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Abstract

Cutaneous injury triggers cellular processes such as wound healing, tissue fibrosis, and
scar development, which involve many different cell types. Successful regeneration after
cutaneous injury requires timely coordinated actions of diverse cell types. Fibroblasts and
adipocytes are two critical cell types in these processes and are thought to be displaying
cellular plasticity. Cellular plasticity refers to the ability of a terminally differentiated cell
type to take on the characteristics of another differentiated cell type. For example, an
adipogenic fate gains plasticity towards a fibrogenic fate resulting in loss of cellular

identity and normal function, with deleterious implications for regenerative healing.

Current research in the field does not provide concrete evidence to show the two cell types’
inter-conversion capacity. Hence, it was crucial to make a head-on comparison of cellular
and molecular signatures and features of these two cell types and show the fate of the two
cell types upon injury. The results we obtained from this study enabled us to decipher the

possible Fibro-adipogenic plasticity during wound healing and scar development.

In the first part of the study, we developed an ex-vivo 3D disease model termed “SCAD
(Scar-like tissue in a Dish)” that can recapitulate specific wound healing and scar
development processes in a dish setting. We used the SCAD model to study certain cell-
specific functions and processes involved in scar development. An extracellular matrix
(ECM) is a significant scar tissue component, which is synthesized and deposited
predominantly by the activated state of a fibroblast called a Myofibroblast. Hence, we
used a transgenic mouse line that labels scar-forming fibroblasts to characterize scar
development processes. Our results showed collective migration and upregulation of cell
adhesion molecule N-cadherin in scarring fibroblasts upon injury. To functionally
validate N-cadherin as a critical target gene enabling fibroblast collective migration, we
combined the Adeno associated virus-based gene targeting and CRISPR-cas9 based gene
manipulation technologies. Blocking N-cadherin inhibited fibroblast swarming and

collective migration, leading to reduced scarring in ex-vivo SCADs and animal models.



In the next part of the study, we uncovered the cellular plasticity features of fibroblast
and adipocytes during scar development. We used transgenic mouse lines to label
fibroblasts and adipocytes with a GFP reporter gene specifically. Evidence from
transcriptomic signatures of both cell types by single-cell RNA sequencing showed that
these cell types do not display cell plasticity but instead remain lineage-restricted. We
further confirm lineage restriction with the ex-vivo scar model SCAD and time-lapse
imaging and show that adipocytes reposition during injury, attain fibroblast-like
morphology but do not transition into a fibrogenic fate. We also show that adipocytes
migrate differently, deposit a meager amount of ECM, and do not transition into a
myofibroblast. We conclude that adipocytes do not exhibit cellular plasticity in response

to injury and remain as terminally differentiated types.

We can utilize the knowledge of molecular and cellular mechanisms of adipocyte and
fibroblast plasticity to develop cell-type targeted therapies in wound healing, tissue

fibrosis, and scar development.



I Chapter 1: Development of ex-vivo 3D scar models

1.

Introduction

Scarring is a global concern where every year, about 100 million people acquire scars.
Over 11 million people have keloids, and 4 million acquire burn scars, 70% of which
occur in children. Among children, one in five of them require reconstructive surgery after
a scar caused joint contraction. Scarring of the skin affects millions of patients,
particularly children and burn victims, which causes a great deal of suffering. (A Bayat
et al., 2003, Palmieri et al., 2003, Prasad et al., 1991, Sen et al., 2009, Sund B et al., 2000,
Marshal CD et al.,, 2018). Scarring and impaired wound-healing are major clinical
problems and a tremendous burden for patients and global healthcare systems, costing

tens of billions of dollars per year in the U.S. (Jiang D et al., 2020).

Mammalian tissue injury typically results in a noticeable scar. Scar prevention consists
of the principles of wound closure without traction or stress. It also includes avoiding
infection and wound breakdown. The clinical phenotypes usually vary from a fine line
scar, which is less severe, to hypertrophic, keloid, and scar contractures that are more
severe forms of the scar (Bayat A et al.,, 2003). Impaired wound healing can cause
abnormal and pathological scarring resulting in psychological and social distress,
impairment of quality of life (Bock O et al., 2006), skin depression, stretch marks,
disfiguring, and even restricted movement or physical disability. Excessive scarring can
also have physical symptoms such as itching, stiffness, scar contractures, tenderness, and
pain (Van Loey NE et al., 2008). The psychosocial effects of unaesthetic scarring include
diminished self-esteem, stigmatization, disruption of daily activities, anxiety, and

depression (Bakker A et al., 2013, Monstrey S et al., 2014).

Extensive research is ongoing to study scarring, as understanding the scar development
mechanisms will pave the way towards achieving scarless regeneration. Various
treatments exist for established scars, with varying effectiveness levels (Marshal CD et
al., 2018). Burn scars are particularly challenging, and treatment primarily supports
revision surgery to remove scarred skin. Existing treatments mainly focus on surgical

excision, radiotherapy, or corticosteroids, or a combination of these procedures (Marshal


https://www.sciencedirect.com/topics/medicine-and-dentistry/pruritus
https://www.sciencedirect.com/topics/medicine-and-dentistry/contracture

CD et al., 2018). Molecular and cellular therapeutics are gaining importance in other
fields like cancer, and there is a broader scope of such therapies for pathologies like
scarring (Qunakun L et al., 2016, Rhett J W et al., 2007). Wound healing and scar
development processes are characterized at the cellular and molecular level, but truly
successful molecular level anti-scarring agents do not exist. The development of anti-
scarring molecules from bench to clinical use requires extensive screening and validation
of potential candidate molecules. In parallel, driving the growth from target identification
to preclinical development must involve robust and efficient in-vitro disease models to
screen potential candidate molecules. Some agents have been tested for efficacy in
treating scarring and fibrotic conditions, but the results are ineffective. Human
recombinant TGF[3 failed in phase III clinical trial on human scarring (NCT00432328).
Similarly, a study involving the use of dermal fibroblasts to treat burn scars was
terminated early (NCT01564407). EXC 001, CTGF (connective tissue growth factor)
inhibitor, an antisense nucleotide which showed promising results in phase 1l, but the
current status is not available (Galiano RD, 2011). RXI 109, an RNAi-based inhibitor of
CTGF, is currently in phase 1(NCT02246465).

A novel drug-based treatment that uses a specific molecular or cellular target in the
scarring pathway will revolutionize scar treatment. It would potentially improve many

patients’ lives (Marshal CD et al., 2018).

1.1 Structure of the skin

Skin is the biggest organ; therefore, it is the most vital component in the body’s overall
health. The skin is an intricate and complex structure consisting of the epidermis and
dermis, including the dermal adipocyte and subcutaneous fat layers (Takeo M et al.,
2015). Epidermis, the topmost layer, is made up of keratinized stratified squamous
epithelium, which acts as a protective layer preventing water loss, the barrier against
mechanical injury and infection. Keratinocytes are the primary cell type. The dermis is
the next layer below and is composed of fibrous connective tissue, consisting of collagen,
elastic fiber, and other extracellular components. It provides elasticity, protects more deep
layers of the skin, cushions the hair follicles, sebaceous glands, nerves, and blood vessels.

Fibroblasts are the primary cell type of the dermis. The third main layer is the


https://clinicaltrials.gov/ct2/show/NCT00432328

subcutaneous fat layer, whose primary function is energy storage and thermoregulation.

Adipocytes are the principal cell type of this layer of the skin (Fig. 1 A).

1.2  Introduction to scar development

Skin is continuously injured and regenerated, and during this process, connective tissue
responds to the damage leading to a process called scarring (Krafts KP 2010). Injured
tissue is sealed by the deposition of dense fibrous tissue, which usually results in a
noticeable scar. Scars replace the original tissue with thick plugs of matrix fibers that
tighten the tissue and reduce its flexibility, as seen in (Fig. 1 B) and described in (Huang
et al., 1978, Palmieri et al., 2003, Correa-Gallegos D et al., 2019).
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Figure 1: A. Structure of skin. B. Histology of normal and scarred skin. Normal (a) and
scarred (b). The hair follicle is present, the epidermis is normal in healthy skin, but in
scarred skin, the hair follicle absent, epidermal thickening is seen, and cell proliferation

is evident. Scale bar:100um.
1.3 Wound healing and scar development

Both wound healing and scar development processes go sequentially with much overlap,
and the formation of pathological scar results due to impaired wound healing (Reinke JM,
and Sorg H 2012). Wound healing occurs mainly in 4 stages: hemostasis, inflammatory,
proliferative, and remodeling or restoration. (Negut I et.al., 2018, Mellott AJ et.al., 2016,
Pinto AM et.al., 2020). Upon injury, a series of processes occur, and a series of events

take place to repair the injured tissues.

Phase 1: Hemostasis Phase

Hemostasis is primarily coagulation and is the first phase of wound healing, which begins
at the onset of the injury. Here the body activates the blood clotting machinery and mainly
bringing platelets and fibrin clots to the site of injury. Enzyme thrombin helps form the

stable fibrin clot to stop the blood flow (Fig. 2 Aa).

Phase 2: Inflammatory Phase

In the inflammatory phase, destroying bacteria and removing debris is brought about by
neutrophils and macrophages. Preparing of wound bed for the growth of new tissue takes
place. Neutrophils arrive first and populate between 24 and 48 hours after injury. Later,
macrophages arrive to continue clearing debris. Macrophages secrete growth factors and
proteins that attract other immune cells to the wound site to facilitate tissue repair. This
phase often lasts 4 to 6 days and is associated with edema, erythema (reddening of the

skin), heat, and pain (Fig. 2 Ab and B).

Phase 3: Proliferative Phase

Once the wound is clean, it enters the next phase, the Proliferative Phase, where the focus
is to fill and cover the wound. The Proliferative phase features three distinct stages: 1)
filling the wound; 2) contraction of the wound margins; and 3) covering the wound, re-

epithelialization. During the first stage, shiny, deep red granulation tissue fills the wound



bed with connective tissue, and new blood vessels are formed. During contraction, the
wound margins contract and pull toward the center of the wound. In the third stage,
epithelial cells arise from the wound bed or margins and begin to migrate across the
wound bed until the injury is covered with epithelium. The Proliferative phase often lasts

anywhere from 4 to 24 days (Fig 2. Ac and B).

Phase 4: Remodelling or restoration Phase

During the restoration phase, the new tissue slowly gains strength and flexibility. Here,
collagen fibers reorganize, the tissue remodels and matures, and an overall increase in
tensile strength (though maximum strength is limited to 80% of the pre-injured strength).
The Maturation phase varies significantly from wound to wound, often lasting anywhere

from 20 to 25 days (Fig 2. Ad and B).
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Figure 2: A. Four phases of wound healing (adapted from Negut I et al., 2018) and B.
Involvement of different cell types from homeostasis to scar development. On the y axis

is the number of days that a particular cell type is involved during the process of wound

healing (edited from Marshal CD et al., 2018).

The entire process involves an orchestrated contribution of many different cell types.
Platelets respond immediately at the time of onset injury. In the inflammation phase, the
immune system cells such as neutrophils and macrophages are prevalent from day 3 to
day 21. In the proliferative phase, where re-epithelialization occurs by keratinocytes and
blood vessel reconstruction by endothelial cells, it can last up to 20 days. In the
remodeling phase, fibroblasts are involved in laying down collagen fiber that eventually
covers the wound, leading to scar formation. Fibroblasts are present throughout all the
phases up to more than 25 days from the onset of injury and are thus one of the crucial

cells that contribute to scar formation. The remodeling phase sometimes last up to one

year (Xue M and Jackson CJ 2015).

1.4  Types of scars

Scarring occurs both after accidental injuries and after surgery. It ranges from typical fine

line scar to abnormal phenotypes. Some of the main types of abnormal scars are
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widespread scars, scar contractures, hypertrophic scars, and keloid scars. (A Bayat et al.,
2003, Mokos ZB et al., 2017 and Reviewed in Alster T.S. and Tanzi EL 2003, Brissett
AE and Sherris DA 2001, Xue M and Jackson CJ 2015, Juckett G and Hartman-Adams
H 2009, Goldenberg G and Luber AJ 2013).

1. Widespread scars appear as lines of surgical sutures look stretched, widened,
typically flat, pale, soft, with no nodularity or elevation. Stretch marks after pregnancy
are an example of widespread scars where the dermis and subcutaneous tissues are

injured, but the epidermis is not (Fig. 3 A).

2. Hypertrophic scars (H.S.) are characterized by deposits of excessive amounts of
collagen are raised scars confined to wound edges, are often red, inflamed, itchy, and

even painful (Fig. 3 B).

3. Contracture scars occur due to a contractile wound-healing process that forms mainly
after a burn or other injuries that resulted in a loss of a larger area of skin tissue that
forms a scar pulling the edges of the skin together. They are fixed and rigid, which

leads to physical deformities and movement restriction (Fig. 3 C).

4. Keloids- These are thick, pruritic, itchy bumps of darker scar tissue that grow beyond
the injury site’s edges or incision and invade the surrounding tissue. Keloids have the
potential to regrow after being removed surgically. Keloids are referred to as benign
fibroproliferative tumors characterized by excess collagen at previous skin injury sites.
A histological examination of a keloid reveals larger, thicker, and more disorganized

collagen fibers than those seen in normal skin (Fig. 3 D) (Har-Shai Y et al., 2010).

A. B.
Widespread scar Hypertrophi scar

" -
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Scar Contractures Keloids

Figure 3: Examples of common scar types. A. Widespread scar. B. Hypertrophic scar.
C. Contracture scars. D. Keloids.

1.5 Current scar treatment approaches

All current scar minimization treatments deal primarily with symptoms. Some of the
treatments currently include the use of lasers and surgery. Photothermolysis is the
commonly used method that involves laser resurfacing, and others include stem cell-
based therapies, chemical peels, collagen injections, cortisone injections, surgical scar
revision, radiation therapy, etc. (Bayat A et al., 2003). Silicone gel sheeting (J. Poston
2000, O’Brien L and Pandit A 2006), pressure therapy in the form of compression
garments, and hydrotherapy are widely used mainly for hypertrophic burn scars. Laser-
and light-based therapies are in use along with surgery and physical therapy (Waibel JS
and Rudnick A 2015, reviewed by Brewin MP and Lister TS. 2014).

Cryotherapy tends to be limited to treating very small scars because of side-effects of
pigmentation changes, skin atrophy, and pain. It has been used to shrink keloid scars (Har-
Shai Y et al., 2011, Gauglitz GG, 2013). Radiotherapy, in combination with surgery, is
an effective treatment of keloids. Brachytherapy, X-ray, and electron beam forms of
radiotherapy have all been employed and usually adjunct therapy or secondary treatment.
Ionizing radiation works by inhibiting proliferating fibroblasts, therefore decreasing the
pathologic deposition of collagen. Radiotherapy is an effective treatment of keloids but

is limited due to the risk of carcinogenesis (Al-Attar A et al., 2006, Block Let al., 2015).
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Other anti-scarring therapies include injecting BTXA (Botulinum toxin type A) has been
used in the treatment of hypertrophic scar (Zhang DZ et al., 2016, Scala J et al., 2019).
Anti-inflammatory cytokine TSG-6 inhibited hypertrophic scar formation in a rabbit ear
model where intradermal administration TSG-6 resulted in fibroblast apoptosis (Wang H
et al., 2015). Anti-angiogenesis therapy is effective in Hypertrophic scar tissues that
contain more microvessels. Anti-vascular endothelial growth factor (VEGF) monoclonal
antibody effectively inhibited angiogenesis in scar tissues and ECM production (Kwak
DHetal.,, 2016, Wang P et al., 2016, Shirakami E et al., 2020). Lipofilling or lipografting,
where the therapeutic effect is brought by Adipose tissue Derived Stem Cells (ADSC) is
another promising approach to treat fibrotic scars (Spiekman M et al., 2017). Other
physical therapies include massage, ultrasound, medical tattooing/camouflage, static
electricity, and pulsed electrical stimulation. These are yet to be proven by randomized

controlled trials (Baker R et al., 2010).

The therapies mentioned above are in clinical practice with moderate outcomes, or some
have evidence based on only animal models. Therefore, it is vital to understand wound
healing and scar development mechanisms to develop effective molecular level therapies

for treating aberrant scars.
1.6  Gene delivery tools for skin

Developing molecular therapies requires efficient and robust methods to manipulate
genes to study genes’ function in a disease setting. Most methods used are Non-Viral

based or Viral based methods.

1.6.1 Non-Viral based: Methods such as electroporation using an electric pulse,
Lipofection, a lipid-mediated DNA-transfection process. These methods are well

established for 2D cultures and cell lines.

1.6.2 Viral-based: Here, gene delivery uses a virus’s ability to inject its DNA inside a
host cell. A gene that is intended for delivery is packaged into a replication-deficient viral
particle. Viruses used to date include Retrovirus, Lentivirus, Adenovirus, Adeno-
Associated Virus (AAV), and Herpes Simplex Virus. AAV offers many advantages over

other commonly used viruses such as adenovirus and lentiviral approaches.
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Adeno-associated viruses (AAVs)

Adeno-associated viruses are naturally occurring replication-incompetent parvoviruses.
They were earlier found as contagions in stocks of simian adenovirus and humans
(Blacklow NR et al., 1967). AAVs are known to be an efficient tool for gene delivery for
some time now. As the wild-type AAV genome can persist in tissues for a long term, the
use of recombinant AAV (rAAV) vectors for gene transfer has become famous
(Muzyczka N et al., 1992, Zhong L et al., 2004, Jayandharan GR et al., 2012). Capsids of
different serotypes can combine (package) recombinant viral genomes flanked by ITRs
of serotype AAV?2 to form ‘pseudotyped’ vectors. These are developed for many gene
delivery applications (Joshua C Grieger and R Jude Samulski, 2012). The AAV has a
linear ssDNA (single-stranded DNA) genome with a non-enveloped small capsid
(Muzyczka N.et al., 1992, Berns K I 1990). The genome is small, about 4.7 kb, and
consists of rep and cap genes flanked by two 145 bp long inverted terminal repeat (ITR)
sequences on both ends. With alternative splicing and two transcription initiation sites,
the rep gene directs the expression of 4 different Rep proteins that are important for the
life cycle of AAV (Naso MF et al., 2017). AAVs have minimal toxicity, low
pathogenicity, sustained viral persistence targeting specific cell and tissue types.

Packaging a cell/tissue-specific promoter enables Tissue-specific targeting.

