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Abstract (English):

Aging is an important factor affecting wound healing in the skin. Former research
demonstrated that wound healing progresses slowly and is delayed in aging skin com-
pared to adolescent skin. Aged and injured skin also tends to develop into chronic
wounds, and that removing senescent cells from the skin can accelerate wound heal-
ing(Wilkinson and Hardman, 2020; Yousefzadeh et al., 2018). However, it has also
been shown that senescent cells in the skin contribute to wound healing, ultimately
leading to the formation of smaller scars. Therefore, it is unclear what the exact mech-
anism of aging is in affecting wound healing. In this study, we explored the differences
and mechanisms between young and aged skin wounds using in vitro skin culture
techniques, in vivo skin wound models, skin chimeric grafting experiments, in vitro cell
transplantation experiments, real-time imaging techniques, three-dimensional imaging
techniques, immunofluorescence staining and histological staining. The cumulative
data indicates that the differences in wound healing dynamics between aged and
young skin are due to the heterogeneity of fascia fibroblasts. Specifically, the differenti-
ation capacity of fascia fibroblasts is greatly reduced in aging skin, leading to a de-
crease in fascia contractility and transport into wounds, which ultimately leads to slow
skin wound closure and delayed wound healing. The use of a Wnt Signaling agonist
(CHIR) can reactivate the differentiation capacity of aged fibroblasts, increasing the
contractility capacity of aged fascia, accelerating the closure of aged wounds, and
promoting wound healing. These finding explains how wound healing is slowed down
during aging, revealing Wnt signaling can activate or reprogram aged fascial fibroblasts
to promote wound healing, and provides a new basic research and translational per-

spectives to accelerate and improve wound healing of aged skin.
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1. Introduction

The skin is the largest organ in the body and has multiple functions; its main function is
to act as a protective barrier. It protects the body from harmful chemicals, ultraviolet
light and pathogenic microorganisms. Amongst its diverse functions, the skin also syn-
thesizes vitamin D, regulates body temperature and prevents water loss. In the United
States, 84.5 million of bedsores, burn victims and chronic skin ulcers are reported each
year. And with approximately tens of millions of burn patients and chronic non-healing
wounds in China each year, skin wound healing has attracted the attention of re-
searchers worldwide. The cost of skin wound treatment varies depending on the meth-
od of prescription, and in the United States, the annual medical cost of chronic wound
treatment is approximately $6 to $15 billion. Aging is one of the major causes of aber-
rant wound healing. Therefore, exploring the differences in wound healing between
aging and young skin and improving the speed and quality of wound healing is a major
medical problem that needs to be explored and addressed.

1.1 The structure and function of the skin

1.1.1 Basic structure of the skin

The skin consists of three layers: the upper epidermis, the dermis, and the subcutane-

ous tissue, each with its own unique structure and function. Refer to Figure A.
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Fig. A The structure of the skin. This image is a reference image (Hoffman and
MD, n.d.).

Epidermis: The epidermis is the first layer of the skin. Most epidermal cells are keratin-
forming cells, but skin also contains melanocytes, Merkel cells, Langerhans cells, and
inflammatory cells (Moreci and Lechler, 2020). Keratin-forming cells are formed in the
basal layer, which is the lowest part of the epidermis. New keratin-forming cells delam-
inate from the basement membrane and slowly migrate through the epidermis to the
uppermost part of the epidermis. Once it reaches the skin surface, they gradually fall
off and are displaced by new cell from the lower layers, which migrate upward (Mokry
and Pisal, 2020; Sotiropoulou and Blanpain, 2012). The outermost layer of the epider-
mis, also known as the stratum corneum, consists of more than 20 layers of polygonal,
non-nucleated keratinocytes that prevent the entry of most bacteria, viruses and other
external substances into the body (Baroni et al., 2012; van Smeden et al., 2014). Mela-
nocytes are scattered in the basal layer of the epidermis and produce melanin, the
number and distribution of which is a major factor in the formation of skin color. The
epidermis also includes Langerhans cells, which are tissue-resident macrophages of
the skin and are part of the immune system of the skin. Langerhans cells not only rec-
ognize exo- and phagocytosis of source microbial antigens and become full-functioning
antigen presenting cell, but also functions in the metaplasia of the skin. The epidermis
resists infection by environmental pathogens and regulates skin humidity (Lefévre-Utile
et al., 2021).

Dermis: The dermis is the second layer of the skin and is a thick layer of dense fibers
and elastic connective tissue that provides the skin with elasticity and strength. The
dermis is composed of two layers; the superficial layer adjoining the epidermis is called
the papillary dermis, while the deeper and thicker region is known as the reticular der-
mis (Wang et al., 2015). The dermis is mainly consisted of three types of cells: macro-
phages, mast cells and fibroblasts, (Rippa et al., 2019; Woodley, 2017). In addition to
its cellular composition, the dermis contains matrix components such as collagen,
which gives strength, elastin, which offers elasticity, and extracellular matrix, an extra-
cellular gelatinous substance composed mainly of glycosaminoglycans (most notably
hyaluronic acid), proteoglycans, and glycoproteins (Krieg and Aumailley, 2011). The
dermis houses sweat glands, nerve endings, blood vessels, sebaceous glands and hair

follicles, and their distribution varies from one skin location to another.
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Subcutaneous tissue: This is the underlying tissue of the skin and consists largely of
loosely packed connective tissue that contains larger blood vessels and nerves than
the dermis. (Amano et al., 2020; Ishida et al., 2015). The main cell types that inhabit
the subcutaneous tissue are fibroblasts, adipocytes and macrophages. It is the main
site of fat storage in the body, helping to insulate against cold and provides a protective
padding layer (Li and Ahn, 2011). The subcutaneous tissue contains large numbers of
adipocytes within a connective tissue layer termed as fascia (Ahn and Kaptchuk, 2011,
Stecco et al., 2011). The structure of mouse skin and human skin are roughly the
same. The main differences being that mouse subcutaneous tissue has a very thin
muscle layer, whereas human skin does not. Refer to Figure B.
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Above is a cartoon depiction of the difference between mouse and human skin, this
image is a reference image (Zomer and Trentin, 2018a). Below is the histological dif-

ference between mouse and human skin, scale bar 500 um.

1.1.2 Skin functions

As the largest organ of the human body, the skin has multiple functions, mainly reflect-
ed in the following aspects. Refer to Figure C.

Prevents excessive dehydration,
" whilst allowing a certain level of Pressure,
i water vibration
Together with sebaceous glands, and tactile
synthesis of hydrolipids sensation

Protects tissue { Destruction
Prevents against chemical Preventsmicro-  of inoculated
mechanical and physical organisms from  micro- of specific
impact damage penetrating organisms  substances

R
' & O
f— >
Yy 1

Protection against cold and heat

Fig. C The multiple function of skin. This image is a reference image (“What to know

about skin,” n.d.).

Barrier function: The skin protects the inner organs from mechanically, physically,
chemically, and biologically harmful elements derived from the external environment
and also prevents the loss of various nutrients, electrolytes, and water from the body
(Draelos, 2018; Rawlings and Harding, 2004).

Sensory role: The skin is distributed with sensory and motor nerve endings and spe-
cial receptors that perceive stimuli and produce various sensations such as touch, cold,
temperature, pain, pressure, itch, etc. and elicit the corresponding neural reflexes
(Otaka et al., 2019).

Regulation of body temperature: Body temperature is an expression of heat produc-
tion during the metabolism of substances in the human body and is one of the neces-

sary conditions for various biochemical reactions and physiological activities of cells
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(Kodera et al., 2018). The skin is an important component of heat distribution in the
body, which can regulate body temperature through skin vasoconstriction, hair erec-
tion, and sweat production. It can also distribute heat by radiation, convection, conduc-

tion, evaporation and other physical means (Cabanac, 1975).

Absorption: The skin has the ability to absorb external substances through the stra-
tum corneum, hair follicle sebaceous glands and sweat duct openings, called trans-
dermal absorption, or penetration (McCarley and Bunge, 2001), which is indispensable
for the maintenance of health and is the theoretical basis of modern dermatological
topical medications for the treatment of skin diseases.

Secretion and excretion: The skin has certain secretory and excretory functions,
mainly through the secretion of sweat through sweat glands and the excretion of se-
bum by the sebaceous glands. Sweat functions to cool down body temperature, pro-
tecting the skin, excreting drugs, and replacing some of the functions of the kidneys;
sebum has the function of forming a lipid film on the skin surface and lubricating the
hair and skin (Draelos, 2018).

