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Abstract

Skin regeneration and wound healing after

mesenchymal stromal/stem cell treatment is dose dependent

Background: Skin regeneration and wound healing is crucial, especially after a burn injury.
Mesenchymal stromal cell (MSC) therapy is under investigation in promising (pre)clinical trials
to restore the damaged skin; however, the optimal cell dosage for therapy remains unknown.
Hypothesis: Different low-to-high MSC dosages promote outcome measures differently in skin
regeneration and wound healing.

Methods: We conducted a porcine study (N = 8 Yorkshire pigs) and seeded between 200—
2,000,000 cells/cm? of umbilical cord mesenchymal stromal cells (UC-MSCs) on a biodegrada-
ble collagen-based dermal regeneration template (DRT) Integra® and grafted it onto full-thick-
ness burn excised wounds. On day 28, we compared the different low-to-high cell dose groups,
the acellular control, a burn wound, and healthy skin.

Result: We found that the low dose with 40,000 cells/cm? regenerates the full-thickness burn
excised wounds most efficaciously, followed by the dose groups 5,000 cells/cm? and 200,000
cells/cm?. The low dose of 40,000 cells/cm? accelerated re-epithelialization, reduced scarring,
regenerated epidermal thickness superiorly, enhanced neovascularization, reduced fibrosis and
reduced type 1 and type 2 macrophages compared to other cell dosages and the acellular control.
Importance: This regenerative cell therapy study using MSCs shows efficacy when utilizing a

low dose, which changes the paradigm that more cells lead to better wound healing outcome.
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Abstrakt (Deutsch)

Hautregenerierung und Wundheilung ist nach

mesenchymaler Stammzelltherapie dosisabhéingig

Hintergrund: Hautregenerierung und Wundheilung ist wesentlich, speziell nach einer Ver-
brennung. Mesenchymale Stammzelltherapie wird in vielversprechenden (vor-)

klinischen Studien untersucht um die Haut wiederherzustellen. Die optimale Zelldosis dieser
Therapie kennt man jedoch noch nicht.

Hypothese: Wir haben eine Studie mit Schweinen durchgefiihrt (N = 8 Yorkshire Schweine)
und zwischen 200-2.000.000 Zellen/cm? mesenchymale Stammzellen von der Nabelschnur auf
ein biologisch abbaubares Hautsubstitut, Integra®, und auf zuvor ausgeschnittene Verbren-
nungswunden transplantiert. Vier Wochen danach haben wir die verschiedenen niedrigen bis
hohen Zelldosen der Gruppen mit einer azelluldren Kontrollgruppe, verbrannten Wunden und
gesunder Haut verglichen.

Resultat: Die Wunden mit 40.000 Zellen/cm? haben die voll ausgeschnittenen verbrannten
Wunden am besten regeneriert, gefolgt von der Dosis mit 5.000 Zellen/cm? und 200.000 Zel-
len/cm?. Die niedrige Dosis von 40.000 Zellen/cm? haben die Wunden beschleunigt reepitheli-
alisiert, haben Vernarbung reduziert, haben die Epidermis besser regeneriert, haben die Neo-
vaskularisierung vorangetrieben, die Fibrose reduziert und die Typ 1 und 2 Makrophagen re-
duziert verglichen mit den anderen Zelldosen und der azelluldren Kontrolle.

Wichtigkeit: Diese Zelltherapiestudie, welche die mesenchymale Stammzelltherapie unter-
sucht hat gezeigt, dass eine niedrige Zelldosis am wirksamsten regeneriert; dies dndert den

Glauben, dass hohere Dosen besser fiir Wundheilung sind.
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Chapter 1

Introduction and Background

The contents in this chapter has been partially modified and published previously as follows:

Amini-Nik, Dolp, Eylert, et. al, Stem cells derived from burned skin - The future of
burn care. EBIOMedicine, 37, pp.509-520, 2018

Eylert, G. (2019) MSc Thesis. Bio-Printing of Mesenchymal Stem Cells for Skin Re-
construction after Burns.

Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020

Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-
mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
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A burn injury

A burn is one of the most severe skin injuries a human can suffer from, and according to the
World Health Organization (WHO) in 2000, 12% of all worldwide diseases accounted for such
an injury (Niels & Stephen 2006). It is estimated that 330,000 deaths occur due to such a disease
(World Health Organization, Report, 2002). Major burns lead to profound systemic (hyper-
metabolic) responses (Jeschke et al. 2008) that have serious long-term effects (Greenhalgh
2019), including browning (Abdullahi & Jeschke 2017) and scarring (Finnerty et al. 2016).
Infections are the leading causes of the high morbidity and mortality rates (Lindberg et al.
1965), highlighting the importance of quick and permanent wound closure in burn patients
(Nicholas et al. 2016). Generally, the larger the burn is (measured in total body surface area
percentage, TBSA %), the more difficult the treatment is (Jeschke, Kamolz, et al. 2017). Fur-
thermore, the thickness of injury is determined and classified in first, second, third (dermis and
hypodermis) and deeper fourth-degree burns (skeletal muscle, bones), as well as superficial,
partial- and full-thickness burns (which is equivalent to a third degree burn affecting the dermis

and hypodermis).

