized to the initial wound area (day 0). (b) in vivo fluorescence imaging of mice. Mice were anesthetized by 
isoflurane, and the wound was observed at D1, D3, and D7 after intravenous injection of PBS, DiR-labeled CON-ADSCs, or 
KI-ADSCs (n = 7). (c) Quantification analysis of the fluorescence intensity in wounds. (d) Immunostaining analysis of EGFP+ cells 
accumulated in the wound tissues from the CON-ADSCs-infused group and KI-ADSCs-infused group in 1 day. (e) Quantitative 
analysis of cell engraftment by histology (n = 6). (f) Ex vivo fluorescence imaging of heart, liver, spleen, lung, and kidney (n = 6). 
(g) Quantification analysis of the fluorescence intensity in various organs one day after cell transplantation. (h) The relative 
fluorescence attenuation rate of D3 and D7 compared to D0 within the same mouse. Data are shown as mean ± SD. Independent-
sample t-test (two-tailed) was used for statistical comparisons between two groups.
*p < 0.05, **p < 0.001.
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Figure 4. Tail vein infusion of PSGL-1-engineered ADSCs accelerated chronic wound healing. (a) Representative images of the 
healing process in wounds treated with PBS, CON-ADSCs, and KI-ADSCs (n = 14). (b) Traces of wound-bed closure for 7 days. 
(c) The rate of wound closure from day 0 to day 7 was quantified based on the digital images of wounds. (d and e) Representative 
H&E staining images of wounds and quantitative analysis on days 7 after surgery. Double-headed black arrows indicate the edges 
of nonhealing scars (n = 6). (f–h) Representative images and quantitative analysis of immunofluorescence staining for CD31 (red 
fluorescence signal) and α-SAM (green fluorescence signal) at the wound site 7 days after treatment (n = 6). Scale bars, 250 μm. (i 
and j) Representative images and quantitative analysis of COL3A1 immunohistochemical staining of wounds at 3 and 7 days after 
treatment (n = 6). Scale bars, 100 μm. Data are shown as mean ± SD. Independent-sample t-test (two-tailed) was used for statistical 
comparisons between two groups; One–way ANOVA followed by Tukey post hoc test was used for statistical comparisons 
between multiple groups.
*p < 0.05, **p < 0.01, ***p < 0.001.
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indicated that the knock-in of PSGL-1 enhanced the hom-
ing, retention, and viability of ADSCs at skin lesions.

KI-ADSCs promoted wound healing in mice

To investigate the potential therapeutic benefits associated 
with increased cell homing and retention, wound healing 
was evaluated in this study. The wounds were assessed at 
0, 3, and 7 days post-injury. Throughout the healing pro-
cess, the wound area gradually decreased over time. 
Notably, the KI-ADSCs treatment group exhibited signifi-
cantly enhanced wound healing from days 3 to 7 compared 
to the PBS and CON-ADSCs treatment groups (Figure 
4(a)–(c)). At the end of the observation period for wound 
healing kinetics, the newly formed skin tissues were col-
lected for further histological analysis. On day 7, the 
KI-ADSCs treated group displayed a greater presence of 
granulation tissue, a shorter wound length, and a thicker 
dermal layer with well-formed epidermal cells in compari-
son to the PBS group and CON-ADSCs group (Figure 4(d) 
and (e)), indicating a higher degree of wound re-epithelial-
ization following KI-ADSCs treatment (Supplemental 
Figure 9). To evaluate angiogenesis in the vicinity of the 
wounds, CD31 and α-SMA immunofluorescence staining 
were performed. The KI-ADSCs treated group exhibited a 
greater number of CD31 and α-SMA positive cells com-
pared to the CON-ADSCs treatment group and PBS treat-
ment group (Figure 4(f)–(h)), suggesting that KI-ADSCs 
infusion enhanced angiogenesis within the wounds. 
Furthermore, the deposition of extracellular matrix (ECM) 
around the wound was analyzed. IHC staining demon-
strated higher expression of collagen III in the wounds of 
the KI-ADSCs treatment group on the 3rd and 7th-day 
post-injury (Figure 4(i) and (j)). In conclusion, the knock-
in of PSGL-1 promoted the engraftment and retention of 
ADSCs and facilitated the healing process of wounds 
through enhanced granulation tissue formation, re-epithe-
lialization, and angiogenesis at the wound site.