Immunity: The epidermis and dermis of the skin contain cells that participate in im-
mune regulation, like keratinocytes, Langerhans cells, lymphocytes, and macrophages
(Matejuk, 2018). Keratin-forming cells secrete IL-1, IL-2, IL-3, IL-6 and other cytokines,
which are involved in the regulation of skin immune function and activate target cells
(Williams and Kupper, 1996). Langerhans cells can bind antigens and transmit antigen-
ic information to immunologically active cells to initiate immune responses (Nguyen and
Soulika, 2019).

Metabolic effects: The skin, like other tissues and organs of the body, has a common
biochemical metabolic process. When the body's metabolism is affected, it also affects
the normal metabolism of the skin, which can lead to cosmetic skin disorders. Con-
versely, when the metabolism of the skin is impaired, it can also affect the metabolism
of the entire body. For example, 7-deoxycholesterol in the epidermis synthesizes vita-
min D3 after UV exposure, and when this metabolic process is faulty, it affects the
body's absorption of calcium, leading to chondromalacia(Pondeljak and Lugovié¢-Mihi¢,
2020).

14



1.2 Skin wound healing phases

Skin wound healing progresses by peri-wound resident cells, and it can be classified
into three critical phases: the inflammatory phase, the proliferative phase, and the scar
formation and remodeling phase. (Wang et al., 2018). Refer to Figure D.

Normal Skin Inflammation Proliferation Remodeling
/—\

Wound Healing Process

D3 D7 D14 D21 D30

. Macrophage %% Neutrophils Adipocyte * Fibroblast ® Keratinocyte

Fig. D The key phases of wound healing

1.2.1 Inflammatory phase

The wound enters the inflammatory phase once it has formed. First, cells in the injured
tissue release reactive substances that cause vasoconstriction to prevent further bleed-
ing, while fibrinogen forms an insoluble fibrin network, platelets, granulocytes and lym-
phocytes form a blood clot to occlude the ruptured vessel and a protection film is
formed over the wound to prevent further contamination by pathogens. Immune cells
surrounding the injury secrete various inflammatory mediators like TNF, IL and several
other cellular factors and growth factors, which together with modulatory signaling pro-

mote the progression of the wound healing phase.(Eming et al., 2007).

1.2.2 Proliferative phase

During the proliferative phase, endothelial cells in the vascular wall break the basement
membrane and move toward the middle of the wound bed, where these cells divide to
form vascular sprouts, which interconnect to form new vessel pathways and then fur-

ther vascular networks and granulation tissue. The transition of wound healing from the
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phase of inflammation to the vascularized granulation phase is achieved by the com-
bined action of various growth factors and cytokines, such as fibroblast growth factor
(FGF), which promotes vascular neogenesis and fibroblast proliferation and division
(Yamaguchi et al., 2021); epidermal growth factor (EGF), which promotes vasculogenic,
fibroblast migration and proliferation, and enhances collagen deposition, thereby pro-

moting wound healing and the growth of new skin tissue (Sorg et al., 2017).

1.2.3 Repair phase

The third stage of wound healing involves the remodeling of the injured tissue and the
eventual growth of new skin after a long-term repair. The transition from the formation
of granulation tissue to wound re-epithelialization marks the start of dermal tissue re-
modelling. During this process, the original disordered extracellular matrix (ECM) made
up of type lll collagen and elastin is displaced by an orderly ECM made of type | colla-
gen and elastin fibers, remodeling the strength and elasticity of the dermis (Rodero and
Khosrotehrani, 2010). Platelet-derived growth factor (PDGF) signaling and its receptors
are involved in the morphogenesis of hair follicles ("Acute wound healing in the skin: a
comprehensive review - PubMed"), and the combination of various factors, the for-
mation of a new epidermis that covers the wound marks the accomplishment of the

injury healing process.

1.2.4 New perspective of skin wound healing

The traditional theory of wound healing suggests that wound ECM is mainly derived
from fibroblasts migrating to the wound bed, where they proliferate and differentiate
into myofibroblasts, which then produce collagen to deposit ECM de novo (Liu et al.,
2020; Monika et al., 2021; Yao et al., 2022; Zhao et al., 2017). Recent findings from our
laboratory suggest that the fascial layer in the skin is the dominant factor in establishing
wound ECM. Prior to wounding the skin, the subcutaneous fascia was injected with
NHS-488 dye to specifically label the ECM of the fascial layer. We then made 5-mm-
sized whole-skin wounds on the dorsum of mice, and on day 7 samples, we observed
that the majority of the wound bed ECM came from the labelled fascia (refer to Figure
1-D), suggesting that the fascia is a repository for wound healing. We further found that

this influx of fascia ECM into the wound bed is mediated by Enl-positive fibroblasts
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residing in the fascia (Correa-Gallegos et al., 2019), and that N-Cadherin promotes
collective migration of fascia fibroblasts to carry ECM into wounds and promote wound
healing (Jiang et al., 2020). We further found that gap junction a1 protein (Connexin43)
is essential for large wound repair, and when inhibited, fascial ECM transport into
wounds is reduced (Wan et al., 2021), leading to reduced scar formation and laying the

foundation for clinical treatment of scarless healing.

1.3 Skin fibroblasts-background and characteristics

1.3.1 Source and classification of skin fibroblasts

Fibroblasts originate from mesenchymal cells in the embryonic mesoderm and neural
crest and are the main cellular components of connective tissue (Strutz et al., 1995).
Typically, the number of fibroblasts in dense connective tissue is greater than the num-
ber of fibroblasts in the same volume of loose connective tissue, which is why fibro-
blasts are mainly isolated and cultured from dense connective tissue such as the der-
mis. There are at least two types of fibroblasts in the skin: fibroblasts in the upper layer
of connective tissue, which can form skin hair follicles, and fibroblasts in the lower layer
of connective tissue, which can form skin collagen fibers (Driskell et al., 2013; Jiang
and Rinkevich, 2021a; Stunova and Vistejnova, 2018). In addition, embryonic stem

cells differentiate into fibroblasts, through mesenchymal stages.

1.3.2 Biological morphology and characteristics of skin fibroblasts

Fibroblasts are one of the most common cells in loose connective tissue, located near
and attached to collagen fibers (Bainbridge, 2013; Bartos, 1970). The morphological
structure of this cell can vary according to its functional state. When the functional ac-
tivity is high, fibroblasts have large, flat star-shaped cell bodies with protrusions. The
nucleus is oval in shape, with prominent nucleoli and less chromatin and lighter stain-
ing. The cytoplasm is mostly weakly basic and contains abundant structures such as
rough endoplasmic reticulum, ribosomes, Golgi complexes, microfilaments and micro-
tubules, indicating that such cells have the ability to synthesize and secrete collagen,
elastin and polysaccharides. proteins that form collagen fibers, elastic fibers, reticular

fibers, and matrix (Stunova and Vistejnova, 2018). Fibroblasts in healthy conditions are
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relatively quiescent or functionally dormant cells (Sorrell and Caplan, 2004). However,
in some conditions, like wound repair, inflammation and regeneration of connective
tissue, fibroblasts can be converted into functionally active myofibroblasts that actively
participate in protein synthesis and secretion, forming fibers and matrix in situ. (Thula-
bandu et al., 2018).
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1.4 Aging of skin fibroblasts and their microenvironment

The skin, as the largest organ of the body, and with ageing, degenerative changes
such as structural atrophy and functional decline or loss of function inevitably occurs
(Khavkin and Ellis, 2011). Aged skin exhibits dry and rough epidermis, skin laxity,
increased and deepened wrinkles, lack of elasticity, and skin pigmentation. The
underlying mechanism of skin ageing (Krutmann et al.,, 2021; Uyar et al., 2020), is
associated with its resident fibroblast. Yet mechanistically, skin ageing by fibroblasts is
incompletely understood (Campisi, 1998; Zorina et al., 2022).

The fibroblasts are the major structural component of the dermis and can synthesize
and secrete extracellular matrix such as collagen fibers, elastic fibers, reticular fibers,
and hyaluronic acid (Wong et al, 2016). ECM secretion constitutes the
microenvironment in which skin fibroblasts survive (Figure C), as well as help maintain
skin strength and elasticity, and repair following damage (Kanitakis, 2002). It is a
decisive component in maintaining the youthful state of the skin and is an important
part of maintaining the structural stability of the skin. Once the skin collagen system is
established, it has a life cycle of 10-15 years. As people age, the number of fibroblasts
decreases and the corresponding substances, such as collagen, elastin and hyaluronic
acid, will decrease and will not be sufficient to support skin structure (Choi, 2019;
Kanitakis, 2002; Khavkin and Ellis, 2011). Consequently, the connective tissue layers
become thinner and the skin begins to sag, lose elasticity, and develop wrinkles.
Replenishing fibroblasts can address the root cause of skin aging and damage, by

allowing skin to regenerate its ECM.