Anatomy of the skin

The skin is the largest organ in the human body, with its essential functions being a barrier
against external factors such as mechanical stress and injury and bacterial infection and immun-
ity, maintaining temperature and having important sensory functions (Yousef & Badri 2019;
Yousef & Varacallo 2019). Human skin, with a total thicknesses ranging from a few hundred
microns to several millimeters depending on the location, has a multilayered and stratified or-
ganization, which is structured as the epidermis, dermis and hypodermis/subcutaneous (adi-
pose) fat tissue (Oltulu et al. 2018). The epidermis is the upper-most layer comprised of differ-
entiated epithelial cells known as keratinocytes (Prodinger et al. 2017). The epithelial layer is
tightly packed through cell-cell junctions and interact with support cells such as melanocytes
and Langerhans cells to provide the critical barrier (Yousef & Badri 2019; Yousef & Varacallo
2019). The layer evolves from ectodermal precursors (Dekoninck & Blanpain 2018; Kretzsch-
mar & Watt 2014; Prodinger et al. 2017) anchored to the basal layer and appendages; however,
high plasticity has been recently shown (Dekoninck & Blanpain 2018), and the epidermal layer
can regenerate also from the mesenchymal lineage (Lynch & Watt 2018a; Driskell & Watt
2015; Dekoninck & Blanpain 2018). These mesenchymal stromal cells build the papillary (up-

per loose connective tissue) and reticular (lower dense connective tissue) dermis, which is a



layer of loosely arranged extracellular matrix and, in healthy skin, abundant collagen-1 (Thu-
labandu et al. 2017), which provides the tissue structure. The dermal papillae are extensions
from the dermis, which reach toward the epidermal layer and provide nutrients and oxygen to
the basal layer. In the dermis, dermal fibroblasts are the most populated cell type, responsible
for secretion, degradation and homeostasis in this layer derived from the mesenchymal lineage
(Grinnell 2003; Lynch & Watt 2018b; Nolte et al. 2008). Hair follicles, sweat glands, sebaceous
glands, lymphatic and blood vessels may cross through (Yousef & Badri 2019; Yousef &
Varacallo 2019). The hypodermis, also referred to as the subcutaneous fat tissue, is located
below the dermis and contains the majority of adipocytes, also derived from the mesenchymal
lineage (Qomi & Sheykhhasan 2017), playing a significant role in fat storage for energy and
thermal regulation, while supporting cells such as endothelial cells, smooth muscle cells, fibro-

blasts and hair follicles (Watt 2014).

Wound healing and tissue repair

Wound healing and repair is a physiological response to restore tissue homeostasis, and it is a
tightly regulated process, which can be divided into four distinct phases: (1) haemostasis
(minutes after injury — 2 days), (2) inflammation (minutes after injury —day 7), (3) proliferation
and regeneration (day 2-day 28), and (4) remodeling (day 14 — 2 years) (Gurtner et al. 2008; A.
J. Singer & Clark 1999). The first phase, haemostasis, is characterized primarily by platelet
activity, secreted growth factors such as epidermal growth factor (EGF), platelet-derived
growth factor (PDGF) and transforming growth factor beta (TGF-beta) from local stromal and
epithelial cells at the injury site that activate, aggregate and form a temporary plug. Subse-
quently, circulating fibrinogen in the plasma is polymerized with the protease thrombin which
forms a mesh and further impedes blood loss. This matrix acts as a provisional scaffold for
stromal and epithelial cell migration. In the inflammatory phase, macrophages and neutrophils
are recruited to the wound area by vasodilatation and platelet-secreted factors such as PDGF,
CCL2 (Monocyte chemoattractant protein-1), CXCL1 (Chemokine), and CXCLS8. In addition,
they clear clearing debris, dead cells, bacteria and other pathogens from the wound site and
secrete growth factors such as EGF, VEGF (Vascular endothelial growth factor), TNF (Tumor
necrosis factor), and IGF (Insulin-like growth factor) to promote epidermal and dermal cell
division. After, the proliferation and regeneration phase is characterized by formation of a
highly vascularized granular tissue where fibroblasts actively proliferate and secrete extracel-

lular matrix proteins such as collagen and fibronectin (Bielefeld et al. 2012; Gurtner et al. 2008).



