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ABSTRACT

Refractory wounds (RWs) are a common and severe complication of many diseases; however, the existing
therapeutic methods are unsatisfactory in clinical practice. Here, we observed significant downregulation
of the hepatocyte growth factor (HGF) in plasma samples from patients with autoimmune diseases. We
used electroporation to deliver a plasmid containing HGF to induce its overexpression on mesenchymal
stromal cells (MSCHCF) and loaded them into an injectable hydrogel to treat RWs in patients with clinical
autoimmunity. The MSCHSF exhibited stable HGF expression and secretion. In addition, they displayed a
self-reinforcing loop, enhanced migration, and improved anti-apoptosis capacity via the autocrine activa-
tion of the c-Met-mediated phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) signaling path-
way. Furthermore, the HGF (as well as other bioactive factors) secreted from the MSCHSF significantly
augmented the migration and angiopoiesis of vascular endothelial cells, decreased the cellular inflamma-
tion of macrophages, and improved extracellular matrix remodeling in fibroblasts. According to these fea-
tures, we demonstrated that the MSCH®-loaded injectable hydrogel boosted cellular functions and
afforded a long-acting healing efficacy in the treatment of clinical autoimmune patients with RWs.
Therefore, the genetically engineered MSC"CF and their dispersed hydrogel system will have clinical sig-
nificance for wound therapy.

© 2025 The Authors. Published by Elsevier B.V. and Science China Press. This is an open access article

under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Refractory wounds (RWs) are the most devastating and com-
mon complications of uncontrolled diseases, such as metabolic
and autoimmune diseases [1-3]. Characterized by vascular wall
degeneration necrosis, inflammatory cell infiltration, and tissue
ulcerates, RWs tend to cause vascular damage and tissue necrosis,
together with resulting physical and mental suffering among the
affected individuals [4-7]. Based on the normal mechanism under-
lying the wound-healing stages (hemostasis, inflammation, prolif-
eration, and remodeling), various therapeutic avenues, including
wound-dressing products [8-10], bioengineered skin grafts [11-
16], and cell therapies [17-22], have been developed to treat these
wounds [23-25]. Although some progress has been reported for
simple wounds, few of these therapies exert practical clinical
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effects on RWSs. The cause of these unsatisfactory treatment out-
comes can be ascribed to the individual variations observed among
patients with different underlying diseases [26]. In particular, sys-
temic autoimmune diseases including systemic lupus erythemato-
sus (SLE), systemic sclerosis (SSc), dermatomyositis (DM),
vasculitis (VS), sicca syndrome (SS), and rheumatoid arthritis
(RA) disrupt wound healing through overlapping yet distinct
pathophysiological mechanisms—creating a “hostile microenviron-
ment” that perpetuates tissue damage and impairs repair—yet the
complex wound-healing process coordinated by immune and res-
ident cells remains poorly investigated in these specific autoim-
mune conditions [27-37]. Thus, effective therapeutic stratagems
derived from the molecular mechanisms underlying these diseases
for the treatment of their associated RWs treatments remain
lacking.

In this study, based on information collected from the plasma
samples of patients with clinical autoimmune diseases, including
SLE, SSc, SS, RA, VS, and DM, we found significant downregulation
of the hepatocyte growth factor (HGF) in patients with SLE with
skin lesions. Furthermore, we revealed its underlying molecular
mechanism and proposed a novel genetically engineered mes-
enchymal stromal cell (MSC) therapy for treating RWs in patients
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with clinical autoimmune diseases, as schematically depicted in
Fig. 1. Previous studies have demonstrated that HGF participated
in the regulation of cell growth, motility and morphogenesis; how-
ever, its role in wound healing in patients with autoimmune dis-
ease has not been thoroughly explored [38-40]. Through our
research on blood samples from clinical patients, we have discov-
ered that HGF was expressed at low levels among these individu-
als. By contrast, MSC therapies have afforded the therapeutic
effects of ameliorating inflammation and promoting angiopoiesis
and new tissue formation [41-45]. Therefore, we hypothesized
that using MSCs expressing HGF at high levels promotes cell prolif-
eration and migration by activating the phosphatidylinositol
3-kinase (PI3K)-protein kinase B (AKT) signaling pathway, thus
leading to the effective recovery of RWs in patients with SLE, even
in those with other autoimmune diseases.

To confirm this hypothesis, we developed HGF-genetically engi-
neered MSCs (MSCHCF) through electroporation and loaded them
onto a hydrogel to treat patients with autoimmunity and RWs.
The constructed MSCHSF exhibited stable HGF expression and
secretion, leading to the triggering of the PI3K-AKT signaling path-
way via c-Met-mediated autocrine activation. Moreover, to guar-
antee the survival and retention time of these MSCHSF on RWs
surfaces, we also dispersed them into an injectable hyaluronic acid
(HA) hydrogel—this design enables sustained, effective therapeutic
effects. Notably, HA possesses key properties that make it uniquely
suited to address the multifaceted challenges of autoimmune RWs:
it originates from the natural extracellular matrix (ECM), exhibits
anti-inflammatory activity, supports tissue repair, and has well-
established clinical translatability. Based on these features, we
demonstrated that significant therapeutic effects could be
achieved for clinical RWs in patients with autoimmunity using
the MSC"“F-loaded injectable HA hydrogel reported here. These
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results indicated that our genetically engineered MSCH®F and their
dispersed hydrogel have clinical significance for treating RWs and
other relative diseases.