Nerve fiber Elastic fiber 46:/ Microphage «~ Fatcell
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Fig. C The microenvironment of skin fibrobl
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2. Material and Methods

2.1 Mice and genotyping

All the mouse strains (C57BL/6J, PDPNCreER x TM4, PDPNCreER x DTA,
Enltm2(cre)Wrst/J (En1Cre) and Fox Chase SCID) were obtain from Charles River or
Jackson laboratories. Animals are housed in the Helmholtz Central Animal Facility,
where cages have air circulation systems and are maintained at constant temperature
and humidity, with a 12-hour light cycle, and provided with adequate water and food. All
experiments on animals were examined and authorized by the Upper Bavarian State
Government and enrolled according to programs 55.2-1-54-2532-16-61 and 55.2-2532-
02-19-23 as well as stringent governmental and international guidelines. This study
meets all relevant ethics rules for animal research. Young mice 8 to 10 weeks old and
older mice 20 to 24 months old were used for animal experiments. Use male and fe-
male mice. Cre-positive (Cre+) animals originating from double genetically modified
reporter mice were determined by detecting the associated fluorescence in the dorsal
dermis. Genomic DNA was extracted from the ears using Quick Extract DNA Extraction
Solution according to the instructions.DNA extract (1 pl) was added to each 19 pl PCR.
The reaction mixture was set up using GoTag PCR core kit (Promega) containing 1x
GoTaq green master mix, 0.5 uyM forward primer ‘Procr_Cre_genotype FW’ 5'- GCG
GTC TGG CAG TAA AAA CTA TC -3' (Sigma) and 0.5 pM reverse primer
‘Procr_Cre_genotype RV 5'- GTG AAA CAG CAT TGC TGT CAC TT - 3' (Sigma).
PCRs were performed with initial denaturation for 5 min at 94 °C, amplification for 35
cycles (denaturation for 30 s at 94 °C, hybridization for 30 s at 59 °C, and elongation
for Imin at 72 °C) and final elongation for 10 min at 72 °C, and then cooled to 4 °C.
PDPNCreER mouse line is homozygous, thus do not need genotyping. In every exper-
iment, negative controls (non-template and extraction) and positive controls were in-
cluded. The reactions were carried out in an Eppendorf master cycler. Reactions were

analyzed by gel electrophoresis.

2.2 Human samples

Skin tissue was obtained in the Klinikum rechts der Isar, and processed in two parts.

Skin tissue with underlying fascia tissue was used in in vitro suspension culture. Cul-
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ture methods and medium for human skin are the same as those for murine skin. The
culture period needs to be extended to about 14-18 days. If skin tissue was obtained
without fascial tissue, or if skin wounds or keloids were obtained, these were fixed sec-

tioned and stained.

2.3 Ex-vivo Fascia floating culture

To visualize the contraction rate of the fascia, whole back skin was extracted from the
respective mouse line after euthanasia. Back skin of the mouse was first shaved using
an animal hair trimmer and then wiped clean using any hair removal cream. The whole
back skin was then harvested using scissors and forceps taking care that the fascia
remained intact. The sample was then washed twice in ice-cold DPBS, making sure to
remove any residual hair fragments from the tissue. The entire dorsal skin was then
removed with scissors and forceps, and the fascial layer of the skin was then specifical-
ly separated and cut into rice-sized pieces in DPBS. The skin was then placed in a 6-
well plate ready for culture, which was supplemented with 3 ml of DMEM/F-12 medium
containing 10% FBS, 1x GlutaMAX, 1x MEM non-essential amino acids and 1x Penicil-
lin/Streptomycin. the medium was changed every other day DMSO was used as a con-
trol group and other treatment groups were added with yes concentrations of chemicals.
After the start of the experiment, samples were maintained in a humidified incubator at
37°C with 5% CO2 for 7 days and then fixed overnight with 2% PFA refrigerated, fol-

lowed by histological treatment.

2.4 3D Matrigel Culture of Fascia

The Matrigel was taken out of the -20° freezer in advance and slowly dissolved on ice.
Then, the full-thickness skin of the mouse was isolated and placed in cold PBS. Sever-
al fascial tissues of similar size were processed with scissors and forceps. Then add
150ul of the prepared Matrigel to the middle of the 35 mm Petri dish, and then quickly
embed the prepared fascia into the middle of the Matrigel. Then, the culture dish was
gently transferred to the incubator for 1 hour, and after the matrigel solidified, 3ml of
complete medium was added to continue the culture. The samples were photographed
once a day, the medium was replaced in every alternate day and samples were col-

lected for fixation and staining after 6 days of culture.
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2.5 Fascial Ablation Experiment

2-month-old C57BL/6J mice were selected, and the fascia layer was marked with NHS-
488 in advance. Two full-thickness excisional wounds were then made on the back
using a 5 mm punch. The control group received no additional treatment, and the ex-
perimental group used ophthalmic scissors to remove the fascia tissue on the wound
bed and wound edge after the wound was done. Samples were collected on the sev-

enth day after wounding for fixed sectioning and staining.

2.6 Fascial cell clearance experiment

The dorsal skin of the mouse was taken according to the conventional method, and the
fascia tissue of similar size was separated with scissors and forceps. The isolated fas-
cial tissue was then freeze-thawed several times at -80° to kill all cells in the fascial
tissue. The fascial tissue that has been cleared of cells can be further subjected to 3D
Matrigel culture, in vitro suspension culture experiments and cell transplantation exper-

iments.

2.7 Re-transplantation of cells into decellularized fascia

Decellularized fascial tissue was obtained by repeated freezing and thawing at -80°,
and then these tissues were placed in trans-wells for culture. The positive control group
was normal fascial tissue, the control group was decellularized fascial tissue, and the
treatment group was transplanted with different cells into decellularized fascial tissue.
Prepare the cell suspension to be transplanted in advance, and then inject 50 micro-
liters (about 5*10* cells) of the cell suspension into the center of the fascia. Add an ap-
propriate amount of medium to the bottom of the trans-well, and then put the entire
culture dish into the incubator to continue culturing. After culturing for two hours, 100l
was added to the trans-well to continue culturing. Photographs were taken two days

after culture to analyse the contraction of the fascia.

2.8 Type | Collagen Contraction Assay

The type | collagen from rat tail was dissolved on ice, and then diluted in half with me-
dium. The control group was the no-cell group, the experimental group was added with
1x10° cells and mixed in the gel, and the negative control group was added with cells.

in Matrigel. The culture plate was then placed in an incubator for half an hour. After the
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type | collagen and Matrigel were solidified, the culture medium was added to continue
the culture. Photographs were taken after one day of culture to observe the contractile

ability of different cells.

2.9 Live and 3D imaging of fascia

In order to monitor the shrinkage trend of the fascia, we cultured the fascia of
En1XTM4 mice using a Matrigel 3D culture model and used the Thunder microscope in
Vivo culture system to take pictures in real time, taking pictures every ten minutes, and
taking pictures continuously for 12-16 hours. To examine cell morphology after fascial
culture, we collected Matrigel-cultured samples for fixation and then imaged using two-
photon microscopy. To monitor cell migration in fascial tissue, we cultured the
En1XTM4 mouse fascia using a Matrigel 3D culture model and took real-time photo-
graphs using a T two-photon microscope in vivo culture system. Imaris was used for

analysis and video production after all the above experimental imaging was completed.

2.10 Recombinant Chimeric Transplantation Experiment

We collected full-thickness skin from 20-month-old TM4 mice and 2-month-old VT2GK3
mice, and then isolated the fascia layer and epidermis-dermis layer, respectively, and
then the fascia layer of these two groups of young and aged mice and the epidermis-
dermis exchange reorganization. Simply put, it is the combination of the epidermis-
dermis layer of VT2GK3 mice and the fascia layer of TM4 mice, and the combination of
the epidermis-dermis layer of TM4 mice and the fascia layer of VT2GK3 mice. After the
combination was completed, new explants were formed, and then we used a 2 mm
punch to make a small wound in the middle of the combined explants, and then trans-
planted the wounded explants into immunodeficient mice. Fourteen days after trans-

plantation, samples were collected, fixed, sectioned and stained.

2.11 Lineage tracing experiment in skin wounds

8-week-old PDPNCreER x TM4 mice were selected and injected with 1mg tamoxifen
per mouse per day 3 days in advance before wounding. Pacific Blue dye at 2mg/mL
(prepared with 0.1M sodium bicarbonate in normal saline) was injected four days prior
and two days prior to wounding to label the fascial layer. The experiment was divided
into two groups, the treatment group was injected subcutaneously with 50mg/mL of

EQM and the control group was injected subcutaneously with 50mg/mL of DMSO.
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Samples were collected on day 3 and day 7 after wounding and subsequently fixed,

frozen sections, immunofluorescence stained and photographed.