Within this newly formed granular tissue, fibroblasts differentiate into myofibroblasts and ac-
tively contract to pull on the extracellular matrix to decrease the overall size of the wound (Hinz
et al. 2001; Hinz 2016); the epithelial cells at the wound edges also allow for rapid cell division
and exhibit increase collective cell migration to cover the wound (Bielefeld et al. 2012; Gurtner
et al. 2008). In the remodeling phase, the tissue is reorganized by enzymes such as matrix met-
alloproteinases (MMPS) and tissue inhibitors of metalloproteinases (TIMPs), leading to scar
formation (Walraven & Hinz 2018).

Wound healing is carefully orchestrated and regulated. However, (mesenchymal) stem cells
promote wound healing beneficially in various pathways (Cha & Falanga 2007; N. G. Singer
& Caplan 2010; Isakson et al. 2015).

Current standards of burn care

In addition to primary care including (fluid) resuscitation, there is a clear need to restore the
physiological barrier of the skin as quickly as possible to prevent further water loss or infection
(Greenhalgh 2019). Therefore, in burn treatment, skin substitutes play an important role and
provide temporary or permanent wound coverage (Shahrokhi & Jeschke 2019; Nicholas et al.
2016; Kamolz, et al. 2014; Wurzer et al. 2016) if autologous, allo- or xenografting therapy are
unavailable. Cellularized skin substitutes aim to mimic skin and are being developed (Nicholas
2016; Beier et al. 2010; Adibfar et al. 2019; Sheikholeslam et al. 2018; Germain et al. 2018).
Many acellular skin substitutes are widely used, and Integra® is one of the most recognized
scaffolds worldwide and is approved for acute as well as chronic wounds (Yannas & Burke
1980; Yannas et al. 2010). It is a synthetic biodegradable dermal matrix bilayer consisting of a
bottom acellular dermal part—a porous crosslink of bovine type I collagen and shark carti-
lage—and an upper-protecting silicon layer. The acellular Integra® scaffold as a dermal regen-
eration template (DRT) provides a construct for endogenous cell ingrowth and dermal stroma

synthesis following healing.

Regenerative Medicine

Regenerative medicine with stem cell therapy is a novel approach in modern medicine based
on the assumption that stem cells and their progenitors can regenerate and repair damaged tissue
(Gurtner et al. 2008). The first descripted attempt in regenerative stem cell (SC) therapy was
done by transplanting bone marrow, which is a rich source of hematopoietic stem and progen-

itor cells as well as mesenchymal stromal cells (Friedenstein et al. 1966; Caplan 2019).



Generally, stem and progenitor cells display two fundamental properties of self-renewal by
lacking specialization and the ability to differentiate, producing a copy of the cell itself either
symmetrically or asymmetrically (Ruddy & Morshead 2018).

The multipotent mesenchymal stromal/stem cells (MSCs) derive from the second germ layer
and differentiate into multiple soft tissues, such as the bone, cartilage, skeletal, adipose and
dermal tissue (Prodinger et al. 2017), making them potentially powerful candidates for cellular
therapy. There are multiple sources for MSCs, such as the umbilical cord (Weiss & Troyer
2006), the placenta, the bone marrow, the adipose tissue, the dental pulp, the breast milk, and
the burned skin tissue (Amini-Nik et al., 2018; Dolp & Eylert et al. 2021) itself.

Although the benefits of MSCs have been proven on the bench, and MSCS have been success-
fully applied in clinical trials (Jeschke et al. 2019), the therapy seems to be limited. Success
rates in clinical trials are low and promising early results turned out to be irreproducible in
larger cohorts (Le Blanc & Davies 2018; C et al. 2017; Yau et al. 2019). Possible explanations
for the low efficiency may include the use of inappropriate cell types, insufficient quality and
quantity of applied cells, limited delivery of the cells to the target organ, sub-optimal timing of
the transplantation after the disease onset, wrong application mode and others, as authors re-
cently proposed (Reinisch, 2020). However, we recently observed in an umbilical cord stem

cell study a cell-dosing phenomenon indicating that the dose seems to be key.