2. Materials and methods
2.1. Materials

Lipopolysaccharide (HY-D1056), HGF (HY-P7121), LY294002
(HY-10108), and Puromycin dihydrochloride (HY-B1743A) were
purchased from MedChemExpress (Monmouth Junction, NJ, USA).
Cell Counting Kit-8 was obtained from Yeasen Biotech (Shanghai,
China). Super FastPure Cell RNA Isolation Kit (RC102) was pur-
chased from Vazyme Biotech Co., Ltd. EAU Cell Proliferation Imag-
ing Assay Kit was obtained from Wuhan Fine Biotech Co., Ltd. The
apoptosis detection kit was purchased from Abbkine (Wuhan,
China). HGF ELISA Kit was purchased from 4A Biotech (Beijing,
China). 4,6-diamidino-2-phenylindole (DAPI) was obtained from
Elabscience Biotech Co., Ltd. Dulbecco’s Modified Eagle Medium:
Nutrient Mixture F-12 (DMEM/F-12), fetal bovine serum (FBS),
and penicillin/streptomycin (P/S) were purchased from Biosharp
Biotechnology. Trypsin-EDTA solution was obtained from BioChan-
nel Biotechnology Co., Ltd. (Nanjing, China). Cell saving regent
(CELLSAVING) was obtained from New Cell & Molecular Biotech
(NCM, Suzhou, China). Hyaluronic acid gel was purchased from
Nanjing Tianzong Yikang Biotechnology Co., Ltd. (Nanjing, China).

2.2. Cell culture and CM collection
Human umbilical vein endothelial cells (HUVECs), the murine-

macrophage cell-line RAW264.7, and the mouse fibroblast cell-
line NIH 3T3 were purchased from the Shanghai Institute of Cell
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Fig. 1. Schematic illustration of the clinical analysis of autoimmune patients and the establishment of MSCH“F for RWs treatment. (a) By detecting blood samples from clinical
autoimmune patients with RWs, we found a significantly decreased HGF level. Based on this, we constructed HGF-highly expressed MSC via electroporation. (b) Combined

with biocompatible hydrogel, MSCHF

was applied on clinical autoimmune patients with RWs. Hy-MS

CHCF effectively promoted cell proliferation, migration, and inhibited

apoptosis through MSC autocrine; meanwhile enhancing angiogenesis, anti-inflammatory, and ECM formation through paracrine, leading to outstanding RWs treating

efficacy.
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Biology, Chinese Academy of Sciences (Shanghai, China). Human
foreskin fibroblasts (HFFs) were a generous gift from Dr Yihe Chen.
MSCs were obtained from the Clinical Stem Cell Center of Nanjing
Drum Tower Hospital. Recombinant HGF plasmids were trans-
fected into MSCs by electrotransfection and selected by puromycin.
After 2 d of culture, conditioned medium (CM) was collected by
centrifuging (2500 r/min for 5 min) to remove cell debris.

2.3. Proliferation assay

MscVeetor or MSCHEF cells were cultured on 12-well plates. After
pretreated with HGF or CM for 48 h, cells were stained with EdU
according to the manufacturer’s instruction and results were
obtained using confocal microscopy. EdU cell proliferation of HFFs
was also performed as described above.

2.4. Wound healing assay

MscVeetor and MSCHEF were plated in a 6-well plate and grew to
about 80% confluence, the cell monolayer was scratched using a
pipette tip and the cells were subsequently washed twice with
PBS followed by incubation with HGF or CM for 24 h. Then, repre-
sentative photos were taken at indicated times under an optical
microscope. Wound healing assay of HUVECs was also followed
as described above.

2.5. Anti-apoptosis assay

MscVeetor and MSCHEF were cultured on 6-well plates and pre-
treated with HGF and CM. Next, MSCs were treated with
5 mmol/L H,0; (Aladdin Bio-chem, Shanghai) for 24 h and stained
with annexin V-fluorescein isothiocyanate and propidium iodide
(PI) for 30 min before measured using a flow cytometer.

2.6. QRT-PCR and RNA sequencing

Total RNA from cultured cells was extracted using Trizol
reagent, and reverse transcription of the RNA was performed using
the YfxScript 1st Strand cDNA Synthesis System (Yfxbio Biotech
Co., Ltd., Nanjing, China); quantification of the resulting cDNA
was then conducted using Universal 2 x SYBR Green Fast qPCR
Master Mix. The primer sequences for qRT-PCR are listed in
Table S2 (online). For RNA sequencing, 1 pg of total RNA was used
per sample, and the assay was performed on MSCVe®" and MSCHSF
cells by Novogene Co., Ltd. (Beijing, China).

2.7. Western blotting analysis

Cellular proteins were extracted using radioimmune precipita-
tion assay buffer, and Western blot analysis was following estab-
lished experimental protocols. The following antibodies used for
Western blotting—HGF, p-AKT, AKT, and GAPDH were purchased
from Zen-bioscience.