2.12 Excisional wounds on the dorsal skin of mice

We selected 2-month-old and 20-month-old C57BL/6J mice, labeled the skin and fascia
layer with NHS-488 in advance, and then used a 5 mm punch to make two full-
thickness skin wounds on the back. Samples were collected on days five, seven, and
fourteen, and then fixed, sectioned, and stained. Then in our drug treatment experi-
ment, we selected 20-month-old C57BL/6J mice and divided them into a control group
and an experimental group. The fascia was marked in advance by the same method.
After the wound was made, the treatment group was treated with 10uM CHIR treat-
ment, the control group was treated with 10uM DMSO, injected every other day, the
samples were collected on the third, fifth, seventh, and fourteenth days, and then the

samples were fixed, sectioned and stained.

2.13 Masson's Trichrome Staining

Wound and fascia samples were fixed with 2% paraformaldehyde at 4°C for 12 hours.
After fixation the samples were rinsed three times with PBS, embedded in OCT and
frozen in dry ice. Frozen sections of 6 mm were then made. Masson trichrome staining
was performed according to the kit instructions. Sections were placed in acetone at -
20°C for 10 minutes and then air dried for 5 minutes. Sections were rinsed in deionized
water for 2 min and then heated in Bouin's solution at 56°C for 15 min. Wash slowly in
running tap water until the yellow color is removed from the slices, then place in Wei-
gert's iron hematoxylin solution for 3 min, followed by washing in running tap water for
5 min, three times. Place in Bie-brich Scarlet-Acid fuchsin solution for 5 min, then rinse
with deionized water. Place in phosphotungstic acid/phosphomolybdic acid solution for
5 min, then incubate in aniline blue solution for 10 min, then place in 1% acetic acid for
2 min, and finally rinse with deionized water for 5 min 3 times. The sections were then
dehydrated in 80% ethanol->90% ethanol->100% ethanol for 5 min each and then
cleared with Roti-Histol and mounted with Roti-Histokitt.

2.14 Immunofluorescence staining

For immunolabeling, sections are rinsed three times with PBST solution containing
0.05% Tween and closed with 5% donkey serum for 1 hour at room temperature. The
primary antibody was then incubated overnight at four degrees. The sections were then

rinsed three times with PBST and the secondary antibody was incubated for 60
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minutes at room temperature. Finally, the antibody is rinsed three times with PBST and
mounted with fluorescent mounting medium containing DAPI. Primary antibodies used:
GFP, a-SMA, MOMA-2, PDPN, Phospho- Stat3, and RUNX2. For Phospho-Stat3, and

RUNX2 antibodies, antigen repair is required prior to staining.

2.15 Microscopy

Ex vivo fascia tissues were imaged every 24hr from the start of the experiment until the
end to record the contraction pattern of the tissue under control and treatment condi-
tions. Whole-mount bright-field images were taken with a Leica M50 stereo-microscope
(Leica) with a Leica DFC310 FX camera (Leica) and saved with Leica Application Suite
(v4.8). Histological sections were imaged using a using a ZEISS Axiolmager.Z2m (Carl

Zeiss) and thunder.

2.16 Image analysis and Statistics

Images were processed and analysed with ImageJ (version 1. 52e). Statistical anal-
yses were performed using GraphPad Prism software (v.9.2). Statistical significance
was assessed by Student’s t-test to compare two groups or one-way ANOVA with Tuk-
ey’s multiple comparisons. Significant differences were considered with p-values below
0.05.
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3. Results

3.1 Fibroblast-mediated contraction of fascia leads to wound

closure

3.1.1 The contraction of the fascia leads to the closure of a full-thickness

skin wound

To clearly track the dynamic changes of the fascia after injury, we used 10mg/ml NHS-
PCB to pre-label the fascia layer, and then made two 5mm full-thickness excisional
wounds on the back of the mice, and then at different times Points (D1, D3, D5, D7)
are collected, and the specific method is shown in Figure 1-A. First, in order to verify
the role of the fascia layer in wound healing, we used the excisional mouse wound
model wherein two 5 mm full-thickness excisional wounds are made on the back of 2-
month-old En1Cre-mTmG mice, while the control group was left untreated. In the
treatment group, the residual fascia around the wound was carefully removed with oph-
thalmic scissors after the wound was punched, and the skin was photographed on the
1st, 3rd, and 5th day after the wound was punched. 1-B), it can be seen from the statis-
tical chart that after the fascia is removed, the rate of wound closure is greatly delayed
(Fig. 1-C). Histologically, in the uninjured group, the fascial layer was specifically la-
belled by NHS-PCB, and was very stable. After injury, marked fascia transferred into
the wound, but in the treatment group, marked fascia entering the wound was greatly
reduced if the peri-wound and wound bed regions (Fig. 1-D). After the fascia was re-
moved, the width of the open wound increased, with reduced scar (Fig. 1-E).

A
Fascia Day -4 Day -2 Day0 Dayl Day 3 Day5 Day 7 |
labeling | (@) @) @ O O @) O >
experiment 1/
SubcutaneousSubcutaneous Make a Collect Collect Collect Collect
NHS injection NHS injection wound samples samples samples samples
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Fig.1 The contraction of the fascia leads to the closure of a full thickness skin

wound.

(A) Fascia labelling experiment. (B) The graph of wound size change in control and the
fascia removal treatment groups. (C) Quantitative analysis of wound width and wound
area in control and treatment groups. (D) Using the fascia marker model, the control
group made a normal skin full-thickness wound, and the treatment group continued to
remove the fascia tissue from the wound edge and wound bed after making the skin
full-thickness wound, scale bars: 500um. (E) Quantitative analysis of wound width and
wound area in control and treatment groups. Mean = SEM, n = 6. All p-values (p) indi-

cated were obtained from two-tailed T-tests, **p < 0.01. Scale bars = 500 ym

3.1.2 The contraction of fascia is centripetal

In normal skin, fascia is immobile. When there is a wound, the fascia contracts concen-
At\rically toward the center of the wound, which results in rapid wound closure. As seen
in Figure 2-A-B, the NHS488-labeled fascia moves from the wound edge toward the
wound center, and the residual fascia in the wound bed moves upward, creating a cen-
tripetal movement toward the wound center. A similar phenomenon was observed in in
vitro fascial culture experiments, where the fascia tissue continuously contracted to-

ward the center and formed scar-like tissue during the culture process (Figure 2-C).
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Fig.2 The contraction of fasciais centripetal

(A) Fluorescence images of wounds on day 5 of fascia labelling experiment, nuclei
(blue), labelled fascia (green), and mouse background colour (red). (B) Masson's tri-
chrome stain of wound on day 5 in the fascia labelling experiment. (C) Bright field im-
ages and cartoon of fascia on day 0 and day 6 in in vitro floating culture. Scale bars:
500 pm.
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3.1.3 The contraction of fascia is dependent on fibroblasts

As shown in Figure 3-A-B, in our skin in vitro floating culture system, after six days of
culture, we observed that the first group (full-thickness skin with fascia) shrank, and the
second group (full-thickness skin without fascia) lacked any shrinkage. The third group
(PC muscle) does not shrink, and the fourth group (fascia tissue alone) shrank rapidly.
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Fig. 3 In vitro suspension culture of different parts of skin tissue

(A) Variation trend of in vitro suspension culture of different parts of the skin, (B) Quan-

titative analysis of the shrinkage rate of different skin tissues during in vitro suspension



culture. Mean + SEM, n = 4. All p-values (p) indicated were obtained from two-tailed T-

tests. Scale bars: 500 pm.

We developed another 3D Matrigel culture system to understand fascia cell dynamics.
The exact procedure is shown in Figure 4-A. As can be seen in Figure 4-B, the fascia
slowly contracted as it was cultured, and then after 36 hours fibroblasts began to mi-
grate out of the fascia. We then used repeated freeze-thawing at -80° to deplete cells
from the fascia, followed by 3D incubation. We found that the fascia neither contracted
nor migrated out without cells (Figure 4-C). Figure 4-D shows the results of the fascia
floating culture model. We found that the fascia did not contract after cell removal com-
pared to control groups. After decellularization of the fascia, we transplanted fibro-
blasts, neutrophils and macrophages into cell-depleted fascia tissue, respectively, and
found that the contractility of the fascia could be restored again after transplantation of
fibroblasts, whereas the fascia could not contract after transplantation of neutrophils or
macrophages. Figure 4-E shows another in vitro model where we see that only the
addition of fibroblasts can cause contraction of type | collagen, while the addition of

neutrophils and/or macrophages cannot cause contraction of type | collagen.
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Fig. 4 The contraction of fascia is solely dependent on fibroblasts

(A) Schematic diagram of the fascia 3D matrigel culture. (B) Dynamic image of 3D Mat-
rigel culture of fascia from 0 hr to 120 hr. (C) Dynamic image of fascia cultured in Mat-
rigel after decellularization. (D) On the left, cells were transplanted into the fascia for
suspension culture after decellularization of the fascia, and on the right was the quanti-
tative analysis of the contraction rate of the cultured fascia. (E) On the left is the exper-
iment of transplanting cells into type | collagen and Matrigel, and on the right is the
quantitative analysis of the shrinkage rate of the corresponding glue after one day of
culture. Mean + SEM, n = 3. All p-values (p) indicated were obtained from two-tailed T-

tests.