1.7 Wound healing and scar development in a dish

Biomedical research involves understanding the diseases’ cellular and molecular basis to
develop cell-type targeted diagnostics and therapies. Mouse models are commonly used
vertebrates to achieve this on a laboratory scale. The use of animal models poses a
challenge for high throughput studies and the need for animal protocol development and
approvals. 3R principle of Reduce, Reuse, and Recycle of animal models encourage
alternative ex-vivo disease models. On the other hand, 2D monolayer cell culture models
and in-vitro 3D wound healing models such as 3D reconstructed human epidermis from
keratinocytes (Smits JPH et al., 2017) or scratch assays (Liang CC et al., 2017) often have
limitations as they are derived from single-cell types. These models are limited in
mimicking in-vivo disease outcomes. Some of the other 2D models include co-culture of
fibroblasts, endothelial cells, and keratinocytes from human keloid scars on a culture dish.

These are cultured on plastic surfaces on a culture dish, which drastically changes
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individual cell types’ behavior and functional outcomes (Seo BF et al., 2013). A
consolidated list of existing skin explant models currently available is summarized in

Table 1.

In between in-vivo animal and 2D monolayer/3D, in-vitro models are the 3D ex-vivo
tissue models—these possess both native structure and tissue architecture similar to in-
vivo, providing throughput capability of an in-vitro model. 3D ex-vivo disease models
enable co-culture of different cell populations to decipher the role of cell-cell, or cell-
ECM interactions, cellular morphology, chemical and physical forces experienced by
cells are in a more realistic microenvironment. 3D models recapitulate physiology and

disease (Jackson EL and Lu H. 2016, Hoarau-Véchot et al., 2018), (Fig. 4).

3D ex-vivo disease models are amenable for high-throughput studies, including small
molecule-based chemogenomics, monoclonal antibodies screening, functional assay
development, mutation biology and associated diseases, imaging of cell-cell and cell-
ECM interactions (Hoarau-Véchot et al., 2018). Moreover, recent advancements in live
imaging of tissues with unprecedented depth and details enable 3D disease models to be
widely used for understanding underlying biological mechanisms and disease

characteristics (Jiang D et al., 2020).

LRI
Monolayer Spheroid
Biological function -
Low High

Cell density

Figure 4: Advantages of 3D models over 2D monolayer culture (adapted from Hoarau-
Véchot et al., 2018).
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Reference Species Purpose of the assay Name of the model Transfectibilty = Neonatal or

Adult
Mendoza-GarciaJ etal., Human Evaluation of Photodynamic WHOC (Wound Healing No Adult skin
2015 therapy on wound healing Organ Culture)
XuWetal, 2012 Human Re-epithelialization HESC (human ex-vivo skin ~ No Adult skin
culture)
Corzo-Leon DE., 2019 Human To model skin fungal infections Ex-vivo human skin model No Adult skin
Genies C etal,, 2018 Human, Drug metablism and toxicity Pig, human skin explant No Adult skin
Porcine model
Alves DR., 2018 Porcine  Investigating burn wound Ex-Vivo Burn Wound Model No Adult skin
infection
Ng KW etal., 2010 Human Intradermal vaccination, tissue  Ex-vivo human skin model Yes, Microneedle Adult skin
integrity, Langehans cell facilitated DNA
behaviour delivery
Syed F etal., 2013 Human Evaluation of antifibrotic Keloid organ culture (OC) Yes, siRNA Adult Keloid
compounds in skin scarring model
Neil JE et al., 2020 Human Pharmacodynamic use, Skin Human Explant Skin Culture No Adult skin
irritant studies (HESC)
Kendall ACetal., 2017 Human Lipid functions in skin Human skin organ culture No Adult skin
model
Faway E et al., 2016 Human Modeling dermatophytosis Reconstructed human No Adult skin
epidermis
Attia-Vigneau J et al., Human To recapitulate aging-induced Skin explant model No Not stated
2014 dermal changes
Maboni G et al., 2017 Human Studying anaerobic bacterial 3D skin ex -vivo model No Adult skin
infection
Burd DA etal., 1990 Sheep  To investigate fetal wound In-vitro explant model No Sheep fetal
healing skin

Table 1: Summary of literature on ex-vivo skin models.

Corzo-Leon DE et al., 2019 showed that their explant model can be used to evaluate
responses from infections caused by fungus Trichophyton rubrum. They were able to
evaluate the effects using a broad range of assays such as gene expression anlysis by qPCR
and proteomic analysis. They employed imaging methods such as confocal and electron
microscopy, to evaluate skin cell viability and fungal morphology. Géni¢s C et al., 2018
made a one on one comparison of a porcine and human explant model and showed that
porcine skin is more competent metabolically. They proposed that procine skin explant
model can used as tool for studying the effect of small molecule candidate before testing
in human-derived tissues. Syed F et al., 2013 evaluated antifibrotic therapies and reported
the first functional evidence for testing antifibrotic compounds in keloid disease. Kendall
AC et al., 2017 using their model showed the effects of n-3 polyunsaturated fatty acids on
cutaneous ceramides present the in skin. Neil JE et al., 2020 sheds light on the fact that
vitro models can ease high-throughput and affordable evaluation of novel therapeutics,
but ex-vivo systems can better forsee both beneficial and unfavourable in-vivo effects.

Their model was stable over 9 days without any adverse physiological outcomes that were
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related tissue integrity, barrier function and metabolic stability. However, none of these
models showed mechanisms of scar developmet or molecular level manipulation of genes

to study fuctional outcomes of a particular target gene.
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2. Aim of the study

We aimed to develop an ex-vivo skin model to recapitulate scar

development in a dish.

Features of an optimal ex-vivo scar model

1.

Dermal tissue composition with native architecture consisting of different cell types
will be an ideal set up.

Optimal culture conditions that include cell culture media, duration of culture must
be closer to in-vivo scar formation timelines.

The model must be amenable for histological analysis such as biochemical and
immuno fluorescence-based analysis of the tissue.

The model must be transfectable to identify and validate molecular targets of scar
development.

The model must be amenable for imaging in great detail to understand fundamental
biological processes.

The model should be easily adapted to high-throughput workflows such as small
molecules, peptides, or antibody screening. This will potentially help in identifying

lead molecules in treating scars.
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3.

Results

3.1 Overview of the 3D ex-vivo scar models

Hanging drop comprised of dermal aspirates. Dermal aspirates were prepared using the
dorsal back skin of mice, which are >500um (see methods for detailed protocol), thus
comprising the skin’s tissue composition. Droplets of dermal aspirates were cultured in
a controlled environment using optimal fibroblast cell culture media, CO2, and O2 supply
(Fernandes IR et al., 2016). This method provided a means to generate tissue-like dermal
spheroids or cellular aggregates. The dermal aspirates are in direct contact with each other
and extracellular matrix components. There was no requirement for a piece of specialized
equipment. We termed the dermal aspirates or spheroids as “Dermastilla.” Histological
analysis was possible for molecular and biochemical analysis in this physiologically

relevant model.

SCAD is an ex-vivo skin tissue explant, a 2mm biopsy punch excised from newborn
mice’s dorsal back skin. It consists of epidermis, dermis, DWAT (Dermal white adipose
tissue), Panniculus Carnosus (P.C.) muscle, and subcutaneous fascia layers of the back
skin, thus incorporating various skin cell types and cutaneous layers that we could use to

study the multiple mechanisms of skin healing.

Most current explant techniques are tailored for studying epidermal healing and are not
suitable for studying scar formation processes (Table 1). For example, most assays lack
subcutaneous skin layers. Skin assays are also grown dermal side down, permitting scar-
precursors to vacate the explant. Current assays do not model or answer how scars
faithfully develop, why different skin locations react differently to injury, and how
different fibroblast lineages behave, leading to scarring or regeneration. Advanced ex-
situ skin assay that uniformly develops contraction and scars that could answer these

critical questions remains to be developed and standardized.

Whole explants of skin tissue maintained were optimized culture conditions to get the
best possible outcomes for recapitulating scar formation in a dish. Various methods were
tried, including culturing explants as floating in complete media, culturing by placing on

Matrigel as a support matrix, a sandwich of two explants that prevented bending of
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explants, fixing the explants on to the culture dish with in-vivo glue, and culturing on a
nylon membrane. Controlled cell culture conditions with optimal media and temperature
were used in all methods and histologically assessed for scar development processes such

as ECM deposition.

The ex-vivo skin explant is SCAD for “SCar-in-A-Dish,” which overcomes the above
limitations. Skin explants are all-inclusive of epidermal, dermal, and subcutaneous layers
and are grown dermal-side up. Under these conditions, explants maintained the cellular
complexity of native skin and developed scars with contraction within 5 days. We
combine SCADs with live imaging to witness how scars develop from their authentic

cells-of-origin for the first time (Jiang D et al., 2020).

3.2 Hanging drop model development

In the hanging methods, droplets of dermal cell aspirate are placed on top of the petri dish
lid, and the lid is placed on the dish. The droplets are hanging on the lid of the dish. Sterile
water was added to the dish to hydrate the chamber, preventing the drops from drying.
The aspirates later aggregate to form spheroids when placed in the form of a hanging drop
for over 5 days (Fig. 5 A and B). Dermal spheroids (Dermospheres), similar to organoids
in general, were termed “Dermastilla.” Dermastilla’s were generated in multiple droplets

and used for histological characterization.

Each Dermastilla was about ~200um. Before cryosectioning for histological analysis,
each Dermastilla was encapsulated in Matrigel for ease of handling. Haemotoxylin and
Eosin staining showed the presence of multiple cells (nuclei) within the organoid.
Immunofluorescence staining confirmed the presence of Fibronectinl positive cells on
day 5, suggesting that the majority of organoid has fibroblasts depositing matrix (Fig. 5
C). Dermastillas were further assessed for transfectability, and transfection carried out
using eGFP plasmid DNA. Although the organoid itself exhibited strong
autofluorescence, there were bright patchy spots of eGFP fluorescence in the transfected

Dermastillas (Fig. 5 D).
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Figure 5. Development of Hanging drop model overview. A. Scheme of “Dermastilla”
generation. B. (a) Photo showing Dermastilla hanging upside down on the lid of a Petri
dish. Each drop contains 20ul of dermal aspirates suspended in complete culture media.
(b) Representative bright-field image of a single Dermastilla. C. Histological assessment
of Dermastilla. (a). H and E staining showing multiple cells (as seen by nuclei staining
in blue ) on the outer periphery of the Dermastilla. Each Dermastilla is surrounded by
thin fibers of Matrigel that were used for encapsulation. (b) Immunofluorescence staining
of dermastilla. 3D spheroidal structure of dermastilla with multiple cells positive for
fibronectin. D. Dermastilla transfected using Lipofectamine 2000 and pMAX GFP
plasmid DNA. Autofluorescence was observed in both untransfected and transfected

samples. GFP transfection shows bright GFP spots marked by white arrows.
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3.3  ‘Scarin a dish’ model development

Skin explants developed consistent and robust scars with characteristics and cellular
complexity and developed uniform scars over 5 days (Fig. 6 A). The scars that developed
ex-situ were morphologically similar to in-vivo scars in terms of architecture,
extracellular matrix (ECM) composition, and cellular origins. Histologic sections
revealed masses of fibroblasts that developed increasingly, creating a plug of collagen
fibers. These plugs formed scars at the center of the skin when cultured for over 4 to 5
days. Re-epithelialization was seen when the epidermis gradually migrated over the skin
circumference, and on day 5, had covered the scar (Fig. 6 B) entirely. On day 4 of the
explant assay, immunolabelling of fibrillar matrix proteins fibronectin, collagen I, and
collagen III was found aligning in the scar region. Pdgfr positive cells were also found
populating in the scar center. These observations were consistent in both (culture by

floating and culture on Matrigel) the methods of culturing SCADs. (Fig. 6 C).

Histological analysis of explants cultured on Matrigel showed that these explants retained
small amounts of Matrigel, which interfered during the examination of extracellular
matrix components. Hence, the floating method of explant was used for all further
experiments, bypassing the need for Matrigel. The cultured explants generated scars that
resembled scars that develop in native physiologic skin wounds using the floating
method. As these explants served as a promising model to study scarring phenomena in

a dish, they were termed "Scar in a dish” or SCAD.

We further characterized the explants by 3D imaging of whole-mount SCADs in
unprecedented detail. Multi-photon microscopy allowed tissue imaging up to 500um and
enabled imaging of fixed whole-mount explants with a detailed overview of the cellular
architecture. Explants were immunostained for common ECM proteins, and we observed
enrichment of matrix proteins such as fibronectin, collagenl, and elastin in day 5 SCADs.
Fibrillar matrix proteins like fibronectins and collagen1 were abundant but with no elastin
protein, just like we see in animals’ scar tissue. The second harmonic signal from multi-
photon also enhances fibrillar collagens in the scar center (Fig 6. D). These SCAD
features allowed us to study various scar formation processes, thus recapitulating specific

processes of scar formation in a dish.
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Figure 6. Overview of SCAD model and histological characterization: A. Scheme of
SCar in A Dish (SCAD) assay. B. whole-mount bright-field images and Masson’s
trichrome staining with collagen blue of fresh SCAD (day 0) and after 5 days in culture
(day 5). Day 5 SCAD shows increased cell proliferation along with deposited collagen
fibers and re-epithelialization in the scar center. Day 5 shows a further increase in cells
in the scar center. C. Immunostaining of SCAD cryosections using fibroblast marker
PDGFRa and extracellular matrix proteins Fibronectin 1, Collagen 1, and Col3al. D.
3D Multiphoton images obtained post-whole-mount immunostaining of fibronectin (red),
collagen I (magenta), and elastin (green) in SCADs at low (upper panel) and high (lower
panel) magnification. Fibrillary collagens represented by second harmonic generation
(SHG, cyan) signal in SCADs at low (upper) and low (lower) magnification. Scale bars:
Scale bar: B=500um, D=100um upper panel, and lower panel=30um.

3.3.1 Molecular manipulation of SCAD

Next, to study gene function in a dish setting, we tested the SCAD’s ability to be
transfectable. Skin is one of the most challenging organs to be transfected. We employed
non-viral methods such as 1. Lipofection — Lipid mediated transfer, 2. Electroporation
uses electric pulses to create pores on the cell membrane, which in turn allows DNA

transfer into the cell. 3. Viral-based gene delivery methods such as the use of an AAV.

Lipofection transfected Whole-mount SCADs along with the use of pMAX GFP plasmid
DNA. Post transfection, SCADs were cultured for 72 to 96 hours, and GFP transfection
coverage was assessed by confocal imaging. Next, whole-mount SCADs were transfected
by electroporation and pMAX GFP plasmid DNA. SCADs were cultured for 72 hours,
and GFP transfection coverage was assessed by confocal imaging (see methods section
for protocol). These two approaches showed low transfection coverage, as seen by

confocal microscopy (Fig. 7. A).

To efficiently transfect SCAD, we next used Viral based AAV. AAVs can be produced
in an S1 laboratory (See attached document for guidelines from the German central

commission (ZKBS) for biological safety about the classification). We needed to choose
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the serotype with efficient skin tissue tropism among 12 commonly known serotypes of
AAYV viruses for transduction across multiple tissues. Hence, we first optimized the entire
workflow of production and purification of AAV particles using AAVpro HEK293T
producer cell line and reagents from Takara bio (Fig. 7 B and C, see methods for a detailed
protocol for generating high titer AAV ). We tested three serotypes, AAV serotype 5, 6,
and 8, for skin tissue tropism (Carmela Zincarelli et al., 2008). Histological analysis of
transduced SCADs confirmed AAV serotype 6 to have better transduction efficiencies.
We observed nearly 80% of the cells in the SCAR region were transfected (Fig. 7 D).
Low epidermal transduction was seen. Whole-mount SCAD transduction followed by 3D
deep tissue imaging using 2-photon microscopy further confirmed higher transduction

coverage of SCAD using AAV serotype 6 (Fig. 7 E).

A.

Lipofectamine-2000 Electroporation Invivofectamine 3.0
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Figure 7. SCAD Transfection approaches A. Cryosections of SCAD showing low
transfection efficiency in conventional methods such as Lipofection, Electroporation, and
use of an alternative Lipofection based reagent called. Invivofectamine 3.0. B. Overview
of AVV generation and purification workflow. C. Scheme of AAV production,
purification, and downstream quality control processes. D. Transduction of SCADs with
the AAV6 eGFP virus. Good transfection efficiency is seen in the center of the SCAD,
where the scar forms. E. The whole-mount image of AAV6 eGFP transduced SCAD
Whole-mount image taken using Multiphoton microscope, showing eGFP transduced

cells in SCAD. E- Epidermis, D-Dermis, SR-Scar Region. Scale bar:100um,

3.3.2 Molecular manipulation of SCAD by AAV and CRISPR -Cas9

Next, we combined both AAV and CRISPR-Cas9 approaches, enabling functional
validation of the target gene such as N-cadherin (Jiang.D et al., 2020). Engrailed positive
fibroblasts (EPFs) contribute to scar formation in adults (Rinkevich et al., 2015; Jiang D
et al., 2018). Upon live imaging of SCADs from Engrailed1(Enl+) Cre positive mice, we
observed swarming and aggregation of fibroblasts during movement to the scar center
(Jiang et al., 2020). Fibroblast aggregation requires cell-cell adhesion. To determine
which adhesion molecule specifically was involved in swarming, we tested a panel of
candidates for co-localization with EPFs in the scar area. Interestingly a one-to-one co-
localization of N-cadherin was found (Fig. 8 A). Among other adhesion molecules, such
as integrins, failed to co-localize. How- ever, the downstream effector of N-cadherin, a-
catenin, did co-localize with fascia EPFs and N-cadherin in the scar area, consistent with
a potential role for this molecule in swarming and scarring. Full-thickness wounds were
generated to test if our findings from SCADs occur in animals. We found that N-
cadherin’s upregulation in in-vivo wounds mimics the N-cadherin expression found in

SCADs (Jiang D et al., 2020).

We combined the Adeno associated viral approach and CRISPR cas9 gene-editing
technology to efficiently knock out the N-Cadherin gene in Enl positive scar-forming
fibroblasts. Multiple guide RNAs were designed against exon 1 of the murine N-cadherin

gene. We generated high titers of the AAV6-eGFP-NCadherin-gRNA virus and AAV6-
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eGFP control virus to knock out N-cadherin in SCADs. See methods for a detailed

protocol for producing and purifying high titer AAV for ex-vivo and in-vivo application.