2.8. Expression profiling of LPS-induced macrophages

RAW 264.7 cells were seeded in 12-well culture plates and trea-
ted with 100 ng/mL LPS. After 6 h of incubation, the LPS-containing
supernatants were removed, and the cells were gently washed
three times with PBS. The cells were then treated with CM for
24 h. Following CM treatment, immunofluorescence staining was
performed to assess the expression profile of macrophages, in
accordance with established protocols. The antibodies used for
immunofluorescence are listed below: NOS2 (Solarbio), CD68
(Bosterbio), and CD206 (Bioss). Subsequently, the expression of rel-
evant genes in the macrophages was determined by qRT-PCR.
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2.9. Tube formation assay

HUVECs were used in tube formation assay. 1 x 10* HUVECs
were seeded in 48-well plate with adding 200 pL of Matrigel
(KGL5104, KeyGen BioTECH). Following incubation with CM for
24 h, confocal microscope was applied to take images and tube
length was quantified by Image ] software.

2.10. Mice skin excisional wound healing model

All animal care and handing procedures were approved by the
Institutional Animal Care and Use Committee of the Affiliated
Drum Tower Hospital of Nanjing University Medical School (ethics
number 2020AE02014). The full-thickness skin defect model was
established using MRL/Ipr mice. After the mice were anesthetized
and shaved, a full skin defect wound (0.8 cm in diameter) was
formed on the back of each mouse and randomly divided into four
groups. Then, the mice were treated in different ways: (1) no treat-
ment was applied (untreated group); (2) treating the wounds with
hydrogel (Hydrogel group); (3) treating the wounds with MSCVe®
tor_loaded hydrogel (Hy-MSCVe*" group); (4) treating the wounds
with MSCH¢F-loaded hydrogel (Hy-MSCHF group). 200 uL MSC-
loaded hydrogels were injected through a syringe without syringe
needle to cover wounds with full skin defects at a dose of 1 x 10°
cells per mL hydrogel. And hydrogels were changed every 48 h in
the healing process. A camera was used to record the wound area.

2.11. Histology and immunostaining

Mice were sacrificed at day 8. The skin tissues, including the
wound and the surrounding skin were harvested for histology
observation. After fixation and paraffin embedding, the specimens
were cut into sections with a thickness of 7 mm for standard H&E
staining. For the immunohistochemical staining, the tissue slides
were prepared following established protocols. The following anti-
bodies were used for immunofluorescence: TNF-o. (ABclonal), a-
SMA (Proteintech), CD31 (ABclonal), and COL1 (ABclonal), donkey
anti-mouse Fluor-568 (ABclonal), donkey anti-Rabbit Fluor-488
(Invitrogen).

2.12. Human refractory wounds treatment

In this clinical trial, patients with RWs refractory to various
treatments were enrolled in a compassionate-use program. This
study complies with the Declaration of Helsinki and was approved
by the Human Ethics Committee of Nanjing Drum Tower Hospital
(ethics number SC2022-006). Patients screened for this program
had to have (i) a diagnosis of autoimmune disease with RWs, (ii)
failure to respond to multiple treatments, (iii) the age range from
18 to 80 years and (iv) an understanding of the procedure of cell
therapy and agreement to all treatment options. All four patients
with RWs (Table S1 online) were recruited at the Department of
Rheumatology and Immunology of the Nanjing Drum Tower
Hospital. The MSCH“F-loaded hydrogel was prepared by mixing
1 x 10% MSCHF in 1 mL HA gel. MSCHF-loaded gel was applied
onto the wound bed via a needle-free 1 mL syringe at least twice
a week, with dosage adjusted according the wound area. After each
application, the wound was covered with medical Vaseline gauze
and immobilized with bandages. During dressing changes, the
length of the studied wounds was recorded using a numbered scale
and wound area was quantified by Image | software.

2.13. Statistical analysis

Quantitative results were presented as meanststandard devia-
tion (SD). Statistical comparisons were performed by one-way
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analysis of variance (ANOVA) followed by Holm-Sidak tests to
compare selected data pairs. Values of P < 0.05 were considered
statistically significant.

3. Results

3.1. HGF expression in plasma samples from patients with
autoimmune disease

In our research, to identify biomarkers of changes among
patients with autoimmunity and RWs, we retrospectively investi-
gated their plasma samples. Because HGF is an important cytopro-
tective factor against injuries and has a range of effects on the
events that occur during the wound-healing process, we compared
the expression of HGF in plasma samples from clinical autoim-
mune patients with those from healthy controls using an
enzyme-linked immunosorbent assay (ELISA) (Fig. 2a). The results
indicated that HGF expression in the samples of patients diagnosed
with VS (n = 9; P =0.2795), SSc (n = 30; P = 0.2356), RA (n = 47,
P=0.9004), and DM (n = 18; P = 0.718) was not significantly differ-
ent compared with the healthy controls (n = 79) (Fig. 2b-e). How-
ever, we found that the level of HGF in patients with SS (n = 43;
P = 0.0434) and SLE (n = 111; P = 0.018) was significantly lower
(Fig. 2f, g). These results suggest that HGF is involved in the
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progression of autoimmune diseases and exhibits disease-specific
features.