3.2 Fascial fibroblasts undergo differentiation to contract

fascia connective tissue

3.2.1 After skin injury, mouse fascia fibroblasts undergo different stages

of differentiation and cause fascia contraction

From our previous single-cell sequencing results (Figure 5-A), we found that fascia
fibroblasts in the skin undergo a graduated differentiation process after injury, from a
naive fibroblast state to proinflammatory fibroblasts, then into promyofibroblasts and

finally to myofibroblasts. Different stages of fascia fibroblast differentiation express dif-
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ferent markers. For example, pro-inflammatory fibroblasts, express PDPN, proto-
myofibroblasts express Pstat3, and myofibroblasts express Runx2. The complete dif-
ferentiation trajectory of fascia fibroblasts after injury is shown in Figure 5-B. We then
examined the expression of the above-mentioned genes related to the differentiation
stages of fascia fibroblasts at different time points using immunofluorescence staining
in both in vitro and in vivo models, respectively. As shown in Figure 5-C, in the in vitro
model, in normal fascia at day 0, only PDPN was expressed in lymphatic vessels and
a-SMA was expressed in vascular smooth muscle. PDPN, pSTAT3, a-SMA and Runx2
were not expressed in fascia fibroblasts. Fascia then began to express PDPN on the
first day after culture, peaking on the third day, and then expression began to decline,
with nearly all fibroblasts no longer expressing PDPN after the sixth day. pSTAT3 then
began to be expressed around the second day after culture, peaking on the fourth and
fifth days, and a-SMA and Runx2 began to be expressed on the third day, peaking on
the sixth day. Then in the in vivo experiments, the expression of PDPN, pSTATS3, a-
SMA and Runx2 was consistent with in vitro and also underwent fibroblast differentia-

tion (Figure 5-D).
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Fig.5 Differentiation trajectory of fascia fibroblasts after injury

(A) UMAP representations of fibroblast cells color-coded for individual clusters (left),
velocity pseudotime score, and expression of defined markers (right). (B) Schematics
of the fibroblastic states along the fascia-to-myofibroblast differentiation trajectory and
their function revealed from scRNAseq analysis (reference Donovan). (C) Immunofluo-
rescence staining of in vitro fascia cultured tissue, there are three groups of DO, D3 and
D6, each group was stained with PDPN, pSTAT3, a-SMA and Runx2 respectively.
Then, quantitative analysis of the expression of different genes in the three groups of
fascia tissue was carried out. Finally, the time-expression correlation diagram of PDPN,
pSTAT3 and Runx2 in fascia cultured in vitro. (D) Immunofluorescence staining of
wounds in vivo, there are three groups of DO, D3 and D7, each group was stained with
PDPN, pSTAT3, a-SMA and Runx2 respectively. Then, quantitative analysis of the
expression of different genes in the three groups of wounds was carried out. Finally,
the time-expression correlation diagram of PDPN, pSTAT3 and Runx2 in wounds in
vivo. All p-values (p) indicated were obtained from two-tailed T-tests. Scale bars = 20
um
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3.2.2 Human fascia fibroblast differentiation phenocopies is similar to

that of mouse fascia

A general view of human ventral skin tissue is shown in Figure 6-A. The fascia is seen
as white transparent layer of connective tissue at the base of the fat layer. Human fas-
cia cultures (Figure 6-B-C) showed that the dermal tissue barely contracted in culture.
whereas the fascia tissue contracted similarly to mouse fascia tissue. Immunofluores-
cence staining shows that fibroblast differentiation also occurs in human fascia tissue
during culture (shown in Figure 6-D), mimicking mouse fascia fibroblast differentiation,
but with a longer differentiation tempo.
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Fig.6 Human skin-derived fascia fibroblasts undergo differentiation after injury

(A) Gross view and Masson collagen staining of human abdominal full-thickness skin.
(B) Timeline diagram of in vitro suspension culture of human dermal tissue and fascia
tissue. (C) Quantitative analysis of the shrinkage rate of human dermal and fascia tis-
sue cultured in vitro. (D) Immunofluorescence staining of in vitro human fascia cultured
tissue, there are three groups of DO, D6 and D18, each group was stained with PDPN,
pSTAT3, a-SMA and Runx2 respectively. Then, quantitative analysis of the expression
of different genes in the three groups of fascia tissue was carried out. All p-values (p)
indicated were obtained from two-tailed T-tests. Scale bars = 20 ym

3.3 Blocking fascia fibroblast differentiation leads to

heterogeneity of wound healing

3.3.1 Blockade of fibroblast differentiation delays wound healing

To verify the functional effects of signalling pathways on fascia differentiation, we used
Hif-1a inhibitors and Pstat3 antagonists to block the differentiation process of fibro-
blasts in the fascia. In the control group, we could see that the fascia gradually con-
tracted in culture. Whereas when we used the inhibitor, the fascia no longer contracted
but kept swelling (Figure 7-A-B). In in vivo experiments, we found that the use of EQM
greatly slowed down the rate of wound closure (Figure 7-C). Masson staining of the
wounds on day 7, showed that in the EQM group wound re-epithelialization was greatly
slowed down and the wound remained open (Figure 7- D). Immunofluorescence stain-
ing of the experimental samples in vivo revealed that the normal control group under-
went fibroblast transformation after injury, while EQM inhibitors greatly hindered the

fibroblast transformation process (Figure 7-E-F).
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Fig.7 Blockade of fibroblast differentiation delays wound healing

(A)Young mouse fascia floating culture, the control group is DMSO, the treatment
groups are EQM inhibitor and pSTAT3 antagonist (B)Quantitative analysis of the con-
tractile index of three groups of fascia (DMSO, EQM, and pSTAT3) (C)Changes in
wound size and quantitative analysis of wound closure rate in excisional wound exper-
iments with Hif-a inhibitor EQM (D)Masson trichrome staining of wounds on the sev-
enth day after Hif-a inhibitor EQM treatment, quantitative analysis of wound width.
(E)The first figure is immunofluorescence staining of the wounds of the DMSO group in
vivo, there are three groups DO, D3, and D7, each group was stained with GFP, PDPN,
pSTAT3, a-SMA, and Runx2 respectively. The second figure is the quantitative analy-
sis of the expression of different genes in the three groups of wounds. The third figure
is the time-expression correlation diagram of PDPN, pSTAT3, and Runx2 in wounds in
vivo. (F)The first figure is immunofluorescence staining of the wounds of the EQM
treatment group in vivo, there are three groups DO, D3, and D7, each group was
stained with GFP, PDPN, pSTAT3, a-SMA, and Runx2 respectively. The second figure
is the quantitative analysis of the expression of different genes in the three groups of
wounds. The third figure is the time-expression correlation diagram of PDPN, pSTATS3,
and Runx2 in wounds in vivo. All p-values (p) indicated were obtained from two-tailed
T-tests. Scale bars (D) = 200 ym, Scale bars (E, F) = 20 ym.
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3.3.2 Genetic depletion of PDPN+ fascia fibroblasts greatly slows wound

healing

We depleted PDPN+ fibroblasts using the genetic DTA system crossed to PDPNCre-
ER. in the in vitro model (shown in Figure 8-A), the fascia of the first two control groups
could still contract. In the experimental group, the contraction process of the fascia was
inhibited when the PDPN+ cells were conditionally knocked down. In the in vivo exper-
iment (shown in Figure 8-B), the wounds of the first two control groups healed normal-
ly, and the wounds were largely healed on day 7. In the PDPN knockout group wounds
barely closed. Masson staining (Figure 8-C), day 7 wound re-epithelialization was
completed in the control group, the wound area was smaller than that of the experi-
mental group, and more mature collagen fibers appeared on the wound surface. In the
experimental group, wound re-epithelialization was severely inhibited, the wound area
was larger than that of the control group, and mature collagen fibers had not yet ap-
peared on the wound surface. The wounds were then immunofluorescently stained on
the third and seventh days (as shown in Figure 8-D). On the third day post injury, there
were a large number of PDPN-positive cells as well as macrophages infiltrating the
wounds in control groups. Whereas in the experimental group there was a large de-
crease in PDPN-positive cells and a decrease in macrophages. On day 7 of wound,
there were almost no PDPN-positive cells and a large number of macrophages in the
control group. The experimental group began to show a large number of PDPN-positive