SCADs were made from full-body Cas9 mice to knock out N-cadherin ex-vivo.
Transduction was carried out using AAV6-gRNA GFP virus and AAV6-GFP control
viral particles (see methods for transduction protocols). We observed a significant
reduction in N-cadherin expression in the gRNA transduced SCAD (Fig. 8 B) compared
to control SCAD.

A.

N-cadherin Control N-cadherin,gRNA

Figure 8. N-Cadherin knockdown ex-vivo and in-vivo by combining Adeno associated
viral approaches and CRISPR- cas9 gene editing reduced scar formation. N-cadherin
was locally knocked out around wounds on Ncad ™' mice by injection of Cre expressing
the AAV6-Cre-GFP virus. AAV6-GFP virus served as control. (A) whole-mount 3D
immunolabeling of N-cadherin (magenta) in Enl Cre positive SCADs. EPFs co-localize
with N-cadherin. (B) Whole-mount immunostaining against N-cadherin in control, as

well as AAV6-N-Cad-gRNA, transduced SCAD. A. and B. Scale bar:100um.

To knock out N-Cadherin in-vivo, we injected AAV6 viral particles expressing Cre
recombinase into the fascia surrounding wounds in N-cadherin floxed mice (Ncadfl/fl),

which contains loxP sites flanking exon 1 of the N-cadherin gene. Upon histological
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analysis, the transduced Cre-expressing fascia fibroblasts around wounds showed loss of
N-cadherin expression. Cre- expressing virus resulted in a 65% reduction of N-cadherin
expression in the scar region when compared to control (Fig. 8 C, D and E). Quantitative
analysis revealed reduced scar area and width evidenced by whole-mount macroscopic
(Fig. 8 F and H) and histologic analyses compared to the control virus (Fig. 8 G and I).
More notably, in the histologic sections, transverse views of scars demonstrated the
centripetal pattern of collagen fibers in the scar’s center and were disrupted by the N-

cadherin knockout (Fig. 8 H).
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Figure 8. (C-1): N-cadherin knockdown ex-vivo and in-vivo by combining Adeno
associated viral approaches and CRISPR- cas9 gene editing reduced scar formation.
(C and D) In-vivo data with N-cadherin’s immunolabeling on transverse cross-sections
of harvested scars on AAV6-Cre-GFP (knock out) and AAV6-GFP (control) treated scars,
14-dpi. GFP indicates transduced cells. Dash lines outline the scar edges. E.
Quantification of N-Cadherin expression in GFP+ cells. F. stereomicroscopic images of
AAV6- Cre-GFP and AAV6-GFP treated scars at 14-dpi. The yellow dash lines indicate
the scar edge. G. Quantitative analysis of scar area (Mean = S.D., n = 8, p = 0.0002,
unpaired two-tailed t-test and area . H. Masson’s trichrome stained vertical (upper
panel) and transverse (lower panel) sections from AAV6-Cre-GFP and AAV6-GFP
treated scars. The dash lines indicate scar width. I. Quantitative analysis of scar width
(Mean + SD, n = 5, p = 0.001, unpaired two-tailed t-test ) n=4 animals, 2 wounds per
animal. scale bars: C, D, F, H =500um.

To further confirm N-cadherin’s essential role in collective migration, leading to scarring,
we used an independent strategy to locally knockout N-cadherin using CRISPR-Cas9. To
do this, we used a constitutively expressing cas9 mice, called full-body cas9. AAV6 viral
particles expressing guide RNA targeting murine N-cadherin in exon one or control GFP
virus were injected into wounds of full-body Cas9-expressing mice. We did not observe
any potential side effects after injecting AAV6 N-Cadherin gRNA GFP or AAV6 GFP

control virus. Immunofluorescence analysis showed N-cadherin downregulation
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substantially (Fig. 9 A) compared to control animals that received the AAV6-GFP virus.

We also observed a reduced scar size in animals, as shown macroscopically and

histologically (Fig. 9 B). Quantification from multiple experiments further displayed a

reduction in scar width and area to confirm N-Cadherin’s role in scar formation (Fig. 9 C

and D).
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Figure 9: Local knockout of N-cadherin in wounds on full-body Cas9 (R26Cas9) mice
by AAV'6 viral particle expressing guide RNA specific to mouse N-cadherin (AAV6-
NcadgRNA-GFP). A. AAV6-GFP transduced wounds served as controls.
Immunofluorescence images of scars transduced with AAV6-GFP control virus (upper
panel) or with AAV6-NcadgRNA GFP virus (lower panel), harvested 14-dpi. B.
Representative stereomicroscopic images of AAV6-Ncad-gRNA-GFP and AAV6-GFP
treated scars at 14-dpi. The yellow dotted lines indicate the scar edges. Lower panel
shows, Masson’s trichrome staining of AAV6-Ncadg-RNA-GFP and AAV6-GFP treated
scars. The orange dotted lines indicate scar width. C. Quantitative analysis of scar area.
Mean = SEM, p = 0.0002, unpaired two-tailed t-test. D. Quantitative analysis of scar
width. Mean £ SEM, p = 0.0046, unpaired two-tailed t-test. n=6 animals for gRNA
treatment, n=5 animals for control. 2 wounds per animal. Scale bars: A=100um, B,

C=500um.
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Discussion

Several ex-vivo skin models have been developed to study human wound healing (Table
1). A reliable skin model, which recapitulates human wound repair features, is essential
for the clinical and mechanical investigation of human cutaneous wound healing. Full-
thickness skin ex-vivo models have been used in wound healing studies. However, most
of these models focus on keratinocyte growth, migration, proliferation, and re-
epithelialization ( Moll I et al., 1998, Forsber S and Rollman O 2010, Stoll SW et al.,
2003, Lu H and Rollman O 2004, Mazzalupo S et al., 2002, Frade MA et al., 2015,
Peramo A and Marcela CL 2013). All of these models and existing exvivo models
summarized in table 1, focus on wound healing and do not go deeper into studying
mecanisms of to scar development. Here, we developed two independent ex-vivo models
for recapitulating processes from wound healing to scar formation. The hanging drop
method that gave rise to “Dermastilla” was not characterized for scar development
processes and hence not pursued in further studies. The resultant organoid “Dermastilla”
did not perform on par with the SCAD model in maintaining dermal tissue architecture
and cellular interactions. The tissue explant model termed SCAD “SCar-in-A-Dish”

maintained dermal tissue composition and architecture that a native skin would possess.

Most of the existing wound healing models (see table 1) currently lack transfectability.
Work by Syed F et al., 2013 and Ng K.W. et al., 2010 involved transfection with siRNA
and microneedle based DNA delivery into human skin, respectively. Fewer studies report
electroporation for gene delivery into the skin (Gothelf A and Gehl J 2012, and 2014,
Amanthe DH et al., 2015, Broderick KE et al., 2012). Our efforts on electroporation did
not show good transfection efficiency, and the viability of the tissue was compromised.
However, on the other hand, SCAD was amenable for Adeno associated virus-mediated
gene delivery and was successfully transduced. We were also able to modify and alter the
function of the target gene at a desired location. We combined the AAV transduction and
CRISPR Cas 9 based gene knockdown strategy, that no other model offers at the moment.
Based on the ex-vivo and in-vivo findings, we show that N-Cadherin expressed on scar-
forming fibroblasts is crucial for scar formation and efficiently knocking down its

expression reduced scar width and area.
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Existing models are mostly full-thickness skin samples derived from abdominoplasty or
breast reduction procedures where the sample can be limited to carry out high throughput
studies. SCAD model offers advantages and is amenable for high throughput screening
of small molecules, antibodies, target identification, and validation studies. SCAD assays
will be invaluable for screening and testing drugs. Using our innovative ex-vivo model
for scarring, a drug discovery pipeline will deepen the investigation of interactions where

scarring could be inhibited directly on the mouse or human skin.

The SCAD model also proved advantageous that enabled live imaging from mice with
genetically traceable cell lineages. Enl+ fibroblasts (EPFs) are the scar-forming cell
types; along with them are many different cell types in the skin contributing from wound
healing to scar formation. The current model explains wound healing in mammals through
cross-talk between fibroblasts and the wound granulation tissue. This model shows that
fibroblasts contract wounds via their differentiation into myofibroblasts within the
granulation tissue that is formed. Granulation tissue from myofibroblasts pulls the matrix
fibers internally to provide a contractile force that facilitates wound healing (Gabbiani et
al., 1971, Hinz B et al., 2012). Our analysis also shows that scarring cells are not locally
transformed into scar-prone cells but rather belong to a pre-committed cell lineage (Enl
lineage). These cells are selectively relocated into the formative scar by swarming
behaviors (Jiang et al., 2020). Further, our analysis shows that fibroblasts transform into
contractile cells by increasing their intracellular contacts via N-Cadherin, and not by their
association with granulation tissue, as was previously proposed (Rinkevich Y et al.,

2015).

Our findings also carry potential clinical significance. Strategies that inhibit the collective
migration of fibroblasts, such as with the N-cadherin knockdown using CRISPR-Cas9 or
N Cadherin blocking peptide (Jiang D et al., 2020), could lead to new therapeutics for
preventing or reducing scar formation and contractures in human skin wounds. Using the
SCAD model and other experimental approaches like single-cell transcriptomics, time-
lapse imaging, migration behaviors, and functional studies, we uncovered the extent of
cellular plasticity of dermal white adipocytes and Enl+ fibroblasts response to injury in

the next chapter.
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Summary

Adult connective tissues rearrange themselves during injury, disease, and aging. This
response is widely considered to involve cross-lineage conversion between two
differentiated stromal cell types: fibroblasts and adipocytes. Here, we directly explore the
potential plasticity of these cells after injury in the skin. Using genetic tracing, live
imaging, and computational tracking of the two cell lineages in mice, we observe that
injury induces a transient migratory cell state in adipocytes with vastly distinct cell
migration patterns and behaviors from fibroblasts. Furthermore, migratory adipocytes do
not contribute to scar formation. They remain non- fibrogenic both in-vitro, ex-vivo, and
upon transplantation into wounds in animals. Using single-cell transcriptomics, we
confirm that adipocyte and fibroblast lineages undergo separate differentiation pathways
after injury, avoiding cross-lineage conversion. In summary, we have uncovered a
transient migratory cell state in adipocytes that remains lineage-restricted and does not
converge, overlap with, or reprogram into a fibrosing phenotype. These findings broadly
impact basic and translational strategies in the regenerative medicine field, including

clinical interventions for wound repair, diabetes, and fibrotic pathologies.
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Introduction

Cells undergo a gradual stepwise restrictive specification during embryonic development,
acquiring lineage-specific differentiation fates to become specialized adult cell types.
This gradual segregation of cellular potential during development is thought to be
restrictive and maintained into, and throughout, adulthood (Spickard EA et al., 2018).
However, many studies have challenged this notion and called lineage-restriction into
question by proposing that fully committed cells can respond to tissue challenges, such
as injury, disease, or aging, by acquiring new fates. This phenotypic adaptability is termed

plasticity.

The prototypical example of plasticity is the terminally differentiated stromal
mesenchymal cell (Merrell AJ et al., 2016). Mesenchyme includes mature adipocytes and
fibroblasts, which have been proposed to cross-convert between lineages in response to
tissue challenges in the skin and internal organs of both mice and humans (table 2). The
impact of lineage interplay between adipocytes and fibroblasts is evident clinically in
numerous disorders. In diabetes, complications associated with the disease include
chronic wound healing and fibrotic pathologies such as renal disease and diabetic

retinopathy (Ban CR et al., 2008).

Lineage interplay between adipocytes and fibroblasts is also evident in fibrotic induction,
irrespective of an organ. Loss of dermal adipose tissue and adipogenicity in favor of
expanding stromal fibroblasts responsible for ECM deposition are consistent fibrosis
features in both mice and men. This is exemplified in skin biopsies from patients with
systemic sclerosis (Adigun R et al., 2020). Similar imbalances in the adipocyte: fibroblast
stromal environment is seen in obese or diabetic patients undergoing fibro-inflammation
in their adipose tissue, where adipocyte numbers decrease in favor of fibroblasts, a
transition that is associated with fibrosis and scar formation within the connective tissues

(Buras ED et al., 2019, Contreras O et al., 2019).

The relevance of changing cellular ratios and phenotypes of fibroblasts and adipocytes
within organ systems extends far beyond diabetes and fibrotic disease. However,

increased frailty and deterioration in organ function have been directly linked to changes
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in adipose and fibroblast communities with age (Mahmoudi S et al., 2019, Tchkonia T et
al., 2010). There is a clear need to delineate further each cell lineage’s role in tissue

homeostasis and repair.

Three main hypotheses have been proposed as to how cells may transition between
lineages: de-differentiation (and re-differentiation), (direct) trans-differentiation, and
heterotypic cell fusion (Jopling C et al., 2011). (i) De-differentiation is where a cell loses
its lineage-specific differentiation state and reverses into a more immature cellular state,
sometimes associated with a multi-lineage differentiation potential, as seen in adult
stem/progenitor cells. (ii) Trans-differentiation is the transition from one lineage to
another either directly or indirectly, i.e., de-differentiation followed by subsequent re-
differentiation. (iii) The third conversion mechanism, heterotopic cell fusion, involves
merging two terminally differentiated and functionally distinct cell types. This form of
fusion results in forming a hybrid cell with the combined functions of both precursor cells

and has been shown to occur in low frequency during injury (Johansson CB et al., 2008).

Most reported observations of interchangeability between fibroblasts and adipocytes had
been based on one cell type acquiring markers associated with the other, e.g., fibroblasts
expressing Perilipin-1 (Plinl) or adipocytes expressing alpha-smooth muscle actin
(Acta2). However, these markers are insufficient to establish the identity categorically
(Blasi A etal., 2011, Denu RA et al., 2016). Designating plasticity has equally relied on
morphological changes, for example, between round and lipidated adipocytes to flat
bipolar fibroblasts. However, the phenotype can also be deceptive, as mature adult
adipocytes can shed their lipid content under certain metabolic conditions making them
even harder to distinguish from fibroblasts. Such fluidity in the homeostatic properties of
adipocytes means that a more in-depth characterization of the molecular and
cytostructural changes involved in response to injury is needed to definitively
demonstrate cellular plasticity. Cellular identity is not just a construct of markers and
morphology. Formal proof of physiological plasticity requires observing a defined mature
cell losing its cellular identity and functions and metamorphosing into a distinctly
different cellular identity with new 4 functions. Such changes are, in the main, inherently
achieved through transcriptional regulation, characterized by the loss of mature
differentiation markers (as for de-differentiation), the expression of immature cell

markers, and acquisition of a new transcriptional landscape (as for trans-differentiation),
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supporting the attainment of these new functional properties (Wagers AJ and Weissman

IL. 2004).

Plasticity feature
Adipose . .
Reference | tissue l\l/}’[lgrl::tllon/ Experimental evidence Claim(s)
. . .. . .. orphology
location
Adipogenicity | Fibrogenicity (Time lapse
imaging)
Trancriptional profile of FACS sorted CD26+ Wound associated
Shook et Myofibroblasts displayed aSMA and Extracellular |adipocyte-to-
al., 2020 DWAT yes no ns matrix profiles similar to that of AdipoQ traced  |Myofibroblast
cells. conversion
AdipoChaser meQ lineage tracing showed: 1. 1. Adipocyte
Z. Zhang Newly generated adipocytes that were Pdgfra+ . .
. . dedifferentiation;
and M. (Adipocyte precursor marker) and 2. Bleomycin
DWAT yes yes ns . . |and 2.
Shao et al., treatment of these mice, later showed a population . L
2019 of newly formed adipocytes that had aSSMA+ transdifferentiation
Y pocy into Myofibroblasts
expression.
Myofibroblast reprogramming by neogenic hair
Plikus M et fol‘hcles and BMI" S}gnalllng, led to activation of Regeneration of fat
al. 2017 DWAT yes yes ns adipocyte transcription factors. Denovo from Myofibroblasts
v adipocytes regenerated from 1. Sm22 (Tagln) and ¥
2. Acta2 (aSMA) positive myofibroblasts.
1. Mice with Bleomycin induced fibrosis had loss
of DWAT, loss of adipocyte markers and gain of
Marangoni [DWAT and ﬁbfotlc marker gene expression. 2 Human‘ Adipocyte-to-
etal 2015 | ScWAT yes yes na adipose derived progenitor cells induced with myofibroblast
” TGFp showed Collal and aSMA expression. 3. |tansition(AMT)
Bleomycin induced AdipoP transgenic mice
showed co expression of aSMA and Plinl.
Vivek D. Adipose In-vitro stimulations with TGFf or bFGF of Adipocyte-to-
Desaietal.,,| derived yes yes in-vitro  |adipose derived stem cells showed aSMA and fibroblast
2014 stem cells ECM protein expression conversion
Schmidt B 1. Lipoatrophic fatless mice showed defect i ala dipocytes
A and fibroblast recrucitment in to wounds. 2. Inhibition activate fibroblast
DWAT yes yes ns of PPARY and adipogenesis decreased AP R
Horsley V, . production in skin
(Adipocyte precursor) number and aSMA+
2013 wounds
Myofibroblasts
Antonio Mammary gland alveolar cells gave rise to pink L
. . .. . White -pink
Giordano et| ScWAT yes na ns adipocytes that were originally derived from lastici
al., 2014 transdiffrentiation of SCWAT p ty
Bone marrow tranplantation experiments showed.
Christian F. 1. Bone marrow derived Hematopoietic stem cells Hematopoetic-to
Guetrrero- DWAT o o s (HSC:s) cells gave rise to Fabp4+ and Retn+ cells adi oselljinea o
Juarez et ¥ ¥ (Fabp4 and Retn are Adipocyte markers). 2. cmz:rsion g
al., 2019 Sm22+ cells gave rise to Myofibroblasts with
myeloid features
Skin wounds had multiple myofibroblast subsets, .
. . Adipocyte
Shook et of which one subset predominantely showed rogenitor (AP) o
al. 2018 DWAT yes yes ns Adipocyte progenitor (AP) profile. 1. APs were I;A i fibroblast
? CD26 high. 2. CD301b+ macrophages promoted cozlversion
AP proliferation through PDGF-C and IGF)

ns- not shown, na- not applicable, DWAT- dermal white adipose tissue, scWAT- subcutaneous adipose tissue, FACS- fluorescence-activated cell
sorting (FACS), BMP- bone mophogenic protein, aSMA - alpha smooth muscle actin, Tagln- transgelin, CD- cluster of differentiation, bFGF-
basic fibroblast growth factor, Retn- resistin, Fabp4- fatty acid binding protein 4, PPARY- peroxisome proliferator-activated receptor gamma,
PDGF-C- platelet derived growth factor C, IGF-insulin- like growth factor.