Chapter 2

Project Rationale

The contents in this chapter has been partially modified and published previously as follows:

Amini-Nik, Dolp, Eylert, et. al, Stem cells derived from burned skin - The future of
burn care. EBIOMedicine, 37, pp.509-520, 2018
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cursor sheets improves healing in full-thickness burns. Biofabrication, 2020

Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-
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Rationale for this thesis project

Skin regeneration and wound healing are tremendously important if a skin injury (Kamolz et
al. 2015), such as a burn injury, occurs. Regeneration and healing of the epidermis and dermis
are crucial to lowering the risk of infections that are associated with high mortality (Clark et al.
2007; Jeschke et al., 2015). To date, however, there is no optimal treatment for a severe skin
burn. One approach is wound coverage with autologous skin graft transplantations, which is
considered the gold standard in burn care. However, autologous grafting comes with additional
challenges, such as the artificial creation of an additional wound when harvesting healthy skin
from the donor to cover the burn wound, as well as wound healing problems after grafting,
including wound healing disorders, or even a failure of the transplant itself. Alternatively, allo-
grafts and xenografts can be used, but they raise additional ethical concerns and issues concern-
ing availability and/or also potential rejection. Therefore, skin substitutes play an important role
and provide temporary or permanent wound coverage (Frueh et al. 2017) if autologous, allo-
grafting or xenografting therapy are unavailable.

In recent years, preclinical and clinical trials (Can et al., 2017) have been conducted to investi-
gate wound healing using mesenchymal stromal/stem cells (MSCs) (Fitzsimmons et al. 2018;
Jeschke et al. 2019) incorporated into Integra® (Amini-Nik, et al., 2018; Cheng & Eylert et al.
2020). However, the critical cell dosing of MSCs is still unknown and difficult to compare
based on previous reports. Publications utilizing the DRT for wound healing include MSCs cell
dosages that vary between 5,000-2,000,000 cells/cm? (Cheng & Eylert et al. 2020; Amini-Nik
et al., 2018; Isakson et al. 2015) and are tested on different models, such as rodents (Spater et
al. 2018; Formigli et al., 2015; Fierro et al., 2015; Meruane et al. 2012; Isakson et al. 2015),
pigs (Amini-Nik et al., 2018; Cheng & Eylert et al. 2020; Wood et al. 2007) and humans (Fa-
langa 2012a). These studies including models that were either given cell dosages once (Cheng
& Eylert et al. 2020; Wood et al. 2007; Amini-Nik et al., 2018; Esteban-Vives et al. 2018) or
multiple times (Isakson et al. 2015) on acute (Amini-Nik et al., 2018; Cheng & Eylert et al.
2020; Wood et al. 2007; Esteban-Vives et al. 2018) and chronic wounds (Falanga 2012a), either
on partial (Esteban-Vives et al. 2018) or full-thickness (Wood et al. 2007; Cheng & Eylert et
al. 2020; Amini-Nik et al., 2018) (burn) wounds, making comparisons even more difficult.
However, we previously observed in a stem cell study using a bioprinter with direct cell depo-
sitioning onto burn wounds that a lower dose regenerated the skin (Cheng & Eylert et al. 2020).
This raises the challenging question of which dose is optimal, as the general research principle
from these previous papers is that more cells lead to better wound healing outcomes. (Eylert et

al. 2021)



The translational research presented here aims to answer the important question of optimal dos-

ing of MSCs for future clinical applications.

Rationale for using umbilical cord mesenchymal stromal/stem cells

The literature describes several sources of mesenchymal stromal stem cells that have shown to
enhance wound healing (Kamolz et al. 2014; Takeo et al. 2015; Isakson et al. 2015; Formigli
et al., 2015). The rationale for using umbilical cord mesenchymal stromal/stem cells (UC-
MSCs) extracted from Wharton's Jelly was based on the following considerations: The umbil-
ical cords we received were readily available as a biological side product (a collaboration with
Sunnybrook Obstetrical and Gynecological Department), were free of costs and originated from
a possible noninvasive harvesting technique (Mahmood et al. 2015). Currently, perinatal tissue,
such as the amnion and the umbilical cord, are being used in wound care. The umbilical cord
and their extracted cells have impressive healing capabilities (Davis 1910; Matthews et al.
1981; Jeschke et al. 2019). In addition, clinical trials (Can et al., 2017) have shown their safety
(Couto et al. 2019), and they are known to be nontumorigenic, with a high proliferation capacity
(Saleh & Reza 2017). These cells have a superior multipotent potential compared to other MSC
sources, including the adipose or chorionic tissue (Jing Li et al. 2018). Furthermore, UC-MSCs
possess a lack of HLA-DR expression and have excellent immunosuppressive properties with
a low risk of graft-versus-host disease (Jing Li et al. 2018). Furthermore, UC-MSCs are de-
scribed as having a great potential for banking (Weiss & Troyer 2006). The Jeschke laboratory
has previously shown that UC-MSC extracted from Wharton's Jelly enhances wound healing
by accelerating the differentiation of cells in wounds (Bakhtyar et al. 2017). Other research
groups have demonstrated UC-MSCs possess characteristics that could be advantageous for
wound healing, such as their potency under ischemic-like stress conditions (Himal et al. 2017);
additionally, they have the ability to differentiate into fibroblast-like cells (Mahmood et al.
2015), they show increased expression of re-epithelialization, neovascularization and fibropro-
liferation factors (Arno et al., 2014; Arno et al., 2014), and they can also decrease inflammation
(Lee et al. 2016).