Based on the preliminary statistical results obtained from
plasma samples from patients with clinical SLE, we hypothesized
that HGF is involved in the development of SLE-associated wound
formation. By comparing the HGF levels between patients with SLE
with and without skin lesions, we noted a significant downregula-
tion of HGF in the former group (Fig. 2h). These results implied that
the decrease in HGF expression observed in patients with SLE
might be related to the development of skin lesions. In fact, it is
clinically recognized that patients with SLE are prone to developing
RWs; however, studies investigating the mechanism and manage-
ment of this issue are relatively limited. The results reported above
indicated that HGF downregulation played an indispensable role in
the pathological process of wounds in patients with SLE, which
encouraged us to explore its underlying mechanism and therapeu-
tic approaches.

3.2. MSCHCF with higher cell functionalities

According to the findings described above, we hypothesized
that the upregulation of HGF at lesion sites is therapeutic by pro-
moting RWs recovery among patients with autoimmunity. Gener-
ally, MSCs have been widely used in the biomedical field for their
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Fig. 2. Analysis of the expression of HGF in plasma samples from autoimmune disease patients. (a) Schematic diagram illustrating the detection of clinical plasma samples
from autoimmune disease patients and healthy control individuals by ELISA. (b-g) The expression levels of HGF in VS (b), SSc (c), RA (d), DM (e), SS (f), and SLE (g) plasma
samples compared with the healthy controls (HC). (h) The expression levels of HGF in SLE patients with and without skin lesions. (Lesion —: n = 43; Lesion +: n = 68;
P =0.0364)
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regenerative capacity, therapeutical potential, and low immuno-
genicity. In particular, MSC therapy has yielded the practical effects
of ameliorating inflammation and promoting angiogenesis, as well
as the formation of new tissue. Despite its tremendous success, the
limited therapeutic activity of naive seeding cells severely hampers
the clinical practicability of MSC therapy. To address this problem,
gene-transfected MSCs have emerged as a feasible avenue. Thus,
combined with our clinical findings, we aimed to establish MSCs
expressing high levels of HGF to treat RWs in patients with autoim-
munity, as illustrated in Fig. 3a.

Considering their biosafety for clinical application, we trans-
ferred the recombinant HGF plasmid into MSCs via electroporation.
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We observed that the morphology of MSCHSF was not different
from that of cells carrying the control vector (MSCVe“") (Fig. 3b
and Fig. S1a online). In turn, using a flow cytometry analysis, we
confirmed that MSCHSF did not exhibit significant differences in
MSC surface markers (i.e., CD19, CD34, HLA-DR, CD44, CD90,
CD105, and CD73) (Fig. S1b, ¢ online), which indicated that the
genetic modification of HGF did not disrupt the typical features
of MSCs. Subsequently, it was verified that the HGF expression
was significantly increased in MSCHSF compared with MSCVector
(Fig. S2a-c online). Finally, we applied ELISA to investigate HGF
secretion. The results confirmed that the MSCHCF secreted about
20 ng of HGF to the conditioned medium within 4 d (Fig. S2d
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Fig. 3. MSCHSF displayed higher cell proliferation, migration, and anti-apoptosis functionality via c-Met-PI3K-AKT activation. (a) Schematic representation for the
construction of MSCHSF and c-Met-mediated autocrine activation of AKT signaling pathway with improved functions of the MSCHCF, (b) Fluorescence microscope images of
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online), indicating that the recombinant HGF plasmid was success-
fully transfected into MSCs and that MSCHSF overexpressed HGF
effectively.

After the successful establishment of MS , we attempted to
assess the role of autocrine HGF in MSCs. We first examined its
effect on cell proliferation in vitro. Compared with the control
group, MSCVee®" pretreated with 5 and 20 ng/mL of free HGF and
MSCHEF exhibited observably enhanced proliferation (Fig. 3¢ and
Fig. S3 online). Notably, MSCVé“®" pretreated with 20 ng/mL of
HGF displayed a higher 5-ethynyl-2’-deoxyuridine (EdU)-positive
rate than did MSCVe®" pretreated with 5 ng/mL of HGF, indicating
that HGF can significantly promote MSC proliferation in a
concentration-dependent manner. Moreover, a wound-healing
assay was performed using MSCVe*®" pretreated with free HGF
and MSCHCF with the latter exhibiting an increased cell-
migratory capability compared with the former (Fig. 3d, e). Fur-
thermore, the MSC"SF and the HGF-pretreated MSCVe“t®" also
showed increased resistance to oxidative-stress-induced apoptosis
in the presence of 5 mmol/L hydrogen peroxide (H,0,) (Fig. 3f and
Fig. S4 online). These results indicated that both HGF gene modifi-
cation and free HGF could improve MSC proliferation, migration,
and resistance to apoptosis in vitro.

To explore the potential mechanisms underlying the improved
functionality observed for MSCHSF, RNA sequencing (RNA-seq)
analysis was applied to reveal the transcriptome of MSCVe**" and
MSCHSF, Compared with MSCVet°r, 1048 genes were differentially
expressed in MSCHCF, of which 477 were upregulated and 571 were
downregulated (Fig. S5a online). Moreover, a Kyoto Encyclopedia
of Genes and Genomes pathway analysis revealed that those
upregulated genes in MSCHSF were enriched for various functions,
mainly involving the ECM-receptor interaction, the PI3K-AKT sig-
naling pathway, dilated cardiomyopathy, cell-adhesion molecules,
etc. (Fig. S5b online). Given the communication between HGF and
c-Met, we hypothesized that the HGF secreted by MSCHCF activates
their own PI3K-AKT signaling pathway via autocrine signaling,
resulting in the regulation of the function of MSCs. To confirm this
hypothesis, we used a PI3K inhibitor (LY294002) to treat MSCs and
detected the expression of p-AKT. Western blotting revealed that
the expression levels of p-AKT of HGF-pretreated MSCVe**" and
MSCHEF were higher in the absence of LY294002, whereas they
were inhibited in the presence of LY294002 (Fig. 3g and Fig. S6
online). In turn, the expression of AKT was not different between
the groups, indicating that the HGF gene modification promoted
the triggering of the PI3K-AKT signaling pathway in MSCHCF,