PSGL-1 knock-in and platelets binding on 
ADSCs increased ADSC proliferation, migration, 
anti-apoptosis, and paracrine

We next sought to determine the mechanism responsible for 
the enhanced reparative effects of KI-ADSCs. Numerous 
studies have demonstrated that PRP can promote the prolif-
eration, migration, maintenance of stemness, and immu-
nomodulatory properties of MSCs.37,38 Thus, this study 
aimed to assess the functional impact of gene knock-in and 
platelet binding on ADSCs. CCK-8 results revealed that 
PSGL-1 knock-in significantly augmented cell proliferation 
compared to CON-ADSCs, with further enhancement 
observed upon platelet binding (Figure 5(a)). MSCs predom-
inantly contribute to wound repair through cytokine secre-
tion. Therefore, we examined the expression of specific 
cytokines associated with wound healing and angiogenesis 

using RT-qPCR and ELISA. In comparison to CON-ADSCs, 
the b-FGF, ANG1, COL1a1, HGF, CXCL-12, COL3a1, IGF, 
and VEGFA were significantly increased in KI-ADSCs. 
Platelet binding further amplified this effect (Figure 5(b)). 
Additionally, ELISA results demonstrated that the secretion 
levels of IGF, VEGFA, and HGF were significantly higher in 
KI-ADSCs conditioned media compared to CON-ADSCs 
conditioned media, with further enhancement observed upon 
platelet binding (Figure 5(c)). To evaluate migration and 
anti-apoptotic abilities, scratch assay and flow cytometry 
analysis were performed. The results indicated a slight supe-
riority of KI-ADSCs over CON-ADSCs in terms of anti-
apoptotic ability (Figure 5(d) and (e)) and migratory 
capability (Figure 5(f) and (g)); however, no statistically sig-
nificant difference was observed. Notably, when KI-ADSCs 
were combined with platelets, both migration and anti-apop-
totic abilities were significantly improved (Figure 5(e) and 
(g)). These results suggested that the knock-in of PSGL-1 
promoted the proliferation and paracrine of ADSCs, and the 
binding of platelets further improved the function of ADSCs. 
However, PSGL-1 knock-in alone didn’t further amplify 
ADSC migration and anti-apoptosis under our experimental 
conditions. Notably, when ADSCs were bound to platelets, 
we observed a significant improvement in their migration 
and anti-apoptosis ability.

Functional effects of conditioned media 
derived from ADSCs on HUVECs and human 
immortalized keratinocytes (HaCaTs)

In vivo study demonstrated that KI-ADSCs significantly 
promoted wound healing, increased angiogenesis, 
enhanced collagen deposition, and promoted re-epithelial-
ization in mice. Determined to uncover the mechanisms 
prompting these effects, we proceeded with an in vitro 
study. Given the substantial alterations observed in 
cytokine release from KI-ADSCs, we postulated that the 
knock-in of PSGL-1 perhaps plays a role in promoting 
wound healing by improving ADSCs’ paracrine functions. 
To explore this further, we cultured HUVECs and HaCaTs 
in a conditioned media derived from ADSCs. CCK-8 anal-
ysis revealed that the conditioned media from KI-ADSCs 
(KI-CM) significantly stimulated HUVECs proliferation 
in comparison to the control group (CON-CM). 
Remarkably, proliferation was further potentiated in the 
KI+PRP group (KI+PRP-CM) (Figure 6(a)). In addition, 
similar results were observed in the scratch assay (Figure 
6(b) and (c)) and tube formation assay (Figure 6(d)–(f)), in 
which the KI-CM partly promoted the functional exhibi-
tion of HUVECs compared with CON-CM, while the 
KI+PRP-CM group exhibited the best migration and tube 
formation among all groups. In vitro experiments with 
HaCaTs cells, we obtained similar results to those of 
HUVECs; both KI-CM and KI+PRP-CM notably pro-
moted cell proliferation and migration compared to 
CON-CM (Supplemental Figure 10). Taken together, these 
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in vitro studies demonstrated that PSGL-1 knock-in 
improves the ADSC secretome, thereby enhancing their 
ability to regulate angiogenesis and stimulate the prolifera-
tion and migration of HUVECs and HaCaTs.