cells, along with some macrophages.
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Fig.8 Conditional depletion of PDPN+ cells slows wound healing
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(A) The left side of the picture is the suspension culture experiment of fascia after con-
ditional knockout of PDPN, the upper two groups are the control group, and the lower
group is the treatment group. The right side of the picture is the quantitative analysis of
fascia contraction in each group. (B) In vivo full-thickness skin wound experiment after
conditional knockout of PDPN, the upper two groups are the control group, and the
lower group is the conditional knockout PDPN group. The right side of the figure is a
guantitative analysis of the wound closure rate for the three groups. (C) The left side of
the picture is the Masson collagen staining of the wounds of the control group and the
experimental group on the seventh day, and the right side of the picture is the quantita-
tive analysis of the wound width. (D) Above the picture is the immunofluorescence
staining of wounds on the third and seventh days in the control and experimental
groups, DAPI (blue), PDPN (green), MOMAZ2 (red). Below the picture is a quantitative
analysis of the percentage of PDPN+ and MOMA2+ cells. All p-values (p) indicated
were obtained from two-tailed T-tests. Scale bars (C) = 500 ym, Scale bars (D) = 20

pm.

3.3.3 Abnormal differentiation of human fascia fibroblasts in human

keloids

To study the relevance of our mouse fascia findings on human disease, we analyzed
human keloid samples. As shown in Figure 9-A, human keloids contain fascia embed-
ded in fat tissue. Histological staining showed that the collagen fibers of normal skin
are arranged in. areticular pattern, whereas the collagen fibers of the keloid are ar-
ranged in a very disorganized, swirling pattern. In immunofluorescence staining (as
shown in Figure 9-B-C), keloid samples were found to express more a-SMA than nor-
mal skin, Pstat3 was barely expressed in normal skin and keloid, and Runx2 was highly
expressed in keloid but not in normal skin, indicating that fascia fibroblasts in keloid
samples have transitioned entirely to a myofibroblastic fate (Figure 9-D).
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Fig. 9 Abnormal fascia fibroblast differentiation in human keloid samples

(A) The upper part of the picture is the physical image of human skin keloid, and the
lower part is histological image (masson trichrome staining and HE staining). (B) Im-
munofluorescence staining of keloid (blue: DAPI, green: a-SMA, red: Pstat3) and quan-

titative analysis of related genes (C) Immunofluorescence staining of keloids (blue:
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DAPI, green: a-SMA, red: Runx2) and quantitative analysis of related genes (D) Sche-
matic illustration of the differentiation of fascial fibroblasts during wound healing. All p-

values (p) indicated were obtained from two-tailed T-tests.

3.4 Fascia fibroblast differentitation is delayed in aged skin

3.4.1 Aged wounds heal slower than younger wounds

Aged skin exhibits drastic histologic changed as compared to young skin, as shown in
Figure 10-A. On the left is the Masson staining of the dorsal skin of 2-month-old mice,
and on the right is the histological staining of the dorsal skin of 20-month-old mice. In
aged skin, the thickness of the dermis and fascia layer became significantly thinner,
except for the epidermal thickness, which did not change significantly, and a large
amount of adipose tissue also appeared in the aging fascia. Density of fibroblasts in the
fascia also decreases significantly with age (Figure 10-B). As seen in the mouse dorsal
excision wound model in Figure 10-C-D, the wound closes and heals rapidly after a
back injury in 2-month-old mice, especially between the first and second day. When
mice reach middle age (9 months), the rate of wound closure is similar to young mice.
However, when mice reach 20 months of age, wound closure was significantly slower.
Masson staining of the wounds on days 3 and 7 (Figure 10-E) shows that the older
wounds were wider and closed more slowly than the younger wounds on day 3. By day
7, the young wound had almost completed epithelialization, while the old wound still
had not closed.
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Fig.10 Aged wounds heal slower than younger wounds

(A) Masson trichrome staining of young mouse skin on the left, Masson trichrome
staining of aged mouse skin on the right, and the corresponding high magnification
image in the middle. (B) Quantitative analysis of epidermis, dermis, fascial layer thick-
ness and fascial layer cell density in young and aged skin. (C) Wound change graph of
excisional wounds of young mice, middle-aged mice and aged mice (D) Quantitative
graph of wound closure rates of excisional wounds of young mice, middle-aged mice
and aged mice (E) Quantitative statistics of wound Masson trichrome staining images
and wound width on day 3 and day 7 of young and aged mice. All p-values (p) indicat-
ed were obtained from two-tailed T-tests. Scale bars (A) = 100 ym, Scale bars (E) =

500 pum.
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3.4.2 Slowed wound healing in aged skin is attributed to the fascia

In our in vivo wound experiments with fascia ECM labelling, it can be seen that in day 7
wounds, the young wounds were all filled with pre-labelled fascia, while in wounds from
aged mice, the labelled fascia barely entered, with a significant difference in the entry
rate of fascia from the young wounds (Figure 11-A). In vitro tissue culture of young and
aged fascia shows that fascia undergoes a process of expansion followed by contrac-
tion during culture, and young fascia shrinks faster than old fascia during culture (Fig-
ure 11-B). Figure 11-C shows the real-time images of the fascia after two days of 3D
Matrigel culture. Young fascia contracted very quickly, while the aged fascia contracted
very slowly. In our skin intercalation chimeric graft experiment, the experimental flow
chart is shown in Figure 11-D. On the 14th day after fascia grafting, as shown in Figure
11-E, the amount of young fascia entering the wound on the left side was much larger
than that seen with engraftments of aged fascia. Immunofluorescence results (Figure
11-F), shows young fascia entering the wound significantly more than aged fascia.
These experiments indicate that wound healing phenotypes of aged skin are attributed

to the fascia itself.

s

T

§ 100 i

] —of

; 80— s

£

& 60—

Q

b1 *kdk
8 40— o
b ——
C 30

@

®

s T T
I= 2m 20m
£

L

54



Young fascia

D2
" |
-

150 =

=

-]

t
|

100 =

o
)
|

-e- Aging fascia

-8 Young fascia

| | | | | |
0 1 2 3 4 5

Days

¥
o
|

(=]

Fascia contract index (%)
o
]

Young fascia Aging fascia

55



Immunodeficient mouse

Old dermis

Y fasci
oung fascia Left side Right side

Y dermi . I 7 Sacrifice mice
oung dermis \ on day 14

Old fascia 0ld dermis + Young fascia Young dermis + Old fasciaj

Right Side

Longitudinal view Surface View

56



Without wt

T

N 5o _5150—
g— @ =
< 40 . g 120— -
3 - - £
* 30 — c 90—
© S =
] =
T 20— ek 60—
- o 8] *kk
c i £
S 10 = = 304
=] [7]
= o 2 9

I | o | |

Left side Right side L Left side Right side

Fig.11 Slowed wound healing in aged skin is atributed to the fascia

(A) In vivo fascia ECM labelling. The left side of the figure is the situation of the marked
fascia entering the wound on the seventh day of youth, and the right side of the figure
is the situation of the marked fascia entering the wound on the seventh day of aging,
and the bottom of the figure is the corresponding Quantitative analysis. (B) Size
change and quantitative analysis of in vitro suspension cultures of young and aged
fascia. (C) 3D Matrigel cultures of young and aged fascia, recording the process of
fascial contraction using real-time microscopy. (D) Skin reorganization embedded
Schematic diagram of the synthesis experiment. (E) Surface view and longitudinal sec-

tion of the graft wound on the 14th day of the skin reorganization chimera experiment.

57



(F) Immunofluorescence images of the graft wound on the 14th day of the skin reor-
ganization chimera experiment and related quantitative analysis. All p-values (p) indi-
cated were obtained from two-tailed T-tests. Scale bars (A) = 500 ym, Scale bars (C) =
100 um, Scale bars (F) = 200 pm.