To identify the c-Met that was responsible for the HGF-
mediated PI3K-AKT signaling pathway triggering in MSCs, we
examined the expression of c-Met under different HGF conditions.
It was found that the c-Met expression was consistently increased
in HGF-pretreated MSCV®"" in a concentration-dependent manner
(Fig. S7a online). Consistently, the c-Met level was higher in
MSCHSF than in MSCVe™", suggesting a potential positive feedback
of the HGF-mediated MSC enhancement. In addition, the use of
two small interfering RNAs (siRNAs) to knockdown c-Met in
MSCHEF (sic-Met1 and sic-Met2) downregulated c-Met expression
to 20% of the expression detected in the scrambled control
(Fig. S7b online). Moreover, as revealed by Western blotting, the
phosphorylation of AKT was greatly reduced in c-Met-
knockdown MSCHSF compared with the scrambled control
(Fig. 3h, 1). Interestingly, this reduction was accompanied by the
detection of significantly decreased levels in MSCVe“®", Moreover,
we further tested the different responses of the c-Met knockdown
MSCHEF and the MSCVee™r (Fig. 3j-1 and Figs. S8-S10 online). The
results indicated that the increase in PI3K-AKT pathway activation,
cell proliferation, and antiapoptotic and migration effects were all
eliminated in the c-Met-knockdown MSCHCF, Taken together, these
results demonstrated that the HGF secreted by MSCHCF activated

CHGF
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the PIBK-AKT signaling pathway via c-Met-mediated autocrine
activation, which led to the increase in self-functionalities and
the achievement of self-persistence.

3.3. MSCHf_modulated wound healing through paracrine effects

Because MSCs play a regulatory role in physiological systems,
we investigated the manner in which the secretomes of MSCHSF
exerted paracrine effects in wound healing (Fig. 4a). First, we com-
pared RNA expression between MSCHCF and MSCVec*r, The analysis
of differentially expressed RNAs illustrated the factors that were
involved in immune regulation, the inflammatory response, and
extracellular structure organization (Fig. S11 online). Moreover,
to explore the effects of MSCHSF secretions, CM was separately col-
lected and applied to a secretome proteomics analysis. The results
indicated that, compared with MSCVe®°" 72 proteins were differ-
entially expressed in MSCHCF (P < 0.001), of which 40 were upreg-
ulated and 32 were downregulated (Fig. S12 online). Additionally,
the gene ontology enrichment analysis suggested that the genes
that were upregulated in MSCHSF were enriched for various func-
tional annotations, mainly involving the single-organism cellular
process and cytoskeleton organization (Fig. S13 online). Among
them, transforming growth factor p (TGF-B) was secreted more
abundantly by MSCHSF than by MSCVe*" indicating its possible
regulatory role in wound recovery. Additional to the secretomes,
HGF could also promote cell migration, cell proliferation, angiogen-
esis, and synthesis remodeling of the ECM during the wound-
healing process. Therefore, we recognized that the secretomes of
MSCHSF could reduce the inflammation of macrophages while pro-
moting the migration and angiopoiesis of vascular endothelial
cells, as well as improving ECM remodeling in fibroblasts (Fig. 4a).

To examine the function of the secretions of MSCHSF in macro-
phages, CM was separately collected. Specifically, the RAW 264.7
cells were pretreated with lipopolysaccharide (LPS), and the phe-
notypes of RAW 264.7 cells were analyzed using immunofluores-
cence staining for CD68, nitric oxide synthase 2 (NOS2), and
CD206. The results showed that, after co-culture with CM, the
NOS2 signal decreased, whereas the immunity of CD206 became
more pronounced, suggesting the macrophages repolarized from
inflammatory to anti-inflammatory type (Fig. 4b, c). Subsequently,
the RAW 264.7 cells were pretreated with LPS and the induced
inflammatory response was demonstrated through the elevation
of interleukin 6 (IL-6), interleukin 1B (IL-1pB), and tumor necrosis
factor o (TNF-a). These results confirmed that, when the CM from
MscVeetor and MSCHEF was added, these inflammatory factors were
no longer elevated (Fig. 4g-i). Interestingly, this phenomenon was
most obvious for the CM from MSCHSF, Regarding the
macrophages-producing anti-inflammatory factors, interleukin 10
(IL-10) and arginase-1 (Arg-1) were upregulated in the MSCVector
CM group and MSCHSF CM group (Fig. 4j, k). Notably, compared
with the MSCYe®" CM group, the effects of MSC"F were more
potent regarding the promotion of the expression of IL-10 and
Arg-1. These results indicated that MSCH®F can modulate macro-
phage polarization, exert anti-inflammatory activity, and subse-
quently regulate inflammatory cytokines expression.