Table 2: Status of adipocyte plasticity examined in previous studies
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3. Aims of the study

We aimed to validate whether or not mature dermal adipocytes remain lineage-
restricted or undergo de-differentiation into a precursor cell type or undergo
transdifferentiation to a fibrogenic state in response to injury. Illustration (Fig. 10)

and the points below summarizes the research questions.

1. To do a thorough molecular level characterization of dermal adipocytes and fibroblasts
that proves or disproves cellular plasticity between the two cell types.

2. Spatially and temporally delineate the behaviors of dermal adipocytes in the ex-vivo
'SCar in A Dish' model in response to injury.

3. To find out the occurrence of any cell fusion events between adipocytes and
fibroblasts.

4. Establish a comparative migration dynamics of adipocytes and fibroblasts in response
to injury.

5. Validate the role of adipocytes in extracellular matrix deposition during scar

development.
Homeostasis Scar development
L iy
} S
Myofibroblast Activated
myofibroblast
. or
Mature DWAT N\ — Fibroblast
adipocyte

Fibroblast like N

Reverting back to
Round Adipocyte

Figure 10. Cartoon showing the two possible fates of mature adipocytes from
homeostasis to scar formation. The research question was to address which of the two

conversions of an adipocyte is likely to occur in response to an injury signal.
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Results

4.1 Fibroblasts and adipocytes retain their cell lineage

identities after injury

To directly address a potential phenotypic convergence of adipocyte and fibroblast
lineages, we performed single-cell RNA-seq experiments. To ensure analysis of fully
differentiated fibroblasts, we employed a fibroblast-lineage specific reporter (Enl1<),
labeling a subpopulation of fibroblasts termed EPFs (Engrailed-lineage positive
fibroblasts) that we have previously demonstrated to be the fibrogenic cell lineage
responsible for scar formation in the back-skin (Correa-Gallegos D et al., 2019, Jiang D
et al., 2018, Rinkevich Y et al., 2015). Mature adipocytes were tracked using an
adiponectin lineage-specific reporter (Adipoq®™®), a hormone involved in regulating
glucose levels and fatty acid breakdown, and an essential biomolecule for anti-diabetic
clinical interventions (Straub LG and Scherer PE, 2019). The two lineage-specific
transgenic lines were individually crossed to a double-color fluorescent reporter
(R26™TmG) " thereby marking mature adipocytes and fibrogenic cells with membrane-
bound green fluorescent protein (GFP) in two separate transgenic reporter mice. Skin
explants were harvested from both adipocyte (Adipoq®®; R26™T™G) and fibroblast
(En1¢re; R26™TmY) double- transgenic reporter mice, at various stages post-injury,
followed by purification of adipocytes and fibroblasts for single-cell RNA-seq (scRNA-
seq) (Fig. 10 A) (Bagnoli JW et al., 2018, Parekh S et al., 2018, Dobin A et al., 2012).

A.
Dorsal back skin i
2mm punch |
S Scar v /)\\:\
—» RD > - e e LN
Cre+ 0- 5dayexplant  Explant Single cell GFP+ mcSCRBseq
culture Day 1and 4 SUSpenSiOn sorting zUMIs pipe“ne

Figure 11. A. Schematic of ex-situ explant scar development assay using SCAD and molecular
crowding single-cell RNA barcoding and sequencing workflow.

In two-dimensional uniform manifold approximation and projection (UMAP)

embeddings of the single-cell transcriptomes, the two lineages are largely separated but
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with partial overlap (Fig. 11 B). The overlap was mainly observed on day 4 after initial

wounding (Fig. 11 C). We used Louvain clustering analysis to characterize the

heterogeneity of cell states within the two lineage-labeled populations of single cells.

After removing one small cluster of cells within the En1¢™ labeled lineage, which was

clearly not fibroblastic (Fig. 11 D, E), we observed six distinct sub-clusters of cells in

each of the Adipoq®™ and the En1¢ lineage (Fig. 11 F, G). All twelve cluster identities

have highly distinct marker genes and distinct enriched gene categories (Fig. 11 H).
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point of extraction. D and E. Removal of adipocyte population from whole Enl+
populations. Neonatal skin adipocyte gene expression data from Mouse Cell Atlas
(MCA)(Han X et al., 2018) was scored against Enl+ data set. D. Enl grouping on day 1
and day 4 of scar explant assay: scoring of an adipocyte gene signature from MCA
neonatal skin on Enl data; Louvain clustering was used to identify adipocyte-enriched
clusters. E. Enl Louvain clustering with adipocyte expression on cluster 1 and 9;
adjacent is a box plot displaying adipocyte score in a specific cluster. F. Six distinct sub-
clusters of cells in Adipoq“™ lineage across day 1 and day 4. G. Six distinct sub-clusters
of cells in Enl® lineage across day 1 and day 4. H. Heatmap showing top 10 marker

genes in each of the 12 cell clusters across fibroblast and adipocyte lineages.

Next, we used Pearson’s correlation co-efficiency and measured the magnitude of
relationships between the twelve clusters (Fig. 11 I). This analysis indicated that the
twelve clusters did not overlap or converge and remained separate. Despite signature
variability within lineages, the two lineages stayed distinct and clustered apart under all

experimental conditions.

Adipocytes Fibroblasts
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Figure 11. 1. Similarities of marker gene signatures for the 12 cell states (6 states per
lineage) along with the relative frequency of each cell state per time point. Color indicates
Pearson correlation coefficients for each pairwise comparison across 12 transcriptional

cell states in adipocyte and fibroblast lineages.

These data indicated that adipocyte and fibroblast lineage signatures are not lost in the

injury setting. We identified a core set of 88 definitive adipocyte genes and 198 definitive
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fibroblast genes that remained specific to both lineages in the injury setting (Fig. 11 J).
Gene ontology (GO) gene set enrichment analysis confirmed that the core set of adipocyte
genes was significantly enriched for terms such as “fat cell differentiation” and “lipid
metabolism” (Fig. 11 K). In contrast, the fibroblast core gene set was significantly
enriched for extracellular matrix genes (Fig. 11 L). Further, we compared GO terms of
adipocytes enriched for adipogenic processes with fibroblasts and compared GO terms of
fibroblasts enriched for fibrogenic processes with adipocytes. As expected, both cell types
showed restricted enrichment (Fig, 11 M and N)

The adipocyte core signature contained genes such as Pyruvate dehydrogenase lipoamide
kinase isozyme 4 (Pdk4), a gene involved in reactive oxygen species (ROS) production,
which has a vital role acting as a second messenger recruiting immune cells, as well as
defensive against invading bacteria at the site of injury (auf dem Keller U et al., 2006,
Townsend LK et al., 2019). Core adipocyte markers also included Orosomucoid 1
(Orm1), known to be immunomodulatory, Stearoyl CoA desaturase 1 (Scdl), which is
involved in fatty acid biogenesis and Serum amyloid A 3 (Saa3), which is responsible for

acute phase response and is induced by pro-inflammatory stimuli (Fan Y et al., 2019).

Fibroblast core signature genes included Bone morphogenetic protein 7 (Bmp7), which
is likely involved in ECM degradation, Insulin-like growth factor binding protein 5
(Igfbp5) involved in ECM production promoting fibrosis (Nguyen XX et al., 2018), and
Nerve growth factor (Ngf), known to promote myofibroblast differentiation (Liu Z et al.,
2019, Palazzo E et al., 2012). This indicated that definitive adipogenic and fibrogenic
lineage markers are not lost during injury (as assumed in de-differentiation), nor are they

re-acquired in alternative lineages (as assumed in trans-differentiation).

To further address this lineage restriction at the pathway level, we scored transcriptomic
signatures of both adipocytes and fibroblasts against a selected set of pathway gene lists
taken from the RT2 profiler PCR array (n=84). We found that fibroblast signatures were
enriched for fibrogenically active pathways like ECM and adhesion molecules, fibrosis,
wound healing, focal adhesions, etc. In contrast, adipocytes were enriched for adipogenic
pathways such as fatty acid metabolism, Lipoprotein signaling and cholesterol

metabolism (Lscm), Peroxisome proliferator-activated receptor gamma (PparY) targets,
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etc. Furthermore, adipocytes were enriched in defense related antiviral, antibacterial, and

anti-fungal pathways (Fig. 11 O).
J.

Orm1l
Ubd
Retn
Adipog
Pdk4
Apocl
Adig
Cda
Mupl5
Car3
Scdl
Mupl3
Pexlla
Gpdl
Cidec

Bmp7
Egfi6
lgfbp5
Nptxr 1.0
Igfop2
Semaba
Fbn2 0.8
Sh2d3c
Ksr2 0.6
Col26al
Enl 0.4
Lama2
Gria3 0.2
Dcbld2
Hmenl 0.0

fat cell differentiation

-
w

©w

brown fat cell differentiation

n
(-3

extracellular space

regulation of lipid metabolic process

white fat cell differentiation

°’C)_.I
o

respirasome

-
w

response to bacterium

~

triglyceride metabolic process

lipid metabolic process

-]

n
-

pos reg. of cold-induced thermogenesis

w

high-density lipoprotein particle

n
w

extracellular region

-
n

fatty acid metabolic process

manacarh acid matahalic procass

©w

regulation of lipid localization

n
>

small molecule metabolic process
cellular lipid metabolic process

-
@®

-
o

©

pos reg. of lipid metabolic process

lipoprotein particle -5
plasma lipoprotein particle -5
oxidation-reduction process - 17  gene ratio

protein-lipid complex -5 0.3
acylglycerol metabolic process -7 0.2
response to external stimulus - 23 0.1

neutral lipid metabolic process -7

0 5 10 15 20
-log(FDR)

extracellular matrix _ 22
microfibril 5
extracellular region _ 37
collagen-containing extracellular matrix _ 17
reg. of multicellular organismal procesa - 61

extracellular matrix structural constituent - 1"

extracellular space - 29

regulation of developmental process - 54
protein binding - 123
regulation of cell migration - 26
ragulation of hinlagical procass - 134
regulation of cell motility - 26
reg. of multicellular organismal development - 44
requlation of locomotion - 26
cellular component organization or biogenesis - 75
cellular component organization - 74
plasma membrane - 63
cell adhesion - 21
regulation of cellular component organization - 47
cell morphogenesis involved in differentiation -9
biological adhesion - 21

gene ratio
regulation of cellular component movement - 26 Bo.15
pos. reg. of multicellular organismal process - 38 0' 10
biological regulation - 136 0.05
regulation of cellular process - 126
0 3 6 9
-log(FDR)

48



@ Adipocytes vs A Fibroblasts A Fibroblasts vs e Adipocytes

. . A
— electron transport chain 4 ® ; ; ?0 response to cytokine ®ii g
& | oxidation-reduction process @ @ A25 a __ celimigration OA15
< response to bacterium 4 @ @ A3S & cell surface receptor signaling pathway ®A 20
2 ATP metabolic process 2 @ P @ "9:90“59 '0.9"0‘”“"' faitor ok Jene ovetiap
@ lipid metabolic process ) @ gen fibril org IZation o A
g fat cell differentiation » @ 8 cellular response to .TGFB st!mu!us oA ;
E lipid localization 2~ @ _16’ o extracellular matrix organization oA -10
o detoxification 4o @ @ % ameboidal-type cell migration QA 3
S | cold-induced thermogenesis 4 ® 10" 3 e collagen metabolic process 0 A o2 8
2 response to stress , & > cell population proliferation i) -10 3
;g‘ defense response -10° g _g cell adhesion g %
<C | fatty acid metabolic process 4 @ 2 i chemokine secretion o Ali0* &
temperature hor isa @ 107 < cell activation G %
‘e response to hyperoxia &  J | - smooth muscle cell migration o4& &
0.0 0.1 0.0 0.1 10
gene ratio gene ratio

%—* r'Tg'T._—IFa_.
..IIII.I...IIIH

Adipocytes day 4 ~"—

=S

Adipocytes day 1
Fibroblasts day 4
Fibroblasts day 1

Enrichment Score

[~
1

» & &

Figure 11. (J-0). J. The heatmap shows the relative expression of the indicated genes
across cell states and lineages and core signature genes distinguishing adipocytes from
fibroblasts. K. Gene set enrichment results in an adipocyte core signature gene list (88
genes). L.Gene set enrichment results in a fibroblast core signature gene list (198 genes).
M. Comparison of gene ontology terms from cluster A2 (enriched for Adipogenic
processes) with Fibroblasts. N. Comparison of gene ontology terms from cluster F2
(enriched for Fibrogenic processes) with adipocytes. O. Pathway analysis of adipocytes
and fibroblasts on day 1 and day 4.

Next, we focused on the individually clustering injury-response differentiation
trajectories of adipocytes and fibroblasts. Mature adipocytes (cluster A2) were
characterized by high metabolic activity and lipid biogenesis, i.e., by expressing the
Complement factor d (Cfd), Adiponectin (Adipoq), Perilipinl (Plinl), and Resistin (Retn)
genes (Fig. 11 H). Interestingly, adipocyte cluster A1 was enriched for a gene signature
consistent with a migratory phenotype, embellished with active cytoskeletal remodeling,

including increased expression of Was/Wasl interacting protein family member 1
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(Wipfl), Tripartite motif containing 44 (Trim44), Opticin (Optc), and NLR family
apoptosis inhibitory protein 6 (Naip6). It was this adipogenic cluster that appeared
transcriptionally closest to fibroblasts (Fig. 11 N). Still, migratory adipocytes (cluster A1)
could be consistently distinguished from fibroblast subpopulations based on their
expression of adipogenic markers such as Cfd (Fig. 11 P), an adipokine involved in cell
signaling and insulin secretion, and Cidec (Fig. 11 Q), a gene encoding cell death activator
CIDE-3 and involved in lipid droplet enlargement. Together, these data indicated that
mature adipocytes might undergo rearrangement and active remodeling of cytoskeletal
actin filaments during injury, reminiscent of a migratory mesenchymal cell, while still
retaining the definitive adipogenic-lineage markers and not acquiring the definitive

fibrogenic-cell markers.

Analysis of cell states within the fibroblast lineage identified enrichment for several
different biological processes (Fig. 11 O). Fibroblast cluster F1 was enriched for cell
migration associated genes such as Vav guanine nucleotide exchange factor 2 (Vav2),
Slingshot protein phosphatase 2 (Ssh2), Myosin light chain kinase (Mylk), Unc-51 like
kinase 4 (Ulk4), IQ motif containing GTPase activating protein 1 (Iqgapl). It was
transcriptionally the closest fibroblast cluster to the migratory adipocyte cluster. We
identified a state consistent with fibrogenic gene expression (cluster F2), including
Collagen type 1 alpha 1 chain (Collal), Collagen type 3 alpha 1 chain (Col3al),
Fibronectin (Fnl), Periostin (Postn), Decorin (Dcn), Microfibril associated protein 5
(Mfap5). Cluster F3 demonstrated a genotypic profile central to endoplasmic reticulum
(ER) stress processes with the expression of Mesencephalic astrocyte derived
neurotrophic factor (Manf), Cysteine-rich with EGF like domains 2 (Creld2), Heat shock
protein 90 beta family member 1 (Hsp90b1). Cluster F4 however, was enriched for ECM
remodeling genes and processes, expressing Matrix metallopeptidases 9 and 13 (Mmp?9,
Mmp13), Cathepsin h (Ctsh), Tenascin C (Tnc), Lumican (Lum), Argininosuccinate
synthase 1 (Assl).
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cluster assignments and the gene expression levels of the indicated genes. O. Diffusion

maps show fibroblast cell states colored by Louvain cluster assignments and gene

51



expression levels of the indicated genes. P and Q Expression of mature adipocyte genes
Cfd and Cidec with comparable expression in migratory and mature adipocytes, with

marginal expression across all fibroblast clusters.

In conclusion, our data provide compelling evidence that fibroblasts and adipocytes
refrain from cross-converting between lineages or de-differentiating in response to skin

injury and remain genetically bound to their original fibroblast or adipocyte identity.

4.2 Terminally differentiated adipocytes mobilize and

reposition during injury

To study the behavior of mature, terminally differentiated adipocytes and fibroblasts in
response to injury, we employed whole-skin explants, allowing visualization and tracking
of resident cells, in unprecedented detail over five days post-injury, thereby overcoming
restrictions associated with short imaging durations in-vivo ( Jiang D et al., 2020). This
experiment's principal aim was to evaluate how adipocytes and fibroblasts inherently
modulate their activities in response to injury. Ex-vivo models, such as this, allow
delineation of the phenotypic and behavioral responses of stromal cells after tissue
damage. Briefly, whole-skin explants were isolated from the back-skin of both lineage
reporter mouse strains and grown in a specialized incubation chamber that maintains
constant O2/CO2, humidity, and temperature. We also modified the incubation chamber
with specialized silicone rings to allow multi-photon microscopy objectives to record
GFP+ adipocytes and fibroblasts within the skin, in high resolution, without
compromising environmental conditions. Using this system, explants remained viable
and underwent wound-repair with dermal contraction, scar formation, and re-

epithelialization.