Knock-in of PSGL-1 activated β-catenin 
signaling

PSGL-1 has been reported to function not only in the reg-
ulation of leukocyte and T-cell migration to inflammatory 
tissues,39,40 but also as a transmembrane receptor for 

cellular signal transduction.41,42 To further clarify the 
molecular mechanisms underpinning the observed effects 
of PSGL-1 knock-in on ADSCs, we undertook an exten-
sive molecular exploration. To this end, RNA sequencing 
analysis of KI-ADSCs and CON-ADSCs were performed 
to identify differentially expressed genes implicated in 
crucial biological processes. The results revealed 288 
genes that were differentially expressed in KI-ADSCs 
compared to CON-ADSCs (197 upregulated and 91 
downregulated). These genes were involved in important 
biological processes such as the Wnt signaling pathway, 

Figure 5. The knock-in of PSGL-1 and platelet binding on ADSCs led to an increase in ADSC proliferation, migration, anti-
apoptotic activity, and paracrine signaling. (a) Cell viability was determined by CCK-8 assay (n = 6). (b and c) RT-qPCR and ELISA 
analysis of the expression for genes of interest in CON-ADSCs and KI-ADSCs (n = 3). (d and e) Flow cytometry analysis of the 
apoptosis of CON-ADSCs and KI-ADSCs (n = 3). Flow cytometry analysis of the apoptosis of CON-ADSCs and KI-ADSCs (n=3). 
Flow cytometry was performed on cells treated with 250uM H2O2 for 12 hours. (f and g) Representative scratch test images of 
ADSCs incubated with different conditioned media at 0 and 12 h, and the rate of wound area closure after 12 h (%) (n = 9). Scale 
bars, 200 μm. Data are shown as mean ± SD. Independent-sample t-test (two-tailed) was used for statistical comparisons between 
two groups; One–way ANOVA followed by Tukey post hoc test was used for statistical comparisons between multiple groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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angiogenesis, myeloid leukocyte migration, and endothe-
lial cell proliferation (Figure 7(a)). The Wnt signaling 
pathway is one of the most important signaling pathways 
in embryonic and organ development, participating in the 
regulation of cell proliferation, differentiation, migration, 
and apoptosis.43 We sought to explore the possibility of 
PSGL-1 affecting the ADSC function via modulating the 
Wnt/β-catenin signaling pathway. The Western blotting 
results showed that the expression of total and active β-
catenin was significantly increased in the cytoplasm of 
KI-ADSCs compared with CON-ADSCs. Importantly, 
the increase in active β-catenin was also observed in the 
nucleus of KI-ADSCs, suggesting the potential role of 
PSGL-1 knock-in in promoting the translocation of active 
β-catenin to the nucleus and possibly triggering the 
Wnt/β-catenin signaling pathway in ADSCs, thus enhanc-
ing their functional performance (Figure 7(b)–(d)). 
Finally, we demonstrated by co-immunoprecipitation that 
PSGL-1 knock-in promoted the formation of the PSGL-
1/β-catenin complex in KI-ADSCs. Moreover, we showed 
that PSGL-1 can interact practically with active β-catenin 
(Figure 7(e)).