The migration and pro-angiogenic function of MSCHSF were also
analyzed via wound-healing experiments. By incubating HUVECs
in the CM of MSCHSF or MSCVee* the wound-healing assay
revealed that the migratory ability of HUVECs was increased to a
greater extent upon treatment with the supernatant from MSCHCF
compared with that from MSCVe® (Fig. 4d, 1). Consistently, we
performed a tube-formation assay using HUVECs. The results indi-
cated that the HUVECs co-cultured with the CM of MSCHF in a
flask covered with Matrigel developed a greater number of tubular
structures than did those cultured in the CM of MSCYe" (Fig. 4e).
The statistical analysis reported in Fig. 4m also revealed that the
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Fig. 4. MSCHSF modulated the wound healing process through paracrine effects. (a) Schematic representation for the secretome preparation, sequencing analysis, and
functional characterization of MSCHCF. (b, c) Immunofluorescence staining of CD68 (red), NOS2 and CD206 (green), and nuclei (blue) on macrophages. Scale bar = 50 pm. (d, e)
The effects of the MSCHSF on the HUVECs migration (d) and tube formation (e). Scale bar = 200 pum. (f) Representative images from EdU staining of HFFs from three
independent experiments. Scale bar = 150 pm. (g-i) The mRNA levels of IL-1B (g), IL-6 (h), and TNF-a. (i) in LPS-stimulated RAW 264.7 macrophages. (j, k) The mRNA levels of
IL-10 (j) and Arg-1 (k) in LPS-stimulated RAW 264.7 macrophages. (1-n) Quantified wound repair (1), tube length (m) and EdU assay results (n). (o) The mRNA analysis of the
selected ECM remolding factors expressed in HFFs treated by MSCVe®*" and MSCH®F CMs. *P < 0.05, **P < 0.01; NS, not significant.

total tube length in the MSCHSF-CM-treated group was much
higher than that measured in the MSCY**’_CM-treated group,
indicating that MSCHSF were able to produce cytokines and growth
factors to promote angiogenesis. These results indicated that
MSCHCF can exert certain effect on the modulation of HUVEC
migration and angiogenesis in vitro.

Furthermore, we investigated the proliferative and ECM-
remodeling effects of MSCHF on HFFs. We found that, when HFFs
were cultured in the CM of MSCHCF, their proliferation was signif-
icantly faster than that of those cultured in the CM of MScCVector
(Fig. S14 online). To confirm the biological effect of MSCHF on

HFFs, EAU detection was performed. Consistent with the CCK-8
assay results, the number of HFFs cultured in the CM of MSCHCF
in the proliferation period was greater than that of cells that were
co-cultured in the CM of MSCVet" (Fig. 4f, n). These results implied
that the CM of MSCHSF enhanced the proliferation of HFFs.

As the synthesis and deposition of ECM are a critical feature in
the recovery of chronic wounds, we examined the role of MSCH¢F in
ECM remodeling. We found that TGF-B was secreted more abun-
dantly in MSCHCF, and that the secreted TGF-p acted as a powerful
activator for stimulating fibroblasts to produce ECM components,
such as collagen, fibronectin, and matrix metalloproteases (MMPs).
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This indicates the certain regulatory role of MSC"SF in wound heal-
ing. In addition, by culturing HFFs in the CM of MSCHF and MSCVe®
tor - several factors, including TGF-B, a—SMA, fibronectin, MMP1,
TIMP1, Col1A, Col3A, Col5A1, and Col5A2, were also assessed by
qRT-PCR. The results demonstrated that the expression levels of
these factors were significantly elevated in cells cultured with
the MSCHSF CM group compared with the MSCYe“®" CM group
(Fig. 40). Therefore, these results suggested that MSCHSF can mod-
ulate HFF proliferation and remodel ECM in vitro. Taken together,
the results reported above demonstrated that the secretomes of
MSCHSF could modulate the function of resident cells during
wound healing via paracrine effects.

3.4. MSCH“F_laden hydrogel ameliorated wound healing

Leveraging on the above-mentioned verified functionalities of
MSCHCF we further explored the applicability of MSCHSF for treat-
ing wounds. As previous studies have demonstrated that hydrogels
can be applied as injectable cell-loading vehicles to promote the
survival of MSCs and augment therapeutic efficacy in vivo [46],
we loaded MSCHSF into HA hydrogel to strengthen their therapeu-
tic benefit. Before in vivo experiments, we confirmed the injectabil-
ity, biosafety, and degradation features of HA hydrogel (Figs. S15-
S21 online). Furthermore, the tumorigenicity of MSCHCF was also
examined. By subcutaneously injecting MSCHSF into the axilla of
nude mice for 21 d, we observed that MSCHF did not induce tumor
formation (Fig. S22 online). Therefore, the MSC"¢f-laden hydrogel
promises to be valuable for wound healing applications.