Thus, UC-MSCs have the potential to become an economical and effective treatment option for

wound healing in burn patients (Jeschke et al. 2019). (Eylert et al. 2021)

Rationale for using the skin substitute —the dermal regeneration template, Integra®
The acellular DRT Integra® (LifeScience Corporation) is one of the most widely used scaffolds

worldwide and is the standard of care in burn treatment (Shahrokhi et al. 2014; Wurzer et al.



2016) if a skin substitute is needed for wound coverage. The main purpose of the DRT is to
provide a stiff scaffold for endogenous cell ingrowth, allowing tissue remodeling and promot-
ing skin regeneration and wound healing. DRT is a synthetic biodegradable bilayer consisting
of a bottom acellular dermal matrix—a porous crosslink of bovine type I collagen and shark
cartilage—and an upper-protecting silicon layer. Previously, we (Amini-Nik et al., 2018; Cheng
& Eylert et al. 2020) and other groups (Spater et al. 2018; Formigli et al., 2015; Fierro et al.,
2015; Meruane et al. 2012; Isakson et al. 2015; Wood et al. 2007) have confirmed that the DRT
is areliable cell carrier for tissue engineering, allows cell ingrowth (Jones et al. 2003; Hamrahi
et al. 2012) as well as cell differentiation (Morena et al. 2016), and therefore promotes wound
healing. In addition, researchers have been able to show that the collagen-crosslinked matrix
provides an environment for the differentiation of cells (Hamrahi et al. 2012). (Eylert et al.

2021)

Rationale for the low-to-high cell dose model

Recently, it was found in the stem cell research group in the Jeschke Lab that a macroscopical
dose-phenomenon exists using a novel hand-held bio-printer when transplanting MSCs onto
burn full-thickness wounds (Cheng & Eylert et al. 2020; Eylert 2019). Cell dosages up to
50,000,000 MSCs per wound were used; however, the low dosages showed superior healing
(Cheng & Eylert et al. 2020; Eylert 2019). In the literature, other research groups descripted
comparable dose-models, however, the (most) optimal dose is not determined yet in tissue en-
gineering (Wagner et al. 2019; Chahal et al. 2019; Cheng & Eylert et al. 2020; Wood et al.
2007). Ultimately, the goal is to treat patients with an ideal cellularized skin treatment in the

future.

Rationale for the porcine wound healing model, Yorkshire pig

Yorkshire pigs (Abdullahi et al. 2014; Cheng & Eylert et al. 2020; Dolp 2017; Eylert et al.
2021) were used (N = 8) in this study, and they possess similar anatomic and physiologic skin
characteristics and comparable pigmentation to humans (Grada et al. 2018). Large wound sizes
did not allow spontaneous healing via contracture (Jeschke et al. 2017). The model has been
validated by other authors as a sufficient full-thickness burn model (Singer & McClain 2003;
A. J. Singer et al. 2016; Sullivan et al. 2001; Wood et al. 2007). (Eylert et al. 2021)
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Hypothesis and Aim
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Hypothesis
We hypothesize that different multipotent mesenchymal stromal/stem cell dose concentrations
delivered on an acellular dermal regeneration template Integra® promote outcome measures

differently in skin regeneration and wound healing in a full-thickness skin burn model.

Novelty (Originality)
Skin regeneration and wound healing are investigated in full-thickness skin burn model using

a low-to-high multipotent mesenchymal stromal/stem cell dose treatment.

Research Objective and Aims

The aims of this study are to investigate skin regeneration and wound healing using different

dosages in a low-to-high MSCs concentration model incorporated in a DRT in the treatment of

a full-thickness skin injury. Therefore, the defined objectives include the following:

1. Determine the presence of mesenchymal stromal/stem cells after cell-grafting on the
wounds.

2. Determine and evaluate the efficacy of outcome measures in a low-to-high dose model after
mesenchymal stromal/stem cell treatment is delivered on an acellular DRT.

3. Determine and compare different mesenchymal stromal/stem cell dosages for an optimized

treatment using Integra® as an artificial skin graft.