PSGL-1 knock-in promoted ADSCs function in 
a β-catenin dependent manner

Finally, to examine the causal relationship between the 
activation of WNT/β-catenin signaling and the altered 
phenotype of KI-ADSC. Short interfering RNA (siRNA) 
was used to knock down β-catenin (Figure 8(a) and (b)). 
CCK-8 results showed that the proliferation ability of 
KI-ADSCs was significantly decreased after siRNA treat-
ment (Figure 8(c)). RT-qPCR and ELISA results revealed 
that inhibiting β-catenin led to a notable decrease in 
cytokine secretion (Figure 8(d) and (e)). Besides, condi-
tioned media of ADSCs was collected after the inhibition 
of β-catenin to culture the HUVECs and HaCaTs. The 
results of CCK-8, cell scratch assay, and tube formation 
assay showed that the proliferation, migration, and pro-
angiogenic effects of KI+Si-CM were significantly inhib-
ited compared with those of KI-CM (Figure 8(f)–(k)) 
(Supplemental Figure 11). Taken together, PSGL-1 knock-
in modulated the functionality of HUVECs and HaCaTs 
cells by stimulating the paracrine action of ADSCs through 
Wnt/β-catenin signaling pathway activation (Figure 9).

Figure 6. Different conditioned media on HUVECs function. (a) CCK-8 assay was used to assess the viability of HUVECs 
incubated with different conditioned media (n = 6). (b and c) Representative scratch test images of HUVECs incubated with 
different conditioned media at 0 and 12 h, and the rate of wound area closure after 12 h (%) (n = 9). Scale bars, 200 μm. (d–f) 
Representative tube formation images of HUVECs incubated with different conditioned media for 8 h, as well as quantitative 
analysis (n = 9). Scale bars, 200 μm. Data are shown as mean ± SD. Independent-sample t-test (two-tailed) was used for statistical 
comparisons between two groups; One–way ANOVA followed by Tukey post hoc test was used for statistical comparisons 
between multiple groups.
*p < 0.05, **p < 0.01.
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Discussion

The primary advantage of MSC therapy over other tradi-
tional therapeutic approaches is its ability to migrate 
actively to damaged tissues, also known as “homing.” 
However, numerous studies have shown that regardless of 
the pathological models used, only a small fraction of 
intravenously transfused MSCs can reach the damaged tis-
sues,44,45 so one of the biggest challenges in the clinical 
application of MSCs is to improve their homing efficiency. 
Several approaches have been employed to enhance MSC 
homing, including targeted administration, magnetic guid-
ance, genetic modification, cell surface engineering, in 

vitro priming, target tissue modification, and radiotherapy 
techniques. Despite the potential for modest enhancement 
in the homing of MSCs, it is important to acknowledge the 
inherent limitations associated with these approaches.10 
These approaches primarily target distinct stages of the 
MSC homing process, aiming to improve cell migration or 
adhesion. In this study, we employed the inherent capabil-
ity of platelets to specifically home to the injured sites, as 
well as the prompt upregulation of Selectin family proteins 
following skin injury. By integrating PSGL-1 into ADSCs, 
this research achieved a considerable enhancement of 
homing efficiency in a skin wound model. Additionally, 
this approach has the notable benefit of concurrently 

Figure 7. PSGL-1 knock-in increased β-catenin expression and activation. (a) Pathway analysis of differentially expressed genes 
regulated in KI-ADSCs versus CON-ADSCs. (b–d) Western blot analysis of PSGL-1, β-catenin, and active-β-catenin levels in 
the nucleus and cytoplasm of CON-ADSCs and KI-ADSCs (n = 3). (e) Co-immunoprecipitation (Co-IP) analysis of PSGL-1 with 
β-catenin and active-β-catenin in ADSC whole-cell lysis. Data are shown as mean ± SD. Independent-sample t-test (two-tailed) was 
used for statistical comparisons between two groups.
*p < 0.05, **p < 0.01.
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enhancing the migration and adhesion of ADSCs to the 
injured site.