3.4.3 Contractility dysfunction in aged fascia is atributed to fascia

fibroblasts

Figure 12-A shows a schematic diagram of 3D fascia cultured in vitro. After a few days
of culture, we found that there were significantly more fibroblasts in the young fascia
than in the aged fascia (Figure 12-B-C). On the fifth day of culture, we fixed the tissue
and then photographed it with a two-photon microscope. As shown in Figure 12-D, the
fibroblasts migrating out of the young fascia were sparse and lacked the intercellular
membrane connections seen in young fascia tissue. In Figure 12-E, we can see the
dynamic process of fibroblast migration in the fascia. We can see that young fibroblasts
are very active and migrate rapidly, while fibroblasts from aged fascia lack migratory
capacity with minimal fibroblasts migrating outwards. As shown in Figure 12-F-G, type
1 collagen contraction experiments we can see that the effect of type 1 collagen con-
traction is different after adding fibroblasts from different young/aged skin sources. The
ability of older fascia fibroblasts to contract type 1 collagen is greatly reduced com-
pared to younger fascial fibroblasts. We also found that dermal-derived fibroblasts have
a lower ability to contract type 1 collagen than fascia-derived fibroblasts. Both human
skin-derived fibroblasts and human keloid-derived fibroblasts were able to contract type

1 collagen much more than dermal fibroblasts.
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Fig.12 Contractility disfunctions of aged fascia is atributed to its fibroblasts

(A) Schematic diagram of 3D Matrigel culture of fascia. (B) Changes of young and
aged fascia cultured in Matrigel. (C) Quantitative analysis of 3D Matrigel culture of fas-

cia. (D) Young and aged fascia Morphology of membrane 3D Matrigel on the fifth day
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after culture. (E) Real-time dynamic image of 3D Matrigel culture of young fascia and
aged fascia. (F) Contraction experiments of transplanting different cells into type | col-
lagen. (G) Quantitative analysis of the contraction assay of type | collagen. All p-values
(p) indicated were obtained from two-tailed T-tests. Scale bars (B) = 200 uym, Scale
bars (D) = 100 um.

3.5 Wnt signaling can rejuvenate aged fibroblasts and

accelerate wound healing

3.5.1 Impaired fibroblast differentiation in aging wounds leads to slowed

wound healing

In in vitro fascia floating culture experiments (shown in Figure 13-A), the contractility of
the aged fascia was greatly reduced compared to young fascia. Immunofluorescence
staining of in vitro samples (Figure 13-B), showed that fibroblast differentiation is de-
layed in aged fascia than in young fascia, with young fascia completing the differentia-
tion trajectory into contractile myofibroblasts at approximately day 6, whereas aged
fascia completes differentiation within 10 days (Figure 13-C). In in vivo experiments
(Figure 13-D), wound closure was slower in aged wounds than in young mice, and
there was no significant difference in the rate of wound closure between young and
middle-aged mice. Immunofluorescence staining results showed that fibroblast differen-
tiation was completed in approximately 14 days in aged wounds and 7 days for young-
er wounds (Figure 13-E). Moreover, fascia fibroblast differentiation in vivo occurred
mainly on days 3 to 10 in young mice, whereas in old mice, fascia fibroblast differentia-

tion in vivo occurred mainly between day 10 to day 14. (Figure 13-F)
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Fig.13 Impaired fibroblast differentiation in aged wounds leads to delayed wound

healing

(A)Suspension cultures of young fascia and aging and quantitative analysis of their
contractility index (B) Immunofluorescence staining of cultured aging fascia, there are
four groups of DO, D3, D6 and D10, each group was stained with PDPN, pSTATS3, a-
SMA and Runx2 respectively. Then, a quantitative analysis of the expression of differ-
ent genes in the four groups of fascia tissue was carried out. (C) During fascia suspen-
sion culture, PDPN, pSTAT3, a-SMA and Runx2 in Expression differences in young
fascia and aging fascia. (D) Healing differences and quantitative analysis of excisional
wounds in young and aging mice (E) Immunofluorescence staining of the aging wound,
there are five groups of DO, D3, D5, D7 and D10, each group was stained with PDPN,
pSTAT3, a-SMA and Runx2 respectively. Then, a quantitative analysis of the expres-
sion of different genes in the four groups of fascia tissue was carried out. (F) In vivo
wound Differential expressions of PDPN, pSTAT3, a-SMA and Runx2 in young and
aged wound fascia during healing. All p-values (p) indicated were obtained from two-
tailed T-tests. Scale bars = 20 ym.

3.5.2 Wnt signaling enhances the rate of differentiation of aged

fibroblasts and accelerates wound healing

In the in vitro fascia floating experiments (Fig. 14-A), we found that Wnt signalling ago-
nists (CHIR) can accelerate the contractility of aged fascia, mimicking a young fascia
phenotype. Immunofluorescence staining (Fig. 14-B), showed that CHIR can activate
and accelerate the differentiation of aged fibroblasts (Fig. 14-C). CHIR further acceler-
ates the closing speed of aged skin wounds, by promoting the transport and move-
ments of fascia toward the wound (Fig. 14-D-E). Immunofluorescence staining (Fig. 14-
F) showed that CHIR also activated and accelerated the differentiation capacity of aged
fibroblasts in vivo (Fig. 14-G).
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Fig.14 CHIR enhances the differentiation of aging fibroblasts and accelerates

wound healing

(A) Suspension cultures of aging fascia and aging fascia with CHIR and quantitative
analysis of their contractility index (B) Immunofluorescence staining of cultured aging
fascia with CHIR, there are four groups of DO, D3, D6 and D10, each group was
stained with PDPN, pSTAT3, a-SMA and Runx2 respectively. Then, a quantitative
analysis of the expression of different genes in the four groups of fascia tissue was
carried out. (C) During fascia suspension culture, PDPN, pSTAT3, a-SMA and Runx2
in expression differences in aging fascia and aging fascia with CHIR. (D) Healing dif-
ferences and quantitative analysis of excisional wounds in aging mouse and aging
mouse with CHIR (E)The labeling experiment of fascia. The left side of the figure is the
situation of the labeled fascia entering the wound on the seventh day of aging, and the
right side of the figure is the situation of the labeled fascia entering the wound on the
seventh day of aging with CHIR, and the bottom of the figure is the corr esponding
Quantitative analysis. (F) Immunofluorescence staining of the aging wound with CHIR,
there are three groups of DO, D3 and D7, each group was stained with PDPN, pSTAT3,
a-SMA and Runx2 respectively. Then, a quantitative analysis of the expression of dif-
ferent genes in the three groups of the aging wound with CHIR was carried out. (G)
The differential expressions of PDPN, pSTAT3, a-SMA and Runx2 in aging mice and
aging mice with CHIR during healing. All p-values (p) indicated were obtained from
two-tailed T-tests. Scale bars (B, F) = 20 ym, Scale bars(E) = 500 ym.
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4. Discussion

4.1 Fibroblast-mediated contraction of fascia leads to wound

closure

This study is based on previous findings by our group, linking fascia transport toscar
formation and wound healing (Correa-Gallegos et al., 2019)(Wan et al., 2021). Here,
we expand on these early studies and analyze the cellular and molecular processes in
the fascia that occur during wound healing and ageing. We designed fascia ECM label-
ling experiments, as shown in Fig. 1, to pre-label the fascia, then generate wounds on
the fourth day after labelling, and then collect samples at different time points for analy-
sis. When the skin is not injured, the labelled fascia ECM remains immobile beneath
the PC muscle layer, and when the skin is injured, the labelled fascia transports toward
the wound bed to quickly fill the wound with provisional scar tissue, corroborating our
previous findings (Correa-Gallegos et al., 2019; Jiang et al., 2020; Jiang and Rinkevich,
2021b; Wan et al., 2021). When we used scissors to remove the fascia around the
wound, the closure of the wound slowed, due to lack of fascia transport, and the result-
ing scar was significantly diminished. This suggests that the fascia is the key factor
leading to wound healing, that the transport of the fascia into wounds is the basis for
scar formation, and skin contraction. When fascia is removed or blocked, wound clo-

sure is significantly delayed, resulting in delayed wound healing.

Traditionally, skin contraction and wound closure is thought to occur by the panniculus
carnosus muscle followed by epidermal proliferation to breach open wounds (Zomer
and Trentin, 2018b). However, our experiments presented here indicate that the con-
traction of the full-thickness skin depends on fascia tissue alone, whereas panniculus
carnosus muscle does not shrink or contract. Moreover, that this contractility of the
fascia is dependent on its fibroblasts. Genetically depleting fascia fibroblasts blocks
contraction. Furthermore, reinstating fibroblast into the fascia could recreate the con-
tracture phenotypes, whereas neutrophils and macrophages could not cause fascia
contraction. Indeed, lymph node contraction is also mediated by its resident reticular
fibroblasts, (Acton et al., 2014; Astarita et al., 2015; Kopanska et al., 2015; Horsnell et
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al., 2022), implying for common mechanisms of tissue contraction amongst different

tissues/organs of the body.