With this set-up, directly after wounding, we obtained remarkable videos of clusters of
mature, round, lipid-filled adipocyte bundles in both the deep subcutaneous fascia and in
the papillary dermis where the bundles wrapped around individual hair follicles (Fig. 12
A, Video S1). Adipocytes remained stationary initially, with the first signs of
morphologic change visible at around twenty minutes, including the appearance of small

filaments or protrusions extending from the cell membrane (Fig. 12 B, C). At twenty-
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four hours, explants had adipocyte clusters that continued the morphologic
transformation, with multiple round adipocytes acquiring oval and spindle-shaped
morphologies (n=110 cells, n=3 explants). Two days after wounding, 36% of all
adipocytes in papillary and fascia deposits gained filopodial extensions (Fig. 12 B) that
elongated to >100um (length of an individual cell). Videos S2 and S3 illustrate two stages
of this morphologic change. Video S2 (and Fig. 12 C) shows oval adipocytes extending
small membrane filaments with membrane ruffling, indicating active cytoskeletal
reorganization seen in motile cells. Video S3 shows a back and forth change of round-to-
elongated morphology during movement. Explants on day 2 and day 3 illustrate further
filopodia-like extensions, with cells acquiring sleek and slender cell bodies resembling
motile cells. Morphologically transformed adipocytes were interspersed with individual
adipocytes adopting a fibroblast-like bipolar morphology, stretching to about 50-200um,
whereas rounded adipocytes were much smaller, between 10-30um. As suggested by our
transcriptomics data, adipocytes acquired mobility, moving away from their original fat
deposit towards the formative scar region. For example, a single illustrative cell
repositioned 380pum away from its original location (Video S4). During their movement,
elongated adipocytes underwent active cell division (Fig. 12 C). Furthermore, elongated
adipocytes originated from multiple niches, including fat deposits within the papillary
dermis surrounding hair follicles and from within the subcutaneous fascia. On day 4,
motile adipocytes had reached the center of the scar region but still retained their
elongated morphology (Fig. 12 A). Video S5 (and Fig. 12 C) shows an adipocyte
acquiring a bipolar elongated morphology with extending filopodia (11.11 hrs), with a
gradually protruding cell body (14.23 hrs).

A succession of snap-shot images of whole-skin explants indicated that adipocytes
constantly revert back-and-forth between stationary and migratory states, accompanying
dynamic remodeling of cellular morphology between rounded and elongated/spindle-
shapes (Fig. 12 B, Video S3). Those migrating adipocytes that had relocated on day 5
moved into the center of the wound, where they reverted to their original, lipid-filled,
round morphology (Fig. 12 A, Video S6, Fig. 13 A). Quantification of adipocyte
morphologies revealed a gradual decrease of rounded cells from day O to day 2 and an
increase of oval, spindle-shaped and elongated morphologies. A reversal of this

phenotype was seen back to a strictly rounded morphology between day 3 and 5 (Fig. 12
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B). All forms of adipocytes, including migratory adipocytes, retained Plinl expression

(Fig 12. D).

A.

Adipocytestm4
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magnification. a. day 0: no movement observed. b. day 1: the appearance of spindles and
small protrusions. c. day 2: change of morphology. d. day 3: elongated fibroblast-like
morphology. e. day 4: elongated migratory adipocytes in the scar region. f. day 5:
adipocytes are reverting to round morphology and migrate on top of scar tissue. B.
Quantification of adipocyte morphologies throughout 5- day explant assay, n=3 explants
per timepoint. C. Morphology dynamics of adipocytes. Snapshots of single representative
cells from each day (a. to f. are from live explants imaged from day 0 to day 5 respectively)
showing the transition from characteristic mature round to migratory states of adipocytes.
Time format-hour: min. Scale bar: 20um. D. Three migratory morphologies of adipocytes
are positive for Perilipinl by immunolabelling. Scale bar: Classic round 20um, Oval
spliky: 10um, and Elongated fibroblast-like morphologies: upper panel 20um, lower panel

30um, E. Quantification of Perilipinl-positive and -negative cells in explants.

We looked at three-dimensional whole mount SCAD images and found a block of scar
type of tissue that was entirely covered by adipocytes. When we zoomed into the scar
region, we found that elongated cells were found to revert back into round cells. (Fig. 13
A). Looking into greater depth and zooming into individual adipocytes in the scad tissue
revealed diverse morphologies of adipocytes that resemble fibroblasts (Fig. 13 B). These
adipocytes' length was found to vary from 10 to 160um? (Fig. 13 C).

Intracellular accumulation of neutral lipids is often triggered by changes that affect the
metabolism of fatty acids and/or neutral lipids such as stress stimuli (Gubern A et ., 2008,
Cabodevilla AG et al., 2013, Boren J and Brindle KM 2012, hypoxia (Bensaad K et al.,
2014), nitrogen deprivation (Yang ZK et al., 2013). We wanted to see whether EPFs
possessed the ability to accumulate lipids. To do this, we took advantage of Lipid tox, a
neutral lipid dye, whose uptake can be detected using fluorescence microscopy. Lipid tox
has an extremely high affinity for neutral lipid droplets. We stained SCADSs generated
from the En1¢" mouse and found that EPFs did not uptake lipids, but in contrast, we saw
group of cells mostly likely adipocytes accumulated on top of the SCAD in the scar region
(Fig. 13 D).
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Figure 13: Adipocytes attain diverse morphologies and revert to rounded cells that
remain adipogenic during the transition to scar region. A. a. 3D view of whole skin
explant showing adipocytes that migrated and formed a scar tissue plug. Scale bar:
100um. b. Representative images of only the scar region. Merged (left) and
Adipog+GFP+ (right). Scale bar: 50um. B. Diverse adipocyte morphologies are seen

in ex-vivo explant scar assay. Representative examples only shown for each type of
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morphology. C. Size quantification of varying adipocytes morphologies. D. Lipid tox
staining showing mature round lipid-filled adipocytes on top of scar tissue in a day 5
explant from a Enl<¢* neonatal mice. GFP+ fibroblasts appearing in green are negative

for lipid tox.

Next, we investigated if mature adipocytes migrated and repositioned in tissues, in the
same way as in the ex-vivo explant model, in in-vivo splinted wounds on the dorsal backs
of Adipoq“™; R26™™™C adult mice. Confocal imaging of wounds on day 7 revealed
adipocytes clearly acquire fibroblast-like morphologies and translocate from their initial
location within dermal white adipose tissue into the wound bed. On day 21, multiple
elongated adipocytes aggregated near the scar region, whereas adjacent non-wounded
skin adipocytes retained the classical round morphology associated with dermal white
adipose tissue (Fig. 13 E). These findings confirm that transcriptional changes associated
with motility and phenotypic shifts are functionally relevant, with adipocytes

transitionally switching morphology and actively migrating while retaining adipocyte-

committed identity.

wound

wound

Adipocytestm4

Figure 13. E. Adipocytes superficially resemble fibroblasts after wounding in live mice:
Control back skin of adipoqTM4 mice, GFP+ adipocytes are round, located around hair
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follicles. Following the wound healing experiment on day 7, adipog+ GFP+ cells seen at
the wound periphery have a fibroblast-like elongated morphology. On day 21, after
injury, activated adipocytes still have a fibroblastic shape as the skin tissue is undergoing
remodeling. Arrowheads indicate round adipocytes, and arrows indicate elongated,

activated fibroblast-like cells. n=2 mice, 2 splinted wounds per mice. Scale bar: 50um.

4.3  Absence of cell fusion events between mature adipocytes
and fibroblasts

Having found mature adipocytes switching morphology and migrating both in-vitro and
in-vivo, we wanted to formally exclude all possibility of lineage crossover. Therefore we
examined the possibility of cell fusion between adipocytes and fibroblasts. Cell fusion
includes cytoplasmic intermixing, a phenomenon that can be observed and quantified
using red and green lineage-specific fluorescence reporters. Cytoplasmic intermixing
would be evidenced as co-labeling of green and red (yellow fluorescence) within
migratory adipocytes and fibroblasts. To do this, we analyzed and quantified single cells
from Adipoq®™; R26™™Y (n=122) and Enl¢e; R26™™ lineages (n=135) in both
tdTomato+ and GFP+ background at various stages (days) of the explant assay, as well
as in-vivo in wounded animals. Lack of co-localization between green and red labels
demonstrated that both cell populations, and wound myofibroblasts, shared no history of
cell fusion (Fig. 14 A, B). Collectively, our findings prove that during skin injury,
adipocytes and fibroblasts remain transcriptionally, behaviorally, and functionally

distinct cells, with no inter-conversion or cell fusion between these two stromal lineages.
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Figure 14: No fusion events detected. A. a. GFP+ adipocytes were analyzed for cell
fusion events at single-cell resolution in explants from Adipog©; R26™S show no cell
fusion with tdTomato+ fibroblasts, b. GFP+ fibroblasts single-cell resolution in explants
Enl1¢e: R26™™Y show no cell fusion with tdTomato+ cells and other lineage negative
cells. Scale bar: 50uM. B. Quantification of cell fusion events in Adipog©; R26"™ and
Eni1€e; R26m™6 explants at single-cell resolution. Images were obtained by multi-photon

microscopy and processed in Imaris for better resolution. n=3 scads per lineage.
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4.4 Distinct migratory behaviors in adipocytes and

fibroblasts

Live imaging data indicated that migratory adipocytes share morphological features with
fibroblasts despite there being no cross-lineage plasticity or fusion. To visualize and
analyze these distinct motility features and determine whether adipocytes and fibroblasts
share migratory behaviors, we crossed both adipocyte and fibroblast mouse lines with a
nuclear mCherry reporter (R26MSL-H2B-mCherry) *allowing tracking of individual cellular
nuclei across whole skin. Furthermore, this technique allowed us to compare migratory
patterns and features such as velocity, distance traveled, directionality, and collectivity
between migrating fibroblasts and adipocytes. Back-skin explants were harvested from
Adipoq®re; R26LSL-H2B-mCherry and En]Cre; R26LSL-H2B-mCherry doyble-transgenic mice and

cell migration videos recorded in 3D.

Adipocytes initiate their migration from their fat deposits within hours of injury (Fig. 15
A, Video S7). On day 1, manual tracking of cells in the scar region revealed that 53% of
all evaluated adipocytes move away from their original position. Yet, only 20%
directionally moved towards the formative scar region (defined by a minimal movement
of 5um) on day 1 (Fig. 15 B, C). Fibroblasts, by comparison, responded to damage signals
by rapidly relocating to the wound. On day 1 of wound repair, around 70% of fibroblasts
had moved towards the formative scar region, with only 22% of the fibrogenic cell lineage
moving in other directions (Fig. 15 A, B, and Video S8). On day 4, both adipocytes and
fibroblasts remained motile but with widely different patterns of migration. Adipocyte
migration was stochastic at a population level, with individual cells generating migration
tracks that were non-coordinated (Fig. 15 D, and Video S9). In contrast, groups of
hundreds of fibroblasts migrated collectively towards the formative scar region in a
uniform and coordinated manner (Fig. 15 D, Video S10). This indicates that most of the
fibrogenic lineage cells respond by directional cell movement and migrating into wounds,

whereas adipocytes appear to respond and migrate less purposefully after injury.
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Figure 15: Migration dynamics of adipocytes and fibroblasts: 3D whole mount time-
lapse imaging snap-shots of single-cell tracks from skin explants generated from
Adipog™ and Enl€ crossed to R26-5L-H2B-mCherry yoporter mice. A. Snap-shots of a.
adipocytes and b. fibroblasts migration tracks on day 1, B. a. adipocytes, and b.
fibroblasts tracks on day 4, generated by automated cell tracking using Imaris version
9.2.1 (Bitplane).C. Manual tracks of adipocytes and fibroblasts in the scar region of
explant at day 1 and day 4. The plot shows the difference in migration distance and type
of movement in the scar region of both adipocytes fibroblasts. n=2 videos per time point.
Scar region cropped (700um X 700um) from whole explant and cells manually tracked.
Blue indicates starting, and red indicates ending timepoint. D. 3 main types of movement

quantified using manual single-cell tracks present in C. Scale bar:A and B =100um.

Migration dynamics were further quantified using automated cell tracking in the whole
explant. On day 1, adipocytes moved approximately half as fast as fibroblasts and with
much more variability throughout all time points, whereas fibroblast velocities remained
consistent. By day 4, adipocyte velocities varied from 0.01 to 0.30pm/min, whereas
fibroblasts had a consistent velocity of 0.05pum/min (Fig. 15 E, F). Furthermore,
movement similarity analysis confirmed that adipocytes move randomly, in contrast to
fibroblasts (Fig. 15 G). This suggests that fibroblasts act collectively, whereas adipocytes
behave individually. Indeed, directional analysis of adipocytes and fibroblasts further
confirmed the collective migration path of fibroblasts, in contrast to adipocytes (Fig. 15
H). These findings indicate that migratory adipocytes and fibroblasts respond in a vastly
different manner to tissue wounding in terms of velocity, directionality, and collectivity.
It further indicates that collective cell migration is a defining characteristic of migratory

fibroblasts, but not adipocytes.
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Figure 15. (E to G). E. Velocity of migrating adipocytes and fibroblasts calculated using

time-lapse videos and automated single-cell tracks. Velocity variation and amplitude
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difference from time point 4 -9 hours across all samples are shown in higher
magnification (lower panel). F. Neighbor similarity analysis of day 4 explants using
automated single-cell tracks generated from 3D time-lapse videos. The color bar
represents the angles 90° (blue, random movement) to 180° (red, coordinated movement)
described as a mean similarity. Fibroblast migrations are coordinated and collective,
whereas adipocyte migrations are random and individual. G. Directed and non-directed
movement of fibroblasts and adipocytes on day 4. Displacement showed is a
representative snap shot area from whole mount SCAD. n= > 1000 cell spots tracked

per time point. Scale bar:G=100um.

4.5 Adipocytes do not contribute to scar formation

Accretion of extracellular connective tissue matrix is another defining characteristic of
fibrogenic cells(Xue M et al., 2015). We previously demonstrated that the fibroblasts that
go on to have the ability to form scars (by depositing ECM and accumulating dense
fibrous tissue) express the Engrailed gene temporarily during embryogenesis (Rinkevich
Y et al., 2015). We thus compared the scar-competent ‘Engrailed Past Fibroblasts’
(EPFs) with adipocytes for their ability to express and secrete ECM proteins in skin
explants; mature adipocytes were colored green with GFP from Adipoq®r; R26™™¢

mice, and the scar-forming fibroblasts, EPFs, were colored red with tdTomato.

Expression of the myofibroblast marker aSMA (Gabbiani G et al., 1971, Nagamoto T et
al., 2000) was assessed by immunohistochemical localization at day 0 after mimicking
wounding through explantation. Here expression patterns correlated with a perivascular
niche environment in the absence of established scar tissue. On day 4, parallel fibrils of
aSMA were evident within the scar region, and the fibroblasts started to retract from the
developing fibrotic tissue. At this time, the adipocytes were distant from the scar
developing region, suggesting a less active deposition role. Furthermore, in day 4
explants, the ECM protein Fibronectin was deposited by GFP- tdTomato+ fibroblasts and
not by GFP+ adipocytes (Fig. 16 A). Migratory adipocytes did not express fibroblast
proteins Fibroblast Specific Protein 1 (FSP1), Transcription Factor 21 (TCF21), or
Col3al (Fig. 16 C-F). Myofibroblast and fibrogenic markers, such as Ddr2, Lrrc17 (Hao
H et al., 2016, Hsia LT et al., 2016), and ECM markers Collal and Col3al, were
upregulated across all fibroblast subsets, but not within adipocytes (Fig. 16 B, F ).
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Tm4 Adipoq Marker Merge Merge Scar region

Figure 16: Adipocytes are non-fibrogenic. Ex-vivo dermal Adipoq™ cells decrease lipid
content but do not convert to myofibroblasts and do not deposit extracellular matrix
during scarring. A. Immunostainings of Adipoq“*" explants at day 0 and day 4.
Adipocytes in Green, tdtomato in Red, and marker in Magenta. Merged channel image of
the whole explant (left), magnified area of individual channels (right). Markers-
Myofibroblast marker - aSMA (top), and extracellular matrix marker -Fibronectin
1(bottom). B. Feature plots generated from combined analysis of mcSCRBseq showing
adipocyte, myofibroblast, and extracellular matrix specific enrichment in cell type-

specific clusters.
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Crer ex-vivo explant tissue on day

(C-F). 3D Immunostainings were performed on Adipoq
4 or day 5. Adipocytes in Green, tdtomato in Red, and marker in Magenta. Merged
channel image (right), magnified area of the merged channel (extreme right). Migratory
adipocytes C. do not express the fibroblast marker, fibroblast specific protein I (FSPI),
D. express Proliferation marker, Ki67, E. and F. do not express the fibroblast markers
such as extracellular matrix Col3al, and lipofibroblast marker TCF21. Scale bar: Whole

mount 3D SCAD =100um, magnified images:20um, C-F= 100um.

To evaluate directly whether adipocytes produce and deposit ECM proteins, we
performed 3D immuno-labeling of deposited ECM proteins (Fig. 17 A). Adipocytes did
not secrete Fibronectin or Type-I Collagen, irrespective of their morphology or motility
status (Fig. 17 B). As a control, baseline matrix production was compared to that induced
by transforming growth factor-beta 1 (TGFB1) stimulation, a known pro-fibrotic cytokine
upregulated during the early stages of the wound healing response (G. C. Blobe et al.,
2000). Fibroblasts deposited significant amounts of Fibronectin and Type-I Collagen. In
contrast, adipocytes did not deposit these matrix proteins (Fig. 17 B-D). Stimulation with
recombinant (rTGFB1) significantly increased Fibronectin and Type-I Collagen in
fibroblast, but not in adipocyte, matrix (Fig. 17 B-D). Interestingly, TGFB1 altered
adipocyte contour to the same fibroblast-like morphology seen in migratory adipocytes
in-vitro (Fig. 17 E). Despite their morphologic conversion, we have seen that adipocytes
are not fibrogenic, and they do not contribute to the ECM, which is exclusively deposited

by fibroblasts.
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Figure 17. (A - E) Adipocytes deposit much less matrix proteins than fibroblasts under
scarring conditions. A. Schematic of in-vitro matrix deposition assay and quantification
using Image J. B. FAC-sorted adipocytes and fibroblasts were cultured in-vitro, with and
without rTGFB1 stimulation for 72hrs. Followed by decellularization and
immunolabelling of deposited matrix Collagen 1 and Fibronectin 1. C. and D.
Quantification of percent fluorescence of deposited matrix showing a higher percentage
of the deposited matrix when compared to adipocytes, n=3 biological replicates, n=12
images. E. Morphological changes observed in both adipocytes and fibroblasts after
rTGFp1 stimulation. Scale bars: B, E= 50um

In-vivo wounds on both day 7 and late day 21 wound stages contained migratory non-
lipid filled adipocytes that were SMA negative (Fig. 17 F, G) and therefore separate from
fibrogenic cells. To evaluate the relevance of these observations further in-vivo, we
transplanted 2.5x10° individual cells of each lineage into full-thickness dorsal wounds of
immuno-deficient Rag2-/- mice. Wounds were harvested 7 days post-transplantation, and
ECM proteins, Fibronectin, and Type-I Collagen were quantified by immunofluorescence
within the transplanted regions compared to adjacent non-transplanted areas (Fig. 17 H).
Transplanted fibrogenic lineage cells generated ectopic scar ECM architectures, whereas
transplanted purified adipocytes had negligible effects on scar formation and connective

tissue architecture (Fig. 17 I).
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Figure 17. (F- 1) F. Immunolabeling of splinted wounds in mice. Co-staining with anti-
perilipin antibody shows activated elongated GFP+ cells (*) and rounded cells
(arrowhead) are positive for Perilipinl on day 7. G. Co-staining with anti-aSMA
antibody shows a mixture of elongated GFP+ cells negative (+) and positive (*) for
aSMA. Rounded adipocytes (arrowhead) are negative for myofibroblast marker. Day 7
shows widespread aSMA staining in the center of the wound. In contrast, day 21 shows
only physiological aSMA presence in the dermal papilla.. H. Transplantation of FAC-
sorted Adipocytes or Fibroblasts cells from PI newborn mice into adult Rag2”"
immunodeficient mouse back skin following the excisional wound model.
Immunolabelling with anti Collagenl or Fibronectin 1 and quantification of associated
extracellular matrix in the transplanted regions. 1. Quantification of Adipocyte and

fibroblasts associated ECM in the transplanted regions. n=2 mice. Scale bar: F, G=
200um, H=100um.
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5. Discussion

In this paper, we demonstrate the irreversible nature of adipocyte and fibroblast
differentiation. The widespread changes in cellular composition between fibroblasts and
adipocytes that occur during skin injury do not involve crossing over of their identities,

as had been previously assumed (table 2).