MSCs are typically infused in two ways: (1) systemic 
infusion (i.e., intravenously or intraarterial), and (2) 
through local tissue-specific delivery. Although local 
delivery may enhance cell retention, it has been reported 
as more invasive compared to the less invasive and easily 
reproducible intravenous route.20,46 Furthermore, the 

decreased expression of related homing molecules 
(chemokine receptors, adhesion molecules, etc.) during 
cell culture and within the harsh pathological microenvi-
ronment results in a low survival rate and inefficient 
migration of transplanted cells to target organs.7,44,47 
Consequently, the ability of anchoring-dependent cells to 
adhere and homing to the injured site is limited.48,49 In this 
study, our aimed was to enhance the homing efficiency of 

Figure 8. PSGL-1 knock-in affected the paracrine of ADSCs in a β-catenin dependent manner. (a and b) Western blotting analysis 
of β-catenin levels in cells treated with β-catenin siRNA (Siβ-cat) or scramble RNA (Scβ-cat) for 48 h (n = 3). (c) CCK-8 assay was 
used to evaluate the cell viability of CON-ADSCs and KI-ADSCs after Siβ-cat or Scβ-cat pretreatment (n = 6). (d and e) ELISA and 
RT-qPCR analysis of the expression for genes of interest in CON-ADSC and KI-ADSC after Siβ-cat or Scβ-cat pretreatment (n = 3). 
(f) CCK-8 analysis of the viability of HUVECs incubated with different conditioned media (n = 6). (g and h) Representative scratch 
test images of HUVECs incubated with different conditioned media at 0 and 12 h, and the rate of wound area closure after 12 h 
(%) (n = 9). Scale bars, 200 μm. (i–k) Representative tube formation images of HUVECs incubated with different conditioned media 
for 8 h, as well as quantitative analysis (n = 6). Scale bars, 200 μm. Data are shown as mean ± SD. Independent-sample t-test (two-
tailed) was used for statistical comparisons between two groups; One–way ANOVA followed by Tukey post hoc test was used for 
statistical comparisons between multiple groups.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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ADSCs by leveraging the natural homing characteristics 
of platelets. To achieve this, we employed CRISPR/Cas9 
technology to enable ADSCs to express PSGL-1 through 
targeted knock-in, thereby facilitating their interaction 
with platelets. Previous research suggests that the initial 
tethering and rolling of platelet aggregates, which assist 
CD34+ progenitor cells under flow conditions, is mediated 
by the interaction between P-selectin on the platelet’s sur-
face and PSGL-1 on CD34+ progenitor cells.50 Similarly, 
in vitro co-culture experiments conducted by Daub et al. 
have shown that human platelets can recruit CD34+ cells 
through specific adhesion receptors, namely P-selectin and 
β1 and β2 integrins.51 Langer et al.52 have demonstrated 
that adherent platelets play a crucial role in capturing 
mouse embryonic EPC (eEPC) at sites of vascular lesions 
under dynamic flow conditions. The depletion of platelets 
has been found to significantly reduce MSC homing to 
inflammatory sites.53 Apart from platelets themselves, 
platelet-derived extracellular vesicles have been observed 
to bind to mouse stem cells and human CD34+ cells 
through antigens such as P-selectin and integrin Mac-1 
(CD11b-CD18), thus enhancing progenitor attachment to 
the vascular endothelium and resulting in increased cell 