Outcome Measures and Endpoints

To our knowledge, a multipotent mesenchymal stromal/stem cell treatment in a low-to-high-
dose model has not been tested before. However, the question of an optimized dosing is of
tremendous importance for current and future clinical trials for skin regeneration and wound
healing for humans. Thus, we aim to answer our research question by defining outcome
measures to determine the efficacy of a mesenchymal stromal/stem cell grafting treatment,
where efficacy is defined as the potential for skin regeneration and wound healing outcome

measurcs.

Outcome measures for skin regeneration and wound healing
Macroscopically:

e Epithelialization area (in %)

e Scarring (Vancouver Scar Scale, VSS)

Histologically:

11



e Epidermal thickness (um)

e Dermal regeneration, collagen formation (Integrated Density, Unit/um?)
e Neovascularization (positive stained vessels, Unit/pm?)

e Fibrosis (alpha-SMA positive stained cells, Integrated Density, Unit/um?)

e Inflammation, Type 1 and Type 2 macrophages (positive stained cells, Unit/um?)
Endpoints of the study:

e Healed wounds, day 28 (indicative of the remodeling phase in wound healing)

e Medium-term stagnation in wound healing (remodeling phase, wound healing)

12



Chapter 3
Material and Methods

The contents in this chapter of this thesis have been partially published previously as follows:

Amini-Nik, Dolp, Eylert, et. al, Stem cells derived from burned skin - The future of
burn care. EBIOMedicine, 37, pp.509-520, 2018

Eylert, G. (2019) MSc Thesis. Bio-Printing of Mesenchymal Stem Cells for Skin Re-
construction after Burns(Eylert 2019).

Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020

Dolp & Eylert et al., 2021. Biological characteristics of stem cells derived from burned
skin-a comparative study with umbilical cord stem cells. Stem cell research & therapy,
12(1), p.137

Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-
mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
2021
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Study design

A prospective, experimental large animal study was carried out at the Jeschke Stem Cell La-
boratory (M7-140) at the Sunnybrook Research Institute in Toronto, affiliated with the Univer-
sity of Toronto, Canada. The animal experiments were performed between September 2015 and
June 2019 by two surgeons (Reinhard Dolp, MD, MSc 09/2015-06/2017 (RD)) and Gertraud
Eylert, MD, MSc 09/2017-06/2019 (GE)). This thesis project evaluates skin regeneration and
wound healing in a full-thickness porcine wound healing model after mesenchymal stro-
mal/stem cell treatment was incorporated and grafted with the acellular dermal regeneration
template (DRT, matrix, scaffold), Integra®, using different low-to-high cell dose concentra-
tions.

To confirm the previously observed hypothesis and to account for a higher sample size (N) for
statistical analysis two data sets from two surgeons from the same registered trial have been
pooled (RD, N =17 (31%); GE, N = 38 (69%)) (Supplementary Material Figure 2). Biopsies
were taken retrospectively (from RD, 2019) from the stored excised wounds (from the period
2015-2017). All tissue samples were processed from the same surgeon (GE) according to the

same protocols and were further stained and analyzed from the same blinded team.

Ethical approval and Guidelines

This study was approved and performed in accordance with the guidelines and regulations of
the Research Ethics Board (REB), Sunnybrook Health Science Centre (REB # 017-2011). All
procedures were executed accordingly in agreement with the Animal Policy and Welfare Com-
mittee of the University of Toronto. Animal procedures were reviewed, approved and moni-
tored by the Sunnybrook Research Institute and Sunnybrook Health Sciences Centre animal
care and use committee (AUP # 16-600) from trained veterinarian technicians and doctors.
Routine safety and health checks were performed. All controlled drug exemptions were ob-
tained from Health Canada (44219.11.17, 44220.11.17) under the Controlled Drug and Sub-
stances Act. During the trials, no adverse events occurred. The investigated animals maintained
their health during the entire experiment. Informed consent was obtained from patients or from

their substitute decision makers for the donation the umbilical cords.

Mesenchymal stromal/stem cells
Mesenchymal stromal/stem cell extraction
Several sources of human mesenchymal stromal/stem cells are available; however, cells for this

project were extracted from the umbilical cord tissue, which the Jeschke Stem Cell Laboratory

14



received as a donation from the Obstetrical and Gynaecology Department from the Sunnybrook
Hospital, using the same technique from Professor Ingrid Lang-Olip’s Laboratory for the ex-
traction.