Dramatic behavioral modulations of both adipocyte and fibroblast cell lineages in injured
tissues were observed. Still, there was no evidence for adipogenic origins of fibrosing
cells during injury or evidence of any cross-lineage conversion or cell fusion between
adipocytes and fibroblasts by assessment of transcriptomic, behavioral, or functional
criteria. In light of our data presented here, we propose that previous reports exemplifying
plasticity between adipocytes and fibroblasts (summarized in table 2) rather involve
extreme morphological changes that are associated with the migratory adipocyte cell state
we have uncovered here or the use of a select few marker changes such as Plinl and
Acta2. We believe that this migratory and morphologic behavior of adult adipocytes
nurtured the hypothesis that adipocytes and fibroblasts cross convert.

Clinical observations indicate widespread cellular composition changes between
fibroblasts and adipocytes during injury, disease, obesity, cancer, or even with age
(Pellegrinelli V et al., 2016, Seale P et al., 2011, Rosenwald M et al., 2013, Bochet L et
al., 2013). For example, Loss of dermal adipose tissue and adipogenicity are consistent
fibrosis features in both patients and mice. This is consistently observed in skin biopsy
specimens from patients with systemic sclerosis and in sclerodermatous graft-versus-host
disease (Marangoni RG et al., 2017, Simonacci F et al., 2017). Fat grafting is another
example where soft tissue implantation sometimes results in loss of fat volume that
appears histologically as replacement of mature adipocytes with a fibroblast-like infiltrate
(Krastev TK et al., 2020, Tabit CJ et al., 2011). Many obese or diabetic patients undergo
fibro-inflammation in their fatty tissue, where adipocyte numbers decrease in favor of
fibroblasts, a transition that is associated with fibrosis and scar formation within the
connective tissues (Pellegrinelli V et al., 2016). This again appears to support the idea of
plasticity and interchangeable fates between adipocytes and fibroblasts (Contreras O et

al., 2019, Driskell RR et al., 2013).
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Our findings that differentiated adipocytes and fibroblasts remain committed to their
lineages during the healing process directly impact our understanding of homeostasis and
repair of stromal tissues, impacting both basic and clinical paradigms for wound repair,
regeneration, and various cell transplantation strategies for regenerative medicine.
Clinically, today’s standard of care for skin grafts and scaffold constructs provide closure
of a wound area but leave patients with disfiguring and debilitating scars (Krastev TK et
al., 2020). Current pre-clinical and clinical studies employ tissue equivalents composed
of epidermal and stromal fibroblast populations embedded in various matrices.
Incorporating a dermal component into skin equivalents provides mechanical stability
and supports a functional repair tissue by preventing stricture and scar formation.
Clinically approved grafts, such as Apligraf®, have already received Food and Drug
Administration (FDA) approval for usage in venous leg ulcers and diabetic foot ulcers.
Clear delineation of stromal subsets, and understanding of their tissue-specific roles and
responsiveness to the environmental milieu, is crucial in the development of novel skin
substitutes that enable superior ‘scarless’ regenerative outcomes in the treatment of severe

skin defects, burns, accidents, congenital diseases, tumors, or chronic wounds.

Our findings here add to the changes in cell lineage composition by revealing that adult
adipocytes are motile responders and undergo morphologic change associated with their
repositioning within the challenging environment. We believe that this migratory and
morphologic behavior of adult adipocytes nurtured the hypothesis that adipocytes and
fibroblasts may cross-convert. This is an essential distinction of equivalent relevance in
understanding the origins of fibrosing cells and physiological processes within a wounded
or diseased environment. Harnessing adult adipocyte migration and cross-navigation,
potentially through TGFp signaling, would enable innovative interventions for improving
fat grafting, soft tissue implantation, and healing, as well as provide new strategies to

circumvent or reverse type II diabetes.

Previous studies on adipocyte plasticity fail to address adipocyte migration morphological
changes in response to injury (table 2 ). Our study emphasizes that mature adipocytes are
activated upon injury and attain only a migratory fibroblast-like morphology. Still, they
do not transition into a myofibroblastic state. We see, <10% of the adipocytes in day 7
wounds are aSMA+, this can be because adipocytes are simply motile cells. In skeletal

muscle fibrosis, it is shown that aSMA is not ideal for marking fibrogenic cell activity
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(Sun KH et al., 2016). It is also reported that myofibroblasts are a cell state rather than a
cell type (Bielczyk-Maczynska E, 2019, Wynn TA 2008, Carthy JM, 2018). DWAT
adipocytes are gaining importance in the field of skin scarring. Apart from being involved
in thermoregulation, energy storage, defense responses, these cell types can be explored
for their therapeutic potential. Lineage restricted adipocytes may potentially decrease
ECM rigidity and stiffness, therefore, contributing to less severe scars. This area of

research needs to be explored in the future.

Our findings are based on the SCAD model, which originates from Neonatal mice.
Further work from an adult mouse SCAD or human ex-vivo skin scar model is needed
to fully understand adipocytes' exact role in scar development. However, our study
delineates multi-modality in lineage-restricted adipocytes and stromal fibroblasts in their
response to tissue injury. Understanding the limitations of lineage interplay between
stromal cells provides key knowledge to tissue repair responses central to multiple organ
systems. This study also supports translational knowledge for developing novel tissue
engineering and stromal cell-based therapeutics for impaired healing, fibrotic disorders,

and abnormal scarring.
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Concluding remarks

Our data suggest that dermal adipocytes and fibroblasts operate as distinct cell types from
homeostasis to scar development. Transcriptomic profiles of mature adipocytes and scar-
forming fibroblasts isolated from a well-characterized scar development model SCAD
shows no interconversion between cell states. Adipocytes remain adipogenic, and
fibroblasts remain fibrogenic throughout. During an injury, both adipocytes and
fibroblasts are migratory, but adipocytes attain fibroblast-like morphology but remain
mature adipocytes. The migratory cells remain lineage-restricted throughout the process
of scar development. No instance of cell fusion events in both adipocytes and fibroblasts

occurred (Fig. 18 A).

A.

Adipocytes Fibroblasts
transition
fusion

Progression of wound repair in Adipocytes  Progression of wound repair in Fibroblasts

>

cell plasticity trajectories in response to injury
Our study proves the fate of dermal adipocytes and scar-forming fibroblasts during scar
formation. A mature adipocyte or fibroblast does not dedifferentiate to precursor cell
types or transdifferentiate into completely new cell type. Both cell types instead remain
as terminally differentiated cell types and carry out specific biological processes. The
possible fate of adipocytes and fibroblasts in response to an injury is summarized in (Fig.

18. B).
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Figure 18. A. Key plasticity features observed in adipocytes and fibroblasts and their

trajectories from homeostasis to scar formation are shown. B. The fate of mature dermal

adipocytes and fibroblast during scar development.

The recruitment of adipocytes into wounds has enormous clinical significance. More

work is needed to decipher the functional role of adipocytes in wound healing and scar

development. Strategies that inhibit fibroblast adhesions and activate adipocytes could

help develop anti-scaring therapeutics and regenerative and scarless wound healing.
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7. Auxilliary data
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Supplemental Figure S4: Gating strategy for isolating GFP+ adipocytes (A) and GFP+
Enl+ fibroblasts (B).
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III Material Methods:

1. Antibodies

The following antibodies were used: Collagen I (procured from Rockland, cat.no. 600-
401-103-0.1), Collagen III (Abcam ab7778), N-cadherin (clone GC4, Sigma-Aldrich
(C3865), Fibronectin (Abcam ab23750), a-SMA (Abcam ab5694), Plinl (Abcam,
ab3526), FSP1 (Abcam, ab58597), PDGFRa (R&D Systems AF1062), Ki67 (Abcam,
ab15580), TCF21 (Abcam,ab32981). Fluorophore-conjugated secondary antibodies were

procured from Thermo Fisher Scientific.

2. Tissue fixation and cryosections

Skin samples were fixed overnight in 2% PFA at 4C or 4% PFA at RT (room
temperature). After removing PFA, samples were washed in PBS 3 times for 5 minutes
each. Samples were embedded in OCT and preserved in -80 C., Followed by

cryosectioning at 7um thickness.

3. Immuno fluorescence staining

Cryo-sections were fixed again for 4 minutes in acetone (ice-cold), followed by washing
in PBS, 3X times in 5 min incubations. Blocked for 1hr with PBS containing 1% BSA
and 5 % of serum in which the secondary antibody was raised, followed by incubation
with primary antibodies at 4°C overnight. The next day, after 3X PBS washes, sections
were incubated with appropriate fluorophore-conjugated 2° antibodies (Thermo Fisher
Scientific) at RT for 1 hour. For double staining, incubation of sections was at RT with
the second primary antibody for two hours and appropriate secondary antibody for one
hour. Nuclei were counterstained with DAPI (1:5000 dilution in PBS) for 3 min.
Mounting was done with Fluoromount-G (Thermo Fisher Scientific cat.no. 00- 4958-02).
Photomicrographs were taken with a Zeiss Axiolmager with AxioVision software (Carl

Zeiss), or a Zeiss LSM 710 with Zen software (Carl Zeiss)
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4. Masson's trichrome staining

Cryo-sections were fixed for 5 min in ice-cold acetone (-20°C) and incubated O/N in
Bouin's solution (Sigma-Aldrich HT10132) at RT. After washing in cold tap water, the
sections were stained with the working solution of Hematoxylin (Weigert's Iron
Hematoxylin, Sigma-Aldrich HT1079) for 5 min. After that, the sections were treated
with a Masson's trichrome stain kit (Sigma-Aldrich, cat no. HT15) by sequentially
incubating at room temperature for 5 min in Biebrich scarlet-acid fuchsin reagent, the
working concentration of Phosphomolybdic/ Phosphotungsticacid (5 min), followed by
aniline blue solution (10 min), and later acetic acid (1%, 2 min). After dehydration, the
sections were cleared with Roti-Histol and mounted with a Roti-Histokitt ( Cat.no. Roth
6640 and 6638, respectively). Cell counting was performed with ImageJ. Briefly,
trichrome images were converted to CMYK, and the black channel was used to count the
iron hematoxylin stained nuclei. Regions of interest covering the scar area were delimited
and processed using the functions of subtracting background (rolling ball = 50 px),
enhance contrast (saturated = 0.1 normalized), Unsharp Mask (Radius;2 and Mask; 0.6),
Median (radius;1) and the auto- threshold method "Minimum." The watershed function
was used in the binary images, and the particles were counted (size threshold = 30-200
px2). For the quantification of scar areas, trichrome images were converted to CMYK,

and the cyan channel was used to evaluate the collagens stained in blue.

5. Whole-mount bright-field imaging

SCAD tissues were fixed overnight with 2% PFA at temperature 4°C and washed 3X
times using PBS. Bright-field images of whole SCADs were taken with a Leica M50
stereo-microscope (Leica) with a Leica DFC310 FX camera (Leica) and saved with Leica

Application Suite (v4.8).

6. 3D imaging

6.1 Laser scanning microscopy with tissue-clearing

3 DISCO protocol was modified and later used in the study for staining and clearing.
Briefly, fixed samples were pre-incubated in Dulbecco’s Phosphate-Buffered Saline
(Thermo Fisher Scientific, cat.no 14190169) containing gelatin ( 0.2% , Sigma, cat.no.
G1393), Triton-X100 (0.5% , Sigma, cat.no. X100) and lastly Thimerosal (0.01% |,
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Sigma, cat.no T8784). This solution was called PBS-GT, and samples were incubated for
24 hrs at RT with gentle shaking. Antibodies: anti elastin (Abcam, ab21610), anti-
fibronectin (Abcam, cat.no. ab23750), and anti-collagen type I (procured from Rockland,
cat.no. 600-401-103), were pre-labeled with Alexa Fluor 488, 594, and 647 dyes (Thermo
Fisher Scientific, cat.no. A20181, A20184, A20186) according to the instructions
provided by the company. The samples were later incubated, rotating, with the labeled
antibodies in PBS GT (1:1000) for 24h at RT. After washing in PBS-GT, samples were
Ist dehydrated in THF (Sigma, cat.no. 186562) series of (50% then 70%, next 80%, 3
times 100%; 30 minutes each), then dichloromethane was used for clearing (Sigma,
cat.no. 270997) for 30 min and later placed in using benzyl ether (Sigma cat.no 108014).
Post clearing, the tissue was placed on a 35 mm dish (ibidi cat. no. 81218), glass-bottom
Zeiss LSM 710 microscope. Raw data was processed and optimized for visualization,
adjusting brightness, and contrast with Imaris image analysis software (version 9.1.0,

Bitplane, UK).

6.2 Multi-photon microscopy without clearing

Whole-mount SCADs were processed for immunostaining, followed by embedding
NuSieve GTG agarose (2%, Lonza, cat.no. 859081) in a 35mm petridish (Falcon, cat.no.
351008), and imaging is done using Leica SP8 MP (Leica, Germany). Post this, the
merging of tiles was done offline using the LAS X software (v4.8, Leica) using smooth
overlap blending. Lastly, all data were visualized using Imaris image analysis software

(versions 9.1.0 and 9.3.1 Bitplane, UK) using contrast and brightness adjustments.

7. Mouse lines

Wild type C57BL/6J mouse lines at the PO/P1 stage were used for generating
Dermastillas and SCADs. The animal facility at Helmholtz center Muenchen housed all
the mice used in the study. The rooms continuously received constant temperature and
humidity. 12 h light cycle was followed, and animals were provided with food and water
ad libitum. Every animal experiment conducted agreed (reviewal and approval) with the
Government of Upper Bavaria. Registration was done with project ROB TVA number
Gz. 55.2-1-54-2532-61-2016 and performed under strict national and international
guidelines. The current study is docile with all necessary ethical requirements related to

research using animals.
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8. Generation of Dermastilla

The dorsal back skin of the PO/P1 stage of mice was harvested. Tissue was minced to
generate small chunks of skin and filtered using a 500micron filter. The resulting tissue
suspension was complete suspension media (DMEM/F12 -Cat no; 10%FBS- cat no; 1X
pen strep, 1X Glutamax, 1X NEAA). 20ul of suspension was placed as a single drop on
top of the lid of a Petri dish. The bottom plate was filled with water to hydrate the setup.

Hanging drops were cultured for up to 5 days, and media replenished alternate day.
9. SCar in A Dish (SCAD) explant culture

Back-skin was collected from newborn (postnatal day 0 to day 1) C57BL/6J or two-color
membrane reporter En1¢r¢; R26 ™Y / Adipoq©re; R26 ™™ or nuclear reporter En1€re;
R26SL-H2B-mCherry /- AdipoqCre; R26MSL-H2B-mCherry mjce  and washed twice with cold
DMEM/F-12 (Thermo Fisher Scientific 11320074) medium to remove contaminating
blood, and then washed once with HBSS (Thermo Fisher Scientific, cat.no. 14175095).
After careful removal of ventral non-skin tissue with a surgical scalpel, round skin pieces
were cut out with a disposable @ 2 mm biopsy punch (Stiefel, cat.no. 270130) down to
bellow the panniculus carnosus muscle and cultured in 200 pl of DMEM/F-12 medium
containing 10% FBS, 1x GlutaMAX (Thermo Fisher Scientific, 35050038), 1x
Penicillin/streptomycin (Thermo Fisher Scientific, cat.no. 15140122), and 1x MEM non-
essential amino acids (Thermo Fisher Scientific, cat.no. 11140035) in 96well plates, in a
5% CO2 and humidified in a 37°C incubator. (Note: the 2 mm skin pieces were cultured
submerged in medium with the dermal side face up but not floating at the liquid-air
interface). Fresh medium was supplied every other day, and the skin tissues were
harvested at time points routinely from day 1 to day 5 after culture, with the fresh tissues
serving as day 0 control and fixed O/N in 2% PFA at temperature 4° C. After thoroughly
rinsing in PBS 3X times, the samples were embedded and frozen. The optimal cutting

temperature was used, and 7um cryo-sections were prepared with a cryostat.
10. Transfection of Dermastilla

Transfection of Dermastilla was using the transfection reagent lipofectamine 2000
(Thermo scientific, catno 11668027), and eGFP plasmid DNA produced in-house.