homing and transplantation.54 Liu et al.55 have demon-
strated that Platelet microparticles (PMPs) can transfer 
several homing and adhesion molecules, including CD41, 
P-selectin, CXCR4, PSGL-1, and CD11b, into cells. 
Hence, platelets play a critical role in the homing and 
engraftment of stem cells through direct contact or spatial 
proximity. This is attributed to platelets serving as a sig-
nificant source of extracellular adhesion molecules/
chemokine receptors, growth factors, and cytokines that 
are necessary for the homing process. Previous studies 
have shown that intravenously infused MSCs are mainly 
“trapped” in the lungs. The results of a clinical study 
showed that the “action path” of stem cells after intrave-
nous transfusion is a gradual “dynamic” process. 
Intravenously transfused MSCs accumulate first in the 
lungs, and after 2 h, they are captured in the liver and 
spleen.28 So, considering that the lungs are reported as a 
‘reservoir’ for platelets,56 it is plausible that the binding of 
ADSCs to platelets could accelerate their migration out of 
the lungs. In this study, we found that 1 day after cell trans-
plantation, most of the cells were distributed in the liver. 
Meanwhile the binding of ADSCs to platelets significantly 
reduced their non-targeted distribution in the liver.

Figure 9. Summary diagram. Knock-in of PSGL-1 via CRISPR/Cas9 was designed to simultaneously promote the migration and adhesion 
of ADSCs to the injury site. Due to the innate injury-finding ability of platelets which guide ADSCs to injured wounds for repair.



16 Journal of Tissue Engineering  

Besides their involvement in the homing and engraft-
ment of stem cells, platelets exert a discernible influence 
on the functional performance of these cells. Research 
conducted by Peng et al.57 revealed that bone marrow-
derived mesenchymal stem cells (BM-MSCs) can be 
reprogrammed to withstand harsh microenvironments 
through pretreatment with platelet clots. Additionally, this 
pretreatment can enhance the regenerative potential of the 
stem cells by increasing the release of soluble factors 
through the PDGF-α-PI3K-AkT-Nf-κb pathway. Levoux 
et al.58 demonstrated that platelets can transfer respiratory-
competent mitochondria to MSCs primarily via dynamin-
dependent clathrin-mediated endocytosis. This process has 
been shown to enhance the therapeutic efficacy of MSC 
transplantation in various mouse models of tissue injury. 
This is due to the paracrine action of various growth fac-
tors from platelets, such as platelet-derived growth factor 
(PDGF), VEGF, and IGF. The concentration ratios of these 
growth factors closely resemble those found in the natural 
environment of the body. In our study, we found that the 
binding of platelets to ADSCs could not only promote cell 
proliferation, migration, and release of some cytokines but 
also enhance the resistance of ADSCs to harsh pathologi-
cal microenvironments, thereby improving the therapeutic 
effect of ADSCs. Significantly, the presence of platelets 
adhered to stem cells can influence the inherent functional-
ity of these cells, without necessitating high concentrations 
of PRP in co-culture.

Beyond these, we also conducted experiments in 
mechanism exploration. Our data suggested that the 
knock-in of PSLG-1 activated the canonical WNT signal-
ing by increasing the expression of active β-catenin. This 
activation subsequently induced the secretion of 
cytokines, leading to an expedited process of wound 
healing. β-catenin gene silencing significantly blocked 
the release of cytokines induced by PSGL-1 knock-in and 
abolished the promotion of KI-ADSCs conditioned 
medium on the function of HUVECs and HaCaTs. These 
results suggested that β-catenin is pivotal in PSGL-1 
knock-in–induced gene expression and subsequent func-
tional regulation. According to reports, PSGL-1 is known 
to interact with the actin cytoskeleton and act as an adap-
tor to facilitate intracellular signaling.42 The binding of 
selectins to PSGL-1 activates Src family kinases.59 
Furthermore, the signaling triggered by the antibody liga-
tion of PSGL-1 on neutrophils leads to the phosphoryla-
tion of various proteins, including ERK1 and ERK2, 
indicating that PSGL-1 has the ability to regulate crucial 
cellular functions.60 In support of this concept, the activa-
tion of mTOR has also been reported to occur down-
stream of PSGL-1 signaling in macrophages; and this 
activation leads to the expression of Rho-associated 
kinase-1 (ROCK-1), indicating a potential signaling 
pathway involving phosphoinositide 3 kinase (PI3K).61 
Similarly, it has been demonstrated that the ligation of 