The umbilical cords were maximally stored after collection for a period of 24 hours in the fridge
at 4 °C before processing. Stromal/stem cells were extracted with a scalpel from the extracel-
lular matrix from the umbilical cord, from the Wharton's Jelly in specifically, and they were
further cultured in Dulbecco's Modified Eagle Medium (Gibco™ DMEM, Thermo Fischer Sci-
entific, Canada) supplemented with 1% antibiotic-antimycotic solution (Gibco® Antibiotic-
Antimycotic, Thermo Fischer Scientific, Canada), 1% L-Glutamin (Sigma Aldrich) and 10%
fetal bovine serum (FBS) (Gibco™ fetal bovine serum, Life Technologies Corporation, USA).
Briefly, for the cell extraction method, the umbilical cord was diced in 3 cm pieces and washed
three times with 2% Ab/Am in phosphate-buffered saline (PBS; Wisent Inc., Canada). The am-
nion and subamnion were vertically opened with a scalpel incision. Wharton's Jelly was excised
in multiple < 0.5 cm? squares, which were placed in a 6-well cell culture dish and submerged
in 4 mL of culture medium. Cells were placed in an incubator at 37 °C with 5% CO,. Cell
outgrowth was controlled from the tissue pieces every other day under a light microscope. Once
cell outgrowth took place (usually between days 7-12), the tissue pieces were removed, and
partial media change was performed. Once the cells reached 90% confluency, they were pas-
saged and seeded into cell culture flasks (T75) (Figure 1). Further cell culturing with cell ex-
pansion and media changes took place every second or third day for the duration of the exper-

iments.

Lirmislic al Cordl

a8 Cutiuring

[~ ] Patng of -
mug

Cidturing

Figure 1: Conventional stem cell extraction from the Wharton's Jelly from the umbilical
cord. (A) Washed umbilical cord. (B) Schematic cross-section of the umbilical cord; Wharton's
Jelly is defined as the stroma. (C) Schematic small pieces of the excised Wharton's Jelly in a

6-well dish. (D) Cell culturing for cell expansion. (Eylert 2019)
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Criteria and characteristics of mesenchymal stromal/stem cells

According to the International Society for Cellular Therapy (ISCT) (2006), mesenchymal stro-
mal/stem cells must meet the following minimal criteria to be identified and characterized as
such in vitro: (1) they must adhere to a plastic surface; (2) they must express the Cluster of
Differentiation (CD) protein 105, 90 and 73 while lacking CD 45, 34, and 14 or CD 11b, 79al-
pha, or CD 19 and HLA-DR; and (3) they must differentiate into main mesenchymal tissues:

adipose tissue, cartilage, and bone tissue (Dominici et al. 2006).

Mesenchymal stromal/stem cell differentiation - in vitro

According to the aforementioned definition from the ISCT, cells extracted from the perinatal
tissue were differentiated in vitro. After the cells reached a confluency of > 80% in the initial
dish, cells were trypsinized and seeded into 6-well plates with a contraction of 100,000
cells/well and cultured until a confluency of 90%. After, the media was changed to a differen-
tiation media for cartilage, adipose and bone tissue, according to the following protocols below.
Adipogenic differentiation: cells were cultured in low glucose DMEM supplemented with 10%
FBS, 1% Ab/Am and 1mM of 3-isobutyl-1-methylxanthine (Sigma-Aldrich, Canada), 10
pg/mL of insulin (SAFC Biosciences, USA), 60 uM of indomethacin (Sigma-Aldrich, Canada),
and 1 pM of dexamethasone (Sigma-Aldrich, Canada). Cells were placed in an incubator at 37
°C in 5% CO,. The media was changed 2—3 times/week. Differentiation Staining: Oil Red O
staining: After two weeks, the first staining was performed to confirm adipogenic differentia-
tion. The media was removed, and wells were rinsed with PBS. Cells were then fixed in 10%
formalin for 30 minutes, rinsed with distilled water and stained with Oil Red O for 5 min
(Sigma-Aldrich). Following multiple rinses with water, cells were stained with hematoxylin
(Sigma). Intracytoplasmic lipid droplets appear in red and nuclei appear in dark blue.
Chondrogenic differentiation: Cells were cultured in a low glucose DMEM supplemented with
10% FBS, 1% Ab/Am and 0.1 mM of L-ascorbic acid-2-phosphate (Sigma-Aldrich, Canada),
1% of Insulin-Transferrin-Selenium (Corning™ cellgro™ Insulin-Transferrin-Selenium, Corn-
ing Incorporated, USA), 100 nM of dexamethasone (Sigma-Aldrich, Canada), 0.1 mM of so-
dium pyruvate (Sigma Aldrich, Canada), and 10 ng/mL of TGF-B1. Cells were placed in an
incubator at 37° C in 5% CO,. The media was changed 2—3 times/week. Differentiation Stain-
ing: Alcian Blue staining: After 42 days the first staining was performed to confirm chondro-
genic differentiation. Cells were fixed with 4% paraformaldehyde for 30 minutes (Electron Mi-

croscopy Sciences, USA), rinsed with 0% PBS and stained with Alcian Blue for 30 minutes

16



(Alcian Blue 8GX, Santa Cruz Biotechnology, Canada); they were washed multiple times. The
cartilage extracellular matrix exhibited a strong blue stain.