Manufacturers instruction was followed for transfection
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11. Transfection of SCAD by Lipofection

Transfection of SCAD was using the transfection regents lipofectamine 2000 (Thermo
scientific, cat.no 11668027) or Invivofectamine 3.0 (Cat.no: IVF3001). eGFP plasmid

DNA produced in-house. In both cases, the manufacturer's instructions were followed.
12. Transfection of SCAD by Electroporation

pMAX GFP plasmid resuspend in nuclease-free water was used. Various voltages
between 10volts to 50volts were tried, with a number of pulses =3 and pulse length of
3ms. SCADs were held with the two electrodes' help during pulsing and later placed in
sterile cell culture media until putting in a 37° C incubator. The media was changed every

alternate day up to 5 days.
13. Transduction of SCAD using Adeno associated virus

SCADs were placed in 96 well (1 SCAD per well with 200ul of complete media). The
following day media was replaced by 180ul of OptiMEM (Thermo Scientific, cat.no.
31985062 ) plus 20ul of ~1X10!'" Genome copies /ml of purified AAV6 particles. SCADs
were incubated with viral particles overnight. The following day, media was replaced
with complete media containing 10% FBS. Later, the media was changed every alternate

day for up to 5 days.
14. Adeno associated virus production and purification

AAVpro 293 T cell line (Takara Bio, cat.no. 632273) was transfected with pAAV-CRE
Recombinase vector (Takara Bio, cat. No. 6654), pRC6, pHelper plasmids obtained from
AAVpro Helper Free System (Takara Bio, catno . 6651) and pAAV-U6-sgRNA-
CMVGFP (Addgene, cat no. 8545142). Next followed the production of AAV6 GFP
virus and Cre recombinase virus. PEI was used as the transfection reagent, and the viral
harvest was done 96 hours later. Extraction and purification were done using the AAVpro
purification kit (Takara Bio, cat.no 6666). Titer measured using qRTPCR. Modifications

to the manufacturers' protocol were made to achieve a high titer virus.
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14.1 Revival and scale-up of AAVpro HEK293T producer cell line

AAVproHEK293T cells were quickly thawed in a 37°C water bath, Sml of growth
medium was added and centrifuged at 1000rpm for Smins. Pellet was resuspended with
2ml of growth medium and plated in an appropriate cell culture dish. Growth Medium
consisted of 90% DMEM containing high glucose (4.5 g/L), L-glutamine (4 mM), and
Sodium Bicarbonate (Sigma-Aldrich, cat no. D5796); Fetal Bovine Serum (FBS, 10%);
penicillin G sodium (100 units/mln); and Streptomycin Sulfate (100 pg/ml). Sodium
Pyruvate at a concentration of 1 mM (Sigma-Aldrich, cat.no. S8636) was added to make

complete growth media.
14.2 Transfection of AAVpro HEK293T cells

10 x 10 AAVpro 293T cells were plated per T225 flasks. Cultured overnight. The
transfection reagent was Polyethyleneimine (PEI) and used at 1mg/ml concentration.
DNA: PEI ratio was 1:4 for Capsid and expression plasmids (36pug: 144ul of PEI). DNA:
PEI ratio was 2:4(72ng: 144pul of PEI) for pHelper plasmid. The complex was made in 5
ml of Opti-MEM® (Thermo Fischer, cat no. 31985062). Vortexed for 15 seconds
vigorously for proper mixing, and the complex was incubated at RT for 15-20 mins.
Later, the DNA: PEI complex was added dropwise to the flask and incubated at 37° C,
O/N. Media was changed on the following day, with complete growth medium containing

2% FBS and cultured for 96 hrs at 37°C.
14.3 Harvest and cell lysis

AAYV producing cells were detached by the addition of 1/80 volume of 0.5 M EDTA at
pH 8.0 to each t225 flasks. Following this was, incubation at RT for 10 mins and later
centrifuged for 10 min, at speed 2,000g, at 4°C. Centrifugation was repeated to remove
any remaining supernatant. The cell pellet was then taken for the extraction of viral

particles. AAV extraction kit from Takara bio was used.
14.4 Viral particle extraction

Pellet was loosened for no remnant of cell lump for efficient purification. The extraction
was carried out using AAV extraction Solution A plus, followed by vigorous vortexing

and incubation at room temperature for 5 minutes. Continuous vortexing was carried out

85



until there were no remaining cell clumps. Centrifugation was then carried out for 10 min,
at 4,000 to 9,000g at 4°C. Next, supernatant, which contains AAV particles, was
collected in a new sterile centrifuge tube using a pipet to avoid contamination. 1/10
volume of AAV extraction Solution B was added. After this step, samples could be stored
at -80°C. Alternatively, we proceed to the next step. But significantly, we noted with every

freeze-thaw, the efficiency of AAV goes down.

14.5 Purification and concentration of AAV particles

The swinging bucket rotor was used for purification steps. 1/100 volume of Cryonase
cold active Nuclease was added to the viral particle solution from the previous step and
followed by an incubator for lhr in a 37°C water bath. Protein precipitation was carried
out by adding 1/10th Precipitator A and vortexing for 10 seconds. Later this was incubated
at 37°C for 30 min and vigorously vortexed again for 10 seconds. It was noted that
Precipitator A would produce a white precipitate, but this does not affect the performance
of the reagent. Next, 1/20 volume of precipitator B was added to the solution, vortexed
again for 10 seconds, and centrifuged at 5,000 - 9,000¢g for 5 min at 4°C. Later, filtration

of the supernatant was carried out using a Millex-HV 0.45um filter.

The filtrate containing AAV vector was added to an Amicon Ultra-15,100 kDa filter,
Centrifuged for 5 min, at 2,000g at 15°C until the AAV solution in the filter is <1.5 ml.
Note: We continued to centrifuge, if the volume of the solution was >1.5ml. After
removing the filtrate, 5 ml of Suspension Buffer was added to the Amicon Ultra-15 filter
unit cup. Mixed and centrifuged for 5 min, at 2,000g at 15°C, until AAYV solution inside

the filter was <1.5 ml.

Repeated the addition of 5ml into the filter unit (total five times) to obtain an appropriate
solution volume. Note: If the volume of the solution was >1.5 ml, continue to centrifuge.
The volume and time of centrifugation are critical in this step. After discarding the
filtrate, we resuspended the solution inside of the cup of the Amicon Ultra-15 (100 kDa)
filter unit by pipetting or vortexing for 30 seconds and transfer the solution to a new tube.
50-100ul aliquots of the virus were made and stored at -80C for long-term use. Separate
aliquots for analysis (Titer measurement by qPCR- vector genome assay, western blot-

purity, and biological titer measurement FACS ) were made to avoid freeze-thaw.
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14.6 Viral titer measurement: Vector genome Assay

Extraction of AAV Vector Genome. AAV particle solution was treated with DNase I and
incubated at 37°C for at least 15 minutes to digest free genomic DNA and plasmid DNA
derived from host cells and followed by inactivation of DNase I by heat treatment at 95°C
for 10 minutes. An equal amount of Lysis Buffer (20 ul) was added, followed by
incubation at 70°C for 10 minutes. AAV vector genome solution was diluted at least 50-

fold using EASY Dilution and used directly as a real-time PCR template.

14.7 Real-Time PCR

5 ul of the diluted AAV vector genome solution was the template for RT- PCR. At the

same time, use the Positive Control to prepare the standard curve.

Step 1: Sample Preparation for Standard Curve. Dilute the Positive Control using EASY
Dilution to obtain the samples for standard curve preparation. (Use 5 pl of each solution
as a template for real-time PCR.) Start with 2 x 107 copies/pl (Positive Control solution),
next 2 x 106 copies/pul (5 pl of Positive Control solution + 45 pl of EASY Dilution), next
2 x 105 copies/pl (5 pl of (2) + 45 pl of EASY Dilution) and so on up to at least 6 dilution
to get the final dilution at 2 x 102 copies/ul (5 pl of (5) + 45 ul of EASY Dilution)

Step 2: 50X Primer mix was prepared before use. 5 pl of AAV Forward and reverse

primer was diluted in TE or water to 25ul.

Step 3: Preparation of the qPCR Reaction mix for LC 480 Roche Reaction mixtures was
prepared. SYBRPremix Ex Taq II (2X conc.) 12.5 ul, 50X Primer mix 0.5 pl, dH20 7.0
ul, Template (5.0 pl), Final volume to 25.0 pl. Negative control with 5 pl of dH20 in a
separate tube was also included. Finally, 5 ul of the template (the sample DNA solution

from step 1 and the control vector for standards) was added to the reaction solutions
Step 4: Real-Time PCR Reaction was carried out as follows. Initial denaturation at 95°C

for 2 minutes, denaturation at 95°C for 5 seconds, extension at 60°C for 30 seconds. 35

cycles and SYBR Detection of Fluorescence was used.
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Step 5: Quantification: Standard Curve is generated with Positive Control. Viral Titre is

calculated after exporting the CP values of each of the samples.
15. Local N-cadherin knockout in full-body R26Cas9 or Ncad fl/fl wounds

A guide RNA (gRNA) targeting exon 1 of mouse N-cadherin was designed with the
Benchling tool. The adeno associated virus serotype 6 (AAV6) expressing gRNA
targeting murine N-cadherin (TCCGGCACATGGAGGCGGAG) was created by cloning
gRNA into the SAPI sites of pAAV- U6-sgRNA —-CMV -GFP plasmid (Addgene Cat.no:
#8545129 378 ). N-cadherin gRNA expressing AAV6 (AAV6- NcadgRNA- GFP) was
prepared by transfecting AAVpro 293 T cell Line (Takara Bio, cat.no. 632273) with
pAAV- U6- NcadgRNA- CMV- GFP plasmid, pRC6 plasmid dictated serotype 6
expressions, and pHelper plasmids from the AAVpro Helper Free System (Takara Bio,
cat.no. 6651). Cre recombinase expressing AAV6 (AAV6-Cre-GFP) was purchased from
Addgene (Addgene, catno. #6854430). Transfection was performed using a
Polyethyleneimine transfection reagent, and viruses were harvested 96 hours post-
transfection. AAV6-NcadgRNA-GFP or AAV6-Cre-GFP or control AAV6-GFP viruses
were extracted and purified with an AAVpro purification kit of all serotypes (Takara Bio,
cat.no. 6666). Two 2-mm excisional wounds were created (full-thickness) on the dorsal
back of anesthetized mice. The age of mice was 13 days. Full-body Cas9-expressing
R26Cas9 mice or CRISPR/Cas9-based local N-cadherin ablation was performed by
subcutaneously injecting 20 pul of AAV6-gRNA-GFP virus at a viral titer of 1x10'2 GC/ml
at the area between the two wounds at day 0, day 5, and day10 post-wounding. The mice
received a subcutaneous injection of the AAV6-GFP virus without gRNA as control.
Similarly, two 2-mm excisional wounds were created (full-thickness) on the back of
anesthetized 5 days old homozygous N-cadherin floxed Ncad fl/fl mice. These mice had
loxP sites flanking exon 1 of the N-cadherin gene. Local N-cadherin ablation was
performed by subcutaneously injecting 20 pl of AAV6-Cre-GFP virus at a viral titer of
2x10'2 GC/ml at the area between the two wounds at day 0, 5, and 10 post-wounding. The
mice received a subcutaneous injection of the AAV6-GFP virus as control. Scar tissues
were harvested at day14 post-wounding. Scar images were documented with a Leica M50
stereo-microscope (Leica) at 4x magnification. Subsequently, the scar tissue was

processed for cryo-sections for histology and immunofluorescence.
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16. Transgenic & reporter mouse lines

En1¢® (JAX stock No. 007916), ROSA26LSL-H2B-mCherry (R 9 qLSL-H2B-mCherry) (JAX stock
No. 023139), Rag2—/— mice, and ROSA26 ™S (R26m™G) reporter mice were from
Stanford University (16). Adipoq“™ (Jax stock No0.028020) mice were from Helmholtz
Center. En1¢™ or Adipoq“™ transgenic mice were crossed with R26 ™T™mY or R26LSL-H2B-
mCherry reporter mice for the described experiments. Animals were housed at the Helmholtz
Center animal facility rooms maintained at constant temperature and humidity with a 12-
h light cycle. Animals were given food and water ad libitum. All experiments were
reviewed and approved by the Government of Upper Bavaria and registered under the
projects 55.2-1-54-2532-61-2016 and 55.2-2532-02-19-23 and conducted under strict
governmental and international guidelines. This study is compliant with all relevant

ethical regulations regarding animal research.
17. Mouse genotyping

Cre' animals from double-transgenic reporter mice were classified based on appropriate
fluorescence present in the mice's dorsal back. A fluorescence microscope was used for
the identification of Cre* neonatal mice. For adult mice, genotyping was performed to
detect a 200 basepair Cre band (fragment). Every time filter tips were used to prevent
cross-contamination. Genomic DNA was extracted normally from ear clip tissue. Quick
Extract (QE) DNA extraction solution (Biozym, 101094) was used. Extracted Genomic
DNA solution- 1 pl, was added to each PCR reaction mix containing 24 ul. The PCR
reaction mixture was prepared by using Taq PCR core kit (Qiagen, 201205) containing
Coral buffer (1X concentration final), dNTPs (10mM each), Taq polymerase enzyme
(0.625 units per reaction), 0.5uM of each forward primer (FP) 5" ATT GCT GTC ACT
TGG TCG TGG C-3' and reverse primer (RP) 5" GGA AAA TGC TTC TGT CCG TTT
GC-3'. PCR cycling temperature was set to 10 minutes at 94°C for initial denaturation,
followed by amplification of 30 cycles, 30 seconds denaturation at 94°C, 30 seconds,
annealing for 56°C, 30 seconds, elongation 72°C. Lastly, the final elongation at 72°C for
8 minutes and an infinite temperature of 10°C was maintained. Negative controls with no
template and positive controls were included. The Eppendorf master cycler instrument

was used, and samples were analyzed by agarose gel electrophoresis
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18. Ex-vivo explant culture

Back-skin was collected from newborn (postnatal day 0 to day 1) two-color membrane
reporter En1¢¢; R26™™S or Adipoq®™; R26™T™G reporter or En1¢e; R261SL-H2B-mCherry
mice or Adipoq®®; R26LSL-H2B-mCherry pyclear reporter mice, and washed twice with
DMEM/F-12 (Thermo Fisher Scientific, 11320074) medium to remove contaminating
blood, and then washed once with Hank's Balanced Salt Solution (HBSS, Thermo Fisher
Scientific 14175095). Dorsal back skin was cut out, and explants were made using a
disposable @ 2 mm biopsy punch (Stiefel, 270130) down below the panniculus carnosus
muscle and cultured in 2 ml of DMEM/F-12 medium containing 10% FBS, 1x GlutaMAX
(Thermo Fisher Scientific, 35050038), 1x Penicillin/streptomycin (Thermo Fisher
Scientific, 15140122), and 1x MEM non-essential amino acids (Thermo Fisher Scientific,
11140035) in 6 well plates, in a humidified 37°C, 5% CO?2 incubator. Fresh medium was
supplied every other day, and the skin tissues were harvested at the indicated time points
(day 1 to day 5 after culture), with the fresh tissues serving as day O control. Post
harvesting on designated days, explants were fixed in 2% paraformaldehyde (PFA)

overnight at 4°C for whole-mount imaging and Immuno-labeling or directly used for live

imaging by multi-photon microscopy or mcSCRB-seq experiments.
19. Sorting of adipocytes and fibroblasts

Transgenic mouse lines (En1¢¢; R26mTmG or Adipoq®™; R26™TmS) were used for sorting
at the PO or P1 stage. Multiple skin explants for each day were pooled to maximize yield.
Tissue was minced and digested using 0.5mg/ml Collagenase A (Sigma Aldrich,
10103586001) and 25u/ml of DNase 1 (Sigma, 10104159001) for 1hr at 37°C with
shaking. Cells were washed with complete media and filtered through cell strainers.
Centrifugation was carried out for 5 min at 200g, and the cell pellet was resuspended in
1 ml of FACS buffer containing 2% FBS in PBS. Adipocyte and fibroblasts sorting were
performed based on GFP* fluorescence. En1¢* fibroblasts were incubated with the
following antibodies for lineage-negative gating. 1 pg of APC-conjugated anti-mouse
PECAM-1 (CD31)(Biozol, BLD-102410), CD45 (Biozol, BLD-103112), Terl19
(Biozol, BLD-116212), Tie2 (CD202b) ( BLD-124010) and EpCam (CD326), (Biozol,
BLD-118214) antibodies and eFluor660 conjugated anti-mouse Lyve-1 (ALY 7) (Thermo
Fisher Scientific, 50-0443-82) in FACS buffer (2% [v/v] FBS in phosphate-buffered
saline [PBS]), on ice for 30 min. Later washed with 5 ml FACS buffer, the antibody-
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conjugated cell pellet was resuspended in 1 ml of FACS buffer (PBS +2% FBS). The
cells were sorted using the instrument FACS Aria III sorter and 120um nozzle. The
lineage minus fibroblasts were sorted (Lin-TomatoRed GFP*) and adipocytes

(TomatoRed GFP") based on TomatoRed and GFP fluorescence.

20. Single-cell sorting of cells for mcSCRB-seq

mcSRCB-seq was performed with 1000 each adipocyte and fibroblasts sorted from day 1
and day 4 explants. Indexing parameter in Aria III was used, and cells were sorted directly
into 96-well DNA LoBind plates (Eppendorf). Each well was aliquoted with 5 pl lysis
buffer before sorting. Lysis buffer consisted of Guanidine Hydrochloride (5M
concentration; Sigma Aldrich), B-Mercaptoethanol (1%, Sigma Aldrich), and Phusion
High fidelity (HF) buffer (1:500 dilution, New England Biolabs: M0531L). Immediately

post sorting, plates were spun down, placed on dry ice, and later frozen at -80° C.
21. cDNA synthesis step of mcSCRB-seq (pre-amplification step)

A complete step-by-step protocol for mcSCRB-seq is deposited in the protocols.io
repository (Bagnoli et al., 2018). Before preparing libraries, SPRI beads (1: 2 ratio) were
used to clean up each well. Beads were resuspended in 4 ul double distilled water along
with a mix of reverse transcription master mix (5 pl) containing Maxima H- RT enzyme
(20U, Thermo Fisher), Maxima H buffer 2x (Thermo Fisher), dNTPs at concentration 2
mM each (Thermo Fisher), template switching oligo (from IDT) 4uM and Polyethylene
glycol (PEG) 8000 15% (Sigma-Aldrich). After the addition of 1ul of 2uM barcoded
oligo-dT primer (E3VONEXT, Integrated DNA technologies), cDNA was prepared
according to the mcSCRBseq protocol. Template-switching and cDNA synthesis was
performed at 42 ° C for 90 minutes. Barcoded cDNA was later pooled in 2 ml DNA
LoBind tubes followed by clean-up using SPRI bead buffer. Purified cDNA was eluted
in 17 pl and residual primers digested with enzyme Exonuclease I (from Thermo Fisher)
at 37 © C for 20 min. After heat-inactivation at 80 ° C for 10 min, 30 ul PCR master mix
containing Terra direct polymerase, 1.25 Units (Clonetech), Terra direct buffer 1.66 X,
and SINGV6 primer (IDT) 0.33 uM, was added. PCR cycling was done as follows: 98 °
C, 3 min for initial denaturation, 19 cycles of 15 seconds at 98 ° C, 65 ° C for 30 seconds,
and at 68 ° C for 4 minutes. Lastly, the final elongation was performed at 72 ° C for 10

minutes.
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22, scRNA-seq library preparation

All the samples were purified with SPRI beads (ratio 1: 0.8) following pre-amplification.
The final elution was in 10 pL of H20 (Nuclease free water purchased from Invitrogen).
Later cDNA was quantified using the Quant-iT PicoGreen double-stranded DNA Assay
Kit (Thermo Fisher). A high Sensitivity DNA chip (Agilent Bioanalyzer) was used to
check size distributions. Samples that passed the quality and quantity control parameter
were taken for constructing Nextera XT libraries from 0.8 ng of pre-amplified cDNA.
Later, 3' ends enriched with a custom made P5 primer (PSNEXTPTS, IDT) during PCR
of'the libraries. Following this, Libraries were subsequently pooled and selected based on
their size using 2% E-Gel Agarose EX Gels (Life Technologies). A size range from 300
bp (base pair) to 800 bp was cut out extracted using the MinElute kit (Qiagen). All

procedures were in accordance with the manufacturer's recommendations.