4.2 Fasciafibroblasts undergo differentiation to contract skin

Most mammalian and human organs have the ability to respond to tissue damage by
forming scar tissue (Plikus et al., 2021; Soliman et al., 2021; Tomasek et al., 2002;
“Wound repair and regeneration | Nature,” n.d.). Our single-cell sequencing results,
shows that fibroblasts in wounds undergo different stages of differentiation, from stable
Procr+ fibroblasts to PDPN+ proinflammatory fibroblasts, and then to Pstat3+ proto-
myofibroblasts, Finally, fibroblasts differentiate into myofibroblast that express
RUNX2+. Our findings reveal the stepwise differentiation that occurs during wound
repair to elicit myofibroblast differentiation, tissue contraction and wound healing. Fur-
thermore, we corroborate the universality of our findings, by showing that human fas-

cia, we found undergoes the same differentiation trajectory as in mouse fascia.

4.3 Inhibiting fascia fibroblast differentiation delays wound

healing

HIF1a is a basic helix-loop-helix PAS domain-containing protein that is considered a
master transcriptional regulator of cellular and developmental responses to hypox-
ia(lyer et al., 1998). HIF1-a has a regulatory role in skin healing (Hong et al., 2014).
Researchers at Stanford University School of Medicine demonstrated that HIF1A acti-
vation can prevent and treat chronic wounds in diabetic and aged mice (University et
al., 2015), and can accelerate wound healing. In addition, HIF-1A modulation has been
described to have pro-regenerative effects on aged skin (Bonham et al., 2018; Duscher
et al., 2015) (Bonham et al., 2018).

When we used HIF1-a inhibitors and Pstat3 antagonists to culture the fascia in vitro,
the fascia no longer contracted, indicating that inhibiting fibroblast differentiation pro-

cesses directly blocks skin contraction, further linking fascia fibroblasts to wound
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contraction. In vivo experiments, wound closure was greatly slowed down after the use
of HIF-a inhibitors, and the expressions of PDPN, Pstat3, and RUNX2 were sharply
reduced, indicating that HIF-a inhibitors inhibited the conversion of Procr+ fibroblasts to
PDPN+ proinflammatory fibroblasts. The cellular transformation, reduction of PDPN+
proinflammatory fibroblasts also indirectly led to the reduction of Pstat3+ and RUNX2+
fibroblasts. Pstat3 antagonists then inhibited the differentiation of PDPN+ proinflamma-
tory fibroblasts to Pstat3+ proto-myofibroblasts, as did the fascia no longer shrink.
Therefore, the contraction of the fascia is mainly caused by the transformation of the
proto-myofibroblast of Pstat3+ to the myofibroblast of RUNX2+. If any step of this
transformation process is inhibited, the contraction of the fascia will be inhibited. Then
in our conditional knockout experiment, after PDPN conditional knockout, the contractil-
ity of the cultured fascia in vitro was greatly weakened, and the wound closure speed in
the in vivo experiment was greatly slowed down. This further suggests a role for the
differentiation of wound fibroblasts in wound healing. The traditional theory of wound
healing is that fibroblast progenitor cells proliferate and differentiate into myofibroblasts,
and then myofibroblasts express a-SMA to cause wound contraction. From our experi-
mental results, the fascia tissue in vitro expresses a-SMA on the sixth day, and in vivo
also expresses a-SMA on the seventh day, but the fascia in vitro began to shrink on the
second day, and the in vivo fascia began to shrink on the second day. The wound
closed quickly on the second day of the experiment, so the contraction of the fascia
and the rapid closure of the wound were not caused by a-SMA positive cells, but by the

differentiation of Pstat3 positive fibroblasts to Runx2 positive fibroblasts.

Keloid, also known as keloid disorder and keloidal scar(Lee et al., 2004; Tan et al.,
2019), is the formation of a scar that, depending on its maturity, consists primarily of
type 1l (early) or type | (late) collagen. This is the result of overgrowth of granulation
tissue (type 3 collagen) at the site of healing skin damage, which is then slowly re-
placed by type 1 collagen. In human skin keloid samples, the normal skin part did not
undergo the process of fibroblast transformation, while the fibroblasts in the keloid part
continued to express Runx2, while the normal skin part did not express Runx2. Be-
cause the skin undergoes fibroblasts after injury The transformation of cells returns to
static fibroblasts at the later stage of the wound, and the fibroblasts are no longer trans-
formed. However, in keloids, fibroblasts continue to express Runx2 and no longer con-
tinue to transform into static fibroblasts. The obstacle to this transformation may be the

cause of keloid formation and may become a clinical target for keloid treatment.
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4.4 Fascial fibroblasts heterogeneity leads to differences in

wound healing

When the skin undergoes aging, we can find that the thickness of the dermis and the
fascia layer is thinner, the adipose tissue in the aging skin layer is also greatly in-
creased, and the density of cells in the aging fascia layer is also relatively reduced
compared to the young fascia layer. Aged wound closure slowed when the skin was
injured, with no significant difference in wound closure between 2- and 9-month-old
mice. Histologically it can also be seen that re-epithelialization of aged wounds is also
greatly slowed relative to young mice.

Then, through the fascia labeling experiment, we can also see that after the aging skin
is injured, the labeled fascia hardly surges to the center of the wound, which is also a
direct factor that slows down the closure of the aging wound. Then in the in vitro fascia
suspension experiment, the contractility of the aged fascia was weakened compared to
that of the young fascia, which can be seen more clearly in the live-image. Using the
skin chimeric transplantation experiment, we can see that the young fascia surges

more towards the wound and contributes more to the healing of the wound.

The migration ability of fibroblasts can be obtained from the 3D culture results, and the
migration ability of fibroblasts is also weakened after fascia aging. Then, it can be
clearly seen from the 3D imaging that the young fibroblasts are more stretched and
slenderer, while the old fibroblasts are thicker and curled up. From the live image, the
difference in fibroblast migration can be seen in real time. Finally, in the type | collagen
contraction experiment, we added the same number of different cells to type | collagen.
It can be seen that the contraction ability of young mouse fascial fibroblasts is stronger
than that of aged fascial fibroblasts. The contractility of fibroblasts is very small, which
also indicates that fascial fibroblasts are mainly responsible for wound healing, and the
aging of fibroblasts leads to the weakening of the contractility of fascia, causing the
discordance of aging wounds to slow down. Then human-derived fibroblasts have
stronger contractility than mouse fibroblasts, which may also be the main factor re-

sponsible for the difference in wound healing between humans and mice.
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4.5 CHIR can rejuvenate senescent fibroblasts and accelerate

wound healing

Then in our in vitro fascia experiments, we found that the contraction of aging fascia is
slower than that of young fascia, and in the type | collagen experiment, we have shown
that it is because of the aging of fibroblasts. Fibroblast differentiations in aged fascia
were then found to have longer periods of differentiation relative to fibroblast differen-
tiations in young fascia from our fluorescent staining of fascial tissue in vitro. From the
guantitative graph of the in vitro experiment, we found that the differentiation period of
young fascia is roughly from the 2nd to the 7th day of culture, but the differentiation
period of the aged fascia is delayed, which occurs from the 5th day to the 11th day of
culture, so A direct factor leading to the slowing down of aging fascia contraction is due
to the differentiation disorder of aging fibroblasts. Then in our in vivo experiments, the
contraction of fascia is a direct factor in causing wound closure, and the turnover of
fascial fibroblasts in aged wounds is also delayed relative to that in young wounds,

which directly leads to decreased wound closure in aged wounds.

CHIR 99021 is a chemical that acts as an inhibitor of the GSK-3 enzyme, it has been
shown to be useful in molecular biology applications involving the conversion of one
cell type into another(An et al., 2010; “Chemical compound-based direct reprogram-
ming for future clinical applications - PMC,” n.d.; Singh et al., 2015). When we used
CHIR and aged fascia for co-culture, the contraction rate of the fascia was greatly ac-
celerated, and it returned to the state of young fascia. It can be seen from the immuno-
fluorescence results that the use of CHIR makes the differentiation period of the fascia
cultured in vitro earlier, which is also the essential reason for the accelerated contrac-
tion of the fascia. In our in vivo results, the closure of aged wounds was accelerated
after treatment with CHIR, followed by increased fascia entry into the wound, returning
to the healing phenotype of young wounds. As shown by immunofluorescence, CHIR is
an advanced fibroblast differentiation cycle in aging wounds, which leads to accelerat-

ed healing of aging wounds.
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5. Summary

This thesis characterizes the differences in wound healing between young and aged
skin by focusing on the fascia. The ability of aged fascia to contract is greatly dimin-
ished, resulting in slower wound closure. The reduced contractility of aged fascia is due
to the reduced ability of fibroblasts in the fascia to fully complete cellular differentiate
after injury. We then used a drug, CHIR, that reactivates the differentiation capacity of
aged fibroblasts, thereby accelerating the contracture of aged fascia and promoting the
healing of aged skin wounds. Therefore, in this study, we uncover the molecular mech-
anisms underlying aged wound healing, and found that CHIR can reactivate the differ-
entiation vitality of aging fibroblasts, thereby accelerating the healing of aged wounds.
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