To test the wound-healing function of the MSCH¢F-laden hydro-
gel in vivo, a chronic hard-to-heal SLE wound model was employed,
as represented schematically in Fig. 5a. A full-thickness defect
wound of about 0.8 cm in diameter was established on the dorsal
side of the mice, and the hydrogel, MSCV*“®"-J]aden hydrogel (Hy-
MscVector) and MSCHCF-laden hydrogel (Hy-MSCHSF) were injected,
respectively, onto the skin flap immediately after wounding; by
contrast, in the negative control (Untreated), no treatment was
applied. The results were illustrated in gross images of wounds
at different time points during the wound-healing process over
8 d (Fig. 5b). Compared with the untreated group, the wounds in
the Hy-MSCVee" and Hy-MSCHSF groups exhibited a better healing
appearance, with the Hy-MSCHSF group showing the fastest healing
rate. In fact, at the very early healing stage (day 2), although Hy-
MSCHCF exhibited a higher healing rate, no discrepancy was found
between the Hy-MSCVe®™®" and Hy-MSCHCF groups. Subsequently,
the Hy-MSCHSF group displayed the highest wound-closure rate
compared with the remaining three groups from day 4. Further-
more, we performed hematoxylin-eosin (H&E) and Masson stain-
ing in wound samples to evaluate the histological status during
the 8-day period (Fig. 5d and Fig. S23 online). The results con-
firmed the clear presence of thick and abundant granulation tissue
in Hy-MSCHSF_treated wounds, which was much better than that
detected in the remaining groups. Taken together, these histologi-
cal results indicated that Hy-MSCHSF was very suitable for the
treatment of SLE wounds, which promoted the formation of the
granulation tissue in the wounds, and finally accelerated the heal-
ing process.

Based on the desirable anti-inflammatory, angiogenic, and
ECM-remodeling performances of MSCHSf, we examined the
expression of TNF-o, which is an important biomarker associated
with inflammation. The corresponding immunofluorescence stain-
ing results revealed that the smallest amount of TNF-o secretion in
the regenerated granulation tissue was observed in the Hy-MSCHCF
group, thereby demonstrating the alleviated inflammatory states
(Fig. 5¢, e). In addition, CD31 and o-SMA staining in wound sam-
ples was performed to investigate whether the angiogenic
response could be activated during the wound-healing process.
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The results showed that the number of blood vessels detected in
the Hy-MSCHSF group was more than that in the Hy-MScVector
group, whereas the untreated and hydrogel groups displayed mod-
est positive staining (Fig. 5¢, f, g). As synthesis of ECM components,
especially collagen, is necessary to seal the wounds, the immunos-
taining results for collagen I (COL1) are also reported. The findings
revealed a significantly strong positive staining for COL1 in the Hy-
MSCHSF group (Fig. 5¢, h). In turn, the untreated group exhibited
the weakest positive staining compared with the remaining
groups. These results indicated that Hy-MSCHCF can efficiently sup-
press the inflammatory response, activate the angiogenesis pro-
cess, and promote collagen synthesis during the wound-healing
period.

3.5. MSCH_laden hydrogel cured human RWs in clinical settings

Based on the excellent wound-healing capability of the MSCHCF-
laden hydrogel observed in mice with SLE, we next evaluated its
practical value in patients with RWs and autoimmune conditions,
including SLE, gout, vasculitis, and SSc (Fig. 6a). In this clinical trial,
four patients (two women and two men) with RWs refractory to
several treatments were enrolled in a compassionate-use program.
The MSCHSF_loaded hydrogel was applied onto the wound bed, fol-
lowed by the placement of a medical Vaseline gauze piece cover
and bandage immobilization at least twice a week. During the
dressing changes, the length of the studied wounds was recorded
using a numbered scale. A typical patient in this setting was a
woman in her 30s with SLE. Multiple ulcers were found on the
patient’s leg, one of which did not heal over a long period, even
after the administration of various treatments at multiple hospi-
tals. The wound was measured at 1 cm x 1 cm, with a depth of
3.5 cm, and was producing a serous exudate. With the patient’s
consent, the MSCH%f-loaded hydrogel was introduced into the
treatment regimen 1 week after debridement. The results of this
procedure showed that, after 37 d of consecutive application of
the MSCHSF_loaded hydrogel, the wound was completely healed
(Fig. 6b, d). The patient was very satisfied with the outcome of
the MSCH¢F-loaded hydrogel treatment and thought our method
much comfortable than previously received methods.

In addition to the above-mentioned positive treatment outcome
and facts, currently, as the number of patients with RWs caused by
aging and underlying diseases increases, we look forward to fur-
ther application of the MSCHSF-loaded hydrogel to other types of
RWs, including, but not limited to, those of patients with SLE. At
our suggestion and with the patient’s consent, a man in his 70s
with a 30-year history of gout and hypertension was enrolled in
our clinical trial. He had a serious ulcer on his foot that had devel-
oped over a period of more than 8 years and negatively impacted
his quality of life. At first, he self-treated the wound, but it did
not heal completely. He then sought care at the local hospital,
undergoing a variety of primary wound dressings and skin grafts,
all of which yielded poor results and frequent relapses. When the
patient was admitted to our hospital, the wound on his foot was
approximately 9 cm x 6 cm in size, with a deep margin and a shal-
low middle, accompanied by a large amount of exudate. Upon con-
sultation with the patient, our MSC"“f-loaded hydrogel was
applied. After several applications of the hydrogel, the exudation
of the patient’s wound was significantly reduced, epithelial granu-
lation was prompted, and the wound area was gradually reduced
(Fig. 6¢, e). After 2 months of consecutive application of the
MSCHSF_loaded hydrogel, the patient no longer has difficulties with
daily living and was extremely pleased with the outcome, as the
wound was completely healed without forming a scar (Fig. S25
online).