23. Sequencing of scRNA-seq libraries

[Nlumina HiSeq 1500 instrument was used to sequence libraries. Paired-end sequencing
of libraries was done on high output flow cells. To generate molecular and cellular
barcodes, 16 bases were sequenced with the 1st read, 50 bps sequenced in the 2nd read

into the cDNA fragment, and 8 bases were read to obtain the 17 barcode.

24. mcSCRB data analysis

24.1  Primary data processing of RNA-seq data

Processing all raw FASTQ data was done using the zZUMI pipeline and STAR to obtain
expression profiles for barcoded UMI data (Bagnoli et al., 2018, Parek S et al., 2018).
Mapping was done to the reference genome (mm10 / 09) concatenated with the ERCC
and GFP reference. Gene annotations were obtained from Ensembl (GRCm38 / mm10 -

GRCh38.84).

24.2 Processing of SCRB-seq single-cell data set

The raw count matrices output by the zZUMI pipeline were analyzed using Scanpy (Wolf
FA etal., 2018) (v.1.6.0). For barcode filtering, we excluded barcodes with less than 1000

detected genes. We assessed the number of unique molecular identifiers (UMIs) for each

92



sample using violin plots and retained cells with a number of UMIs below 250000. Genes

were only considered if they were expressed in at least 3 cells in the data set.

Normalization was performed based on scran's approach (Lun AT et al., 2016), in which
size factors are calculated and used to scale the counts in each cell. Log transformation
was used via Scanpy's pp.loglp. The unsupervised clustering was performed separately
on these two groups to improve the distinction across the Adipocyte and Fibroblast
lineage. Day 1 and day 4 adipocytes were assigned to the first subset and day 1 and day
4 Fibroblasts to the second subset. For the first subset (adipocytes), the top variable genes
were established with scanpy's pp.highly variable genes and flavor set to "cell ranger."
After excluding genes associated with the cell cycle, 319 genes remained. These highly
variable genes were the basis for the Principal Component Analysis (PCA) and
neighborhood graph construction via pp.pca and pp. neighbors (n_pcs = 15, n_neighbors
=5). For clustering, the Louvain algorithm was employed at resolution 0.5, resulting in 6
clusters within the adipocyte population. For the second subset (fibroblasts), the highly
variable gene list was established likewise and led to 1586 genes. These were used for
PCA and neighborhood construction with slightly altered parameters as more cells were
in this subset (n_pcs = 20, n_neighbors = 10). As we anticipate a small fraction of
contamination with adipocyte cells in the fibroblast labeled population, we cleared away
such adipocyte cells. For that, we assessed the similarity to adipocytes for each cell in the
fibroblast subset with scanpy's tl.score genes function, using an adipocyte reference
signature  (adipocyte  cell type from  Mouse Cell Atlas, link:
http://bis.zju.edu.cn/MCA/gallery.html?tissue=Neonatal-Skin,cluster3).  Unsupervised
Louvain clustering at resolution 1 revealed one cluster with particularly high scoring cells,
which was then removed from the analysis. PCA and neighborhood graph was
recalculated on this filtered fibroblast subset (n_pcs =15, n_neighbors = 20), and Louvain
clustering was performed at resolution 0.6, resulting in 6 clusters within the fibroblast
population. For both subsets, the UMAPs and diffusion maps were generated using

Scanpy's functions tl.umap and tl.diffmap.
For the comparison of both lineages, the two refined subsets were re-combined into one

object, and the list of variable genes set to the union of the list established on the two

subsets. The PCA was re-calculated and the neighborhood graph established for the
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concatenated object (n_pcs = 15, n_neighbors = 20). Cell type marker genes for the 12

subclusters were established with tl.rank genes groups and method = "wilcoxon."

24.3 Differential gene expression across the two lineages

We performed differential expression analysis with diffxpy (v.0.7.4). In a first analysis,
we compared the differences between adipocyte and fibroblast lineage using the Wald
test. To circumvent the problem that specific genes are highly upregulated in only one of
the 6 subclusters per lineage, we constrained the model to each subcluster by adding
constraint_loc = {subcluster: lineage} to the model. Genes are labeled as differentially
expressed if their Benjamini-Hochberg corrected p-value was less than 0.5, have a
log2foldchange of greater than 1, and are expressed in at least 10% of cells in the relevant
lineage. This resulted in a list of 88 genes for adipocytes and 198 genes for fibroblast.
Gene Set Enrichment Analysis was performed using these differentially regulated genes

as input for the python package GOATOOLS (Klopfenstein DV et al., 2018).

25. Whole-mount 3D imaging by multi-photon microscopy

Post fixation, explants were thoroughly washed in PBS 3X times, 1 hour each, followed
by embedding in NuSieve GTG agarose (2%, Lonza, cat.no. 859081) in a 35mm dish
(Falcon, cat.no. 351008). Imaging was done under a Leica SP8 Multiphoton microscope
(Leica, Germany). Merging of tiles was done using the LAS X (v4.8, Leica) with smooth
overlap blending. Data was finally visualized with Imaris image analysis software (v9.1.0

and v9.2, Bitplane, UK) using contrast and brightness adjustments.

26. Live 3D multi-photon microscopy

For Live imaging using multi-photon microscopy, live samples were embedded as just
above. The imaging medium was the same as the complete medium used for explant
culture, but with DMEM/F-12, no- phenol red (Life technologies, 11039021) was used.
Time-lapse imaging was performed over 15 hours under the multi-photon microscope. A
modified incubation system, with heating and gas control (ibidi 10915 & 11922), was
used to guarantee physiologic and stable conditions during imaging. Temperature control
was set to 37°C with 5% CO2-supplemented air. 3D data were processed with Imaris
9.1.0 (Bitplane, UK) and ImageJ (1.521). Contrast and brightness were adjusted for better
visibility
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27. Manual cell tracking

Manual cell tracking was performed on explants from nuclear reporter lines (En1<; R26
LSL-H2B-mCherry - or - Adipoq®e; R26LSL-H2B-mCherry) -~ Tmaoe] software with the "Manual
Tracking" plugin (version 2.1.1) was used. In brief, an area of 700pm X 700um in the
explant's scar region was cropped from 3D-Time lapse datasets. Nuclear spots were
identified after subjecting to maximum-intensity projection. The migration of individual
cells was tracked over time. Trajectories and individual track information with
coordinates were exported as TIFF and excel files, respectively. Graphical visualization
and analysis of these trajectories were performed using "R." Iterative loops to generate a
color-ramp for each track as a function of time and embedded into respective coordinates
(Blue; first-time point; Red; last time point). Cell movement pattern was quantified based
on whether a cell moved away (towards to epidermis) or towards the scar region (center

of the explant).
28. Automated cell tracking

Automated cell tracking was done using 3D-Time lapse datasets of whole explants made
from nuclear reporter lines using Imaris software package (v9.2.1, Bitplane, UK). Live
videos were generated with a 15 min interval from the explant stages of day 1 and day 4.
Tracks were generated from 3D data using mcherry fluorescence and an intensity-based
spot detection tool. The resulting data indicating the nuclei of Cre-positive cells were
filtered for quality. Tracks were visualized in time-coded color representation, ranging
from purple to Red. For snapshot images, full tracks representation of the last 10 time
points is shown for better visibility and to prevent overcrowding. Dragon tail
representation is used in live videos to visualize better directed collective and non-

directed migration patterns.
29. Quantification of cell migration

We calculated the displacement in 3D for every cell between consecutive time frames
employing the tracked cell trajectories. To compare experiments, mean cell
displacements are added up and plotted over time. To analyze the movement similarity
of neighboring cells, the neighborhood is determined via Delaunay

triangulation. Neighbors are defined as cells that are direct neighbors in the resulting
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neighborhood graph. Next, the 3D movement vectors for a cell and its neighbors for
consecutive time points are calculated. The 3D movement similarity for cell 'u' and
neighbor 'v' can be assessed by calculating the intermediate angle between the respective
movement vectors:

\begin {equation}

\label{eq:angle3d}

\alpha_{u,v}=\mbox{cos}"{-
IHbiggl(\frac{u_{xjv_{xj+u_{y}v_{y}+u_{zjv_{z}{\sqrt{u_{x}"2+u_{y}"2+u_{z}
MRsqrt{v_{x}"2+v_{y}"2+v_{z}"2} }\biggr)

\end{equation}
Finally, all angles are averaged to produce one movement similarity score. The angles are
inverted for display reasons, and the movement similarity ranges from 90° (random

movement) to 180° (coordinated movement).

30. Whole-mount immunostaining

Whole-mount samples were pre-incubated in Dulbecco's Phosphate-Buffered Saline
(DPBS, Thermo Fisher Scientific 14190169) containing 0.2% gelatin (Sigma G1393),
0.5% Triton-X100 (Sigma X100), and 0.01% Thimerosal (Sigma T8784) (PBS-GT) for
24h at room temperature. Followed by incubation with primary antibodies. The following
antibodies were used: Collagen I (1:200 Rockland, cat.no. 600-401-103-0.1), Collagen
II (1:200, Abcam ab7778), Fibronectin 1 (1:250, Abcam ab23750), a-SMA (1:200
Abcam ab5694), Plinl (1:200 , Abcam, ab3526), FSP1 (1:200, Abcam, ab58597), PDGF
R alpha (1:200, R&D Systems AF1062), Ki67 (1:200, Abcam, ab15580), TCF21 (1:250,
Abcam,ab32981). Primary antibody incubation was carried at room temperature for 72
hours, followed by washing with PBSGT, 3X times, 1 hour each. Fluorophore-
conjugated secondary antibodies were procured from Thermo Fisher Scientific. The
samples were incubated, rotating, with the labeled antibodies in PBSGT (1:1000) for 24h
at room temperature. Samples were washed with PBSGT 3X times, 1 hour each, and

stored in fresh PBSGT at 4°C in the dark until imaging.

31. Lipid tox staining

All procedures followed were in accordance with the manufacturer's instructions. HCS

Lipid TOX Deep Red (Thermo Scientific, H34477) was used at 1:200 dilution on PFA
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fixed whole-mount explants and incubated at 37° C for 2hr. Whole-mount imaging was

done using a Multi-photon microscope.
32. Extracellular matrix deposition assay

In-vitro culture of FAC-sorted cells was obtained from transgenic mouse lines (En1¢;
R26™T™G or Adipoq®e; R26™T™G) at the PO or P1 stage. Explants from Cre+ mice were
collected on day 1 and day 4. Tissue was minced and digested using 0.5mg/ml
Collagenase A and 25units/ml of DNase 1 for lhr at 37°C with shaking. Cells were
washed with complete media and filtered through cell strainers. En1"" samples were
incubated with the following antibodies for lineage-negative gating. Post centrifugation
for 5 min at 300g, the cell pellet was resuspended in 1 ml of FACS buffer containing 2%
FBS in PBS. Later incubation with antibodies APC- anti-mCD31, mCD45, EpCam
(CD326), PECAM-1, mTie2(CD202b), mTer119, antibodies (BioLegend) and eFluor
660 conjugated anti-mouse Lyve-1 antibody on ice for thirty minutes. Later washed with
5 ml FACS buffer, the antibody-conjugated cell pellet was resuspended in 1 ml of FACS
buffer (PBS +2% FBS). The cells were sorted using the instrument FACS Aria III sorter
with a 120um nozzle. The lineage minus cells EPFs (Lin-TomatoRed-GFP+) were sorted

based on TomatoRed and GFP fluorescence. For Adipoq®™

positive samples, digestion
procedures were similar to those mentioned above but excluded lineage markers. Enl+
fibroblasts and adipocytes were later plated in 384 well glass bottom plates coated with
1% Porcine Gelatin. 3000 cells were plated per well and cultured in complete medium
with or without 5ng/ml recombinant TGFB1(rTGFB1). Adipocytes were cultured in
complete medium with or without Sng/ml rTGFB1 and 5ng/ml bFGF (basal FGF). Both

cultures were maintained in a 37°C incubator for 72 hours, and media was replenished on

alternate days.
33. De-cellularization and extracellular matrix immunostaining

Adipocytes and fibroblasts in 384-well plates were cultured for up to 3 days. Confluent
EPFs or adipocytes were de-cellularized as described previously (Bonenfant NR et al.,
2013, Van der Velden JL et al., 2018, Jiang D et al., 2018). Confluent culture dishes
were incubated sequentially at 4°C for 45 mins with very gentle stirring, first in DDW
(double distilled water) with Triton X 100 (0.1%), then in freshly prepared 2% sodium

deoxycholate. Two 30-minute incubations at room temperature followed them, first in
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DDW containing 1 M NaCl and second in DDW containing pancreatic DNase (30 pg/ml,
source porcine), MgS0O4 (1.3 mM), CaCI2 (2 mM). Plates were later rinsed very gently
with distilled water, and 4% PFA was used to fix the deposited extracellular matrix for
15 mins at RT. After washing gently with PBS two times, permeabilization was done in
PBS containing BSA (1%) and Triton X (0.1%). Blocking was carried out for 1hr at RT
using PBS containing 1% BSA and 10% serum of the species in which secondary
antibody was raised. This was followed by primary antibody incubation at 4°C overnight,
gentle rinsing with PBS, and later secondary antibody incubation was done for 1hr at RT.
Lastly, nuclei were stained with DAPI for 10mins at RT. Plates were washed 3X times
with 1X PBS and stored in PBS, and images were taken with a confocal microscope (LSM
710, Zeiss). Percent fluorescence was measured after converting the images to binary

format in Image J and calculating the fluorescence signal area.
34. Adult splinted wound model

0.5 mm Silicone sheets (Grace Bio-Labs, Cat.no. CWS-S-0.5) were used first to prepare
the splinted rings. 12 mm outer diameter and inner was 5 mm. Splints were cleaned with
detergent and water thoroughly, disinfected, and sterilized using ethanol (70%) for 30
minutes. Splints were later air-dried in a clean cell culture hood and stored in a sterile,
airtight container. Mice were anesthetized using MMF. (Volume- 100 pl, MMF-
medetomidine, midazolam, and fentanyl). The dorsal back hair was shaved using a hair
clipper (Aesculap Schermaschine Exacta). Followed by an additional application of hair
removal cream for about 3-5 min. 5 mm diameter biopsy punch (Stiefel) was used to
create two full-thickness (excisional wounds). Superglue, silicone elastomer (Kwik-Sil
Adhesive, World Precision Instruments, KWIK-SIL), was applied on one side of the split
and placed carefully around the wound. 5 to 6 sutures of 6.0 nylon were made carefully
to secure the splint. The wound was later covered with Tegaderm dressing (transparent,
3M). Mice awakened from anesthesia using MMF antagonist and later given
postoperative analgesia such as Metamizol (500 mg Metamizol/ 250 ml) in drinking

water.
3s. Cell harvest and sorting

En1¢r¢; R26 ™T™S or Adipoq©re; R26™™™G, Postnatal day 0 or day 1 was used. Dorsal back

skin from these mice was used. First, the back skin taken was taken out and washed with
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sterile HBSS solution. Later, skin tissue was transferred to a sterile hood and minced into
small pieces using surgical steel blades. This was rewashed with HBSS 3X times.
Following this was a digestion step. Minced tissue was incubated with 5ml of digestion
mix, and a single-cell suspension was made as mentioned above. Sorting was carried out
using Aria III cell sorter, and the 100pum nozzle was used for fibroblast and adipocyte
sorting. Cells were sorted into polypropylene tubes containing FACS buffer, and a small

number of cells were re-analyzed by flow cytometry to check sort purity.
36. Cell transplantation

FACS sorted cells were first thoroughly and gently washed with PBS. Cells were later
resuspended in PBS at 5 x 103 cells per ml. An equal volume of ice-cold Matrigel was
mixed with the cell suspension (Phenol red-free, Corning, 356231). Cell suspensions in
Matrigel were made to a final concentration of 2.5 x 10° cells per ml. This was stored in
an ice bucket until intradermal injections. The Rag2 -/~ mice, at age 10-12 weeks,
received Adipoq GFP+ and Enl GFP+ cells - Matrigel transplants. Smm diameter
excisional wounds (full-thickness, 2 wounds) as described above were made on mice's
dorsal back skin. Following this, two 50 pl injections of AdipoqGFP+ cell or En1 GFP+
cell suspension prepared in Matrigel at a concentration of 2.5 x 10° cells per ml were
made to the left side wound on opposite sides. 2 intradermal injections of 50 ul PBS were
made to control wounds on the right side. After injection, the cells were left for 10
minutes, and the silicone splints were placed carefully. The gentle press was applied
around the wound, as mentioned above in the splinted wound method. Harvesting of scar
tissue was done 7 days post wounding. Lastly, harvested tissue fixation was done at 4 °
C overnight using 2% PFA. After 3 times PBS washing, the tissues were prepared for

histological analysis.
37. Statistics

2-way ANOVA with 95% CI, P value<0.0001(***%*) calculated using GraphPad Prism 8

software and employed all figures.
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38. Data availability

Code to reproduce the analyses and figures based on scRNA-seq data generated in this
manuscript can be accessed https.//github.com/theislab/2021 Stromal Fate Restriction.

Additional information is available from the corresponding author on request.
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