PSGL-1 by the antibody on Jurkat T cells induces cluster-
ing of β1 integrin, which is reliant on PI3K activation.62 
Moreover, the ligation of PSGL-1 induces the secretion 
of cytokines by macrophages, dendritic cells (DCs),  
and T cells, suggesting a positive role in immune 
regulation.63–66

Ultimately, our study did not observe any immuno-
genic alterations in the mice administered with ADSCs. 
This outcome could potentially be attributed to the utili-
zation of a serum-free culture system. Notably, a recent 
investigation has identified bovine apolipoprotein B-100 
as the primary immunogen in therapeutic cells cultured 
with FBS67. Additionally, other research studies have 
examined the compromised immunosuppressive capacity 
of MSCs cultivated in media supplemented with FBS or 
human serum.68-71

In summary, our study has shed light on the cell therapy 
field with the following novelties. First, we developed a 
methodology, which possesses the potential to be employed 
in the management of diverse afflictions. This is primarily 
due to the indispensable role of platelets in the process of 
inflammation. Secondly, we successfully achieved simul-
taneous site-directed integration of large fragments with 
about 4.3 kb sequences and multiple genes into primary 
cells. Due to the constraints imposed by the synthesis tech-
niques of single-stranded oligodeoxynucleotide (ssODN) 
and double-stranded DNA (dsDNA), the nonviral approach 
is confined to an insertion size of approximately 1.5 kb. 
Third, instead of manipulating the cell membranes through 
in vitro modification techniques such as membrane fusion 
or modification, we employed autologous platelets to 
tackle the issue of MSCs homing. This strategy circum-
vents the potential loss of numerous surface receptors pre-
sent on the platelet membrane, which may have side effects 
on the interaction between MSCs and platelets. Fourth, 
PSGL-1 knock-in simultaneously promoted migration and 
adhesion to the injured site of MSCs.

There are also some limitations in this study. First, the 
overall efficiency of gene knock-in is suboptimal, making 
it unsuitable for large-scale clinical production. Secondly, 
the mechanisms of how platelets affect stem cell function 
have not been clearly understood. Thirdly, platelets pos-
sess tumor-targeting properties, yet the role of stem cells 
in cancer therapy remains a subject of controversy. Fourth, 
it is noted that our evaluation of the risks associated with 
platelet aggregation and thrombosis has thus far been pre-
liminary. A comprehensive safety assessment is impera-
tive to provide a more detailed understanding of these 
potential risks. Interestingly, the amounts of MSC-platelet 
aggregates in the blood of MI patients were significantly 
higher than that of healthy controls, which contributed to 
better prognosis.72 Furthermore, before clinical applica-
tion, additional toxicity studies employing higher doses, 
such as 5 or even 10 times the therapeutic dosage, are 
imperative.
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Conclusion

The low homing efficiency of MSCs is a significant obsta-
cle to their clinical application. Specifically, cell homing 
refers to the ability of transplanted cells to migrate and 
adhere to damaged tissues. To address this issue, genetic 
engineering has been used to modify MSCs. This study 
integrated PSGL-1 into the genome of ADSCs using a 
Cas9-AAV6-based genome editing platform. The results 
demonstrated that PSGL-1 knock-in enhances the binding 
of ADSCs to platelets and their adhesion to injured sites. 
Furthermore, the administration of KI-ADSCs signifi-
cantly improved the homing efficiency and residence at 
the site of skin lesions in mice. Mechanistically, PSGL-1 
knock-in promoted the release of therapeutic cytokines by 
activating the canonical WNT/β-catenin signaling, accel-
erating the healing of wounds through the promotion of 
angiogenesis, re-epithelialization, and granulation tissue 
formation at the wound site. This study provided an inno-
vative strategy for simultaneously addressing the chal-
lenges of poor migration and adhesion of MSCs.
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