Encouraged by the unexpected outcomes of the demonstrations
described above, two additional patients were recruited into the
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TNF-a (e), CD31 (f), a-SMA (g), and COL1 (h) from each group. *P < 0.05, **P < 0.01, ***P < 0.001; NS, not significant.

trial and received the MSC"¢F-loaded hydrogel treatment. The next

patient was a woman in her 30s with vasculitis. She had several
ulcers on her feet and had experienced distress and anxiety
because of unbearable pain and discomfort. She consented to our
MSCHCF-Joaded hydrogel treatment as she was desirous of a good
outcome. After 37 d of treatment with the MSC"“F-loaded hydro-
gel, the depth and size of the hole on her feet were decreased
(Fig. 6f and Fig. S26 online). Notably, the patient reported a signif-
icant reduction in pain during the MSC"%f-loaded hydrogel treat-

ment compared with all of the treatments that she had
previously received. We followed up this patient after discharge,
with reports of an excellent prognosis and no additional wounds
or pain.

The fourth patient was a man in his 60s with SSc and non-
healing wounds located over his ankle for several years. After the
second application of the MSCH¢F-loaded hydrogel, the slough
was removed, and the residual wound bed was covered with gran-
ulation tissue. In particular, after 1.5 months of this treatment, the
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wound was almost healed, and the peri-wound maceration had
also improved (Fig. 6g and Fig. S27 online). The patient found our
treatment tolerable and atraumatic. He was confident about going
out. Therefore, his quality of life improved. According to the posi-
tive outcomes and feedback from clinical patients, we believe that
our MSCHF_loaded hydrogel could be used by a range of patients
with RWs.

4. Discussion and conclusion

In summary, by analyzing plasma samples of patients with clin-
ical autoimmunity, we found that HGF was involved in the pro-
gression of autoimmune diseases and related to the development
of skin lesions. These findings inspired us to develop a novel
MSCHSF_laden hydrogel for the treatment of clinical RWs. MSCHEF
were obtained by transferring a recombinant HGF plasmid into
MSCs via electroporation. We demonstrated that MSC"SF played
a variety of physiological roles though autocrine and paracrine
routes. In terms of autocrine effects, HGF activated the PI3K-AKT
signaling pathway via c-Met-mediated autocrine activation, poten-
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tially promoting the proliferation, migration, and anti-apoptosis of
MSCs. In addition to HGF secretion, we confirmed that the other
secretomes of MSCH®F could also reduce the inflammation of
macrophages, promote the migration and angiopoiesis of vascular
endothelial cells, and improve ECM remodeling in fibroblasts. To
implement the practical application of these MSCHF on wound
dressing, we encapsulated them into a biocompatible and inject-
able hydrogel to increase their survival and retention time. We
demonstrated that the MSC"F-laden hydrogel efficiently inhibited
the inflammatory response, activated the angiogenesis process,
promoted granulation tissue formation and collagen deposition
during the wound recovery in both mouse model and clinical
patients with RWs. These features indicated that our MSCHCF-
laden hydrogel was efficient and versatile in treating RWs.
Despite the excellent therapeutic efficacy of the MSCHF-laden
hydrogel in clinical patients with RWs, several challenges remain
regarding their wide clinical applications. Generally, wound
healing includes multiple processes, each of which requires rigor-
ous temporal and spatial regulation [47,48]. Although previous
studies have confirmed the contribution of multiple cytokines
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and signaling pathways during wound healing, there remains a
need to expound the molecular mechanism of interaction between
several related factors [49]. Based on this deeper research, new cell
therapies with the advantages of good biocompatibility, easy
preparation, and controllable release to synchronize the complex
process of wound healing are anticipated. In addition, because of
individual differences among patients with skin lesions, which
might affect the therapeutic effect, it is critical to optimize the
loading system [50]. In fact, to improve skin repair and regenera-
tion in patients with different underlying diseases, it is feasible
to use an individualized approach with differential factors or
drug-delivery systems. Furthermore, wound healing is a compli-
cated dynamic process that includes the participation of many
types of histiocytes, thus, the loading of different types of cells
according to their engagement would also accelerate healing. How-
ever, among the current options for the treatment of RWs, our
MSCHCF-Jaden hydrogel still has great feasibility and therapeutic
advantages.

Other than mechanistic and technical aspects, there is still a
long way to go in the clinical promotion of engineered cells.
Although our cell-loaded system can be used in wound healing
or regenerative medicine, more attention is needed to address its
long-term effects, such as cell proliferation or permanent engraft-
ing in the host. Of note, at the biotechnology level, bioengineering
techniques could be used to render MSCs safe and controllable by
endowing them with multiple chemoattractant receptors and
other molecules that mediate their homing to inflamed and dis-
eased tissues [42,51-53]. Moreover, products derived from MSCs,
such as exosomes or extracellular vesicles, have shown a therapeu-
tic potential similar to that of MSCs [54-56]. In turn, enucleated
cells have the property of retaining organelles for energy and pro-
tein production, and these cell-free products may be interesting in
clinics [57]. In conclusion, by integrating engineered MSCs into
clinical centers, research institutes, or companies, we believe that
they will benefit a greater number of patients.
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