Osteogenic differentiation: cells were cultured in low glucose DMEM supplemented with 10%
FBS, 1% Ab/Am, 0.05 mM L-ascorbic acid-2-phosphate, (Sigma-Aldrich, Canada), 10 mM B-
glycerophosphate disodium salt hydrate (Sigma-Aldrich, Canada), and 100 nM dexamethasone
(Sigma-Aldrich, Canada). Cells were placed in an incubator at 37 °C in 5% CO,. The media
was changed 2-3 times/week. Differentiation Staining: Alizarin Red staining: After three weeks
of osteogenic differentiation, the media was removed, and wells were rinsed with PBS. Cells
were fixed with 4% Paraformaldehyde for 30 minutes (Electron Microscopy Sciences, USA),
rinsed with 0% PBS, and stained with Alizarin Red for 45 minutes (Alcian Blue 8GX, Santa
Cruz Biotechnology, Canada), and washed multiple times. Calcium deposits appear in a strong

red.

Cell sorting, flow cytometry assay

Flow cytometry was performed after initial cell extraction and expansion to sort for MSCs ex-
pressing markers positive markers CD73, CD90 and CD105 (and negative markers, including
the following: CD34, CD45, CD11b, CD19, and HLA-DR) by using a BD ™ LSR II Flow
Cytometer (BD Biosciences, Canada), using FACSDIVA™ (BD Biosciences, Canada) and
FlowJo™ software for graphical and statistical analysis. Live cells were selected and gated out
with the negative markers CD34-/CD11b-/CD45- (FITC) (Invitrogen) and CD19-/HLA-DR-
(AF700, PE-Cy7) (eBioscience), and positive markers were gated for CD73+ (PE) (eBiosci-
ence), CD90+ (BV510) (eBioscience) and CD105+ (APC) (eBioscience).

For cell sorting cells had a passage number of three with a confluency of 90% in the flasks.
They were trypsinized, washed and resuspended in flow buffer consisting of Hank's Balanced
Salt Solution (HBSS; Wisent Inc., Canada) supplemented with 1% bovine serum albumin (WI-
SENT Inc., Canada). After, they were incubated with the conjugated antibodies (ratio 1:100)
for 30 minutes on ice in the dark. After washing with flow buffer, DAPI (1:200) was added,
and cells were analyzed with the BD™ LSR 1II flow cytometer with the above-mentioned laser

channels.

The skin substitute, scaffold
Cell integration into the dermal regeneration template
The extracted and cultured MSCs were sorted and expanded until the anticipated cell count was

reached for the grafting experiment. Shortly before the experiment, another flowcytometry
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analysis was performed in order to confirm the cell surface markers. The cells were incorpo-
rated into the DRT on the day of each surgical experiment and were grafted on the burn excised
wounds (Cheng & Eylert et al. 2020; Eylert et al. 2021). (Figure 2, 6)

As previously described (Amini-Nik, et al., 2018; Cheng & Eylert et al. 2020; Eylert et al.
2021), the cells were trypsinized, spun down and distributed in 50 mL Falcon tubes containing
25% + of cells and 2 mL of cell medium (Gibco™ DMEM, enriched with 1% antibiotic-anti-
mycotic solution, 1% L-glutamine and with 10% FBS) depending on the design of each exper-
imental protocol (using between 200—-50,000,000 cells per treatment per wound). One milliliter
of standard cell culture medium was pipetted to each cell pellet. The cells were then resus-
pended and transferred into a Petri dish and homogenously pipetted with a multi-channel pipette
(VWR High Performance Signature™) on the acellular Integra® (Meshed bilayer Integra®,
Integra LifeScience Corporation) on top of the bovine collagen, with the silicone side facing
down on a sterile cell culture disk. The cells were seeded on DRT, which builds connections
with the wound bed after surgical placement. The acellular control was prepared similarly with
a mix of PBS and DMEM. Importantly, the DRTs absorbed the entire volume of the cells and
PBS suspensions. Both groups were then placed in the incubator at 37 °C before being surgi-
cally grafted onto the porcine wound healing model. Shortly before surgery, the cellularized
scaffolds were assessed under the microscope for floating cells indicating cell death and/or
failure to integrate. No floating cells could be detected in either of the scaffolds, indicating full
cell integration. From initial scaffold preparation until surgical grafting, less than 90 min of
time had passed.

Previously, our group could evaluate the depth of the seeding technique of 123 £ 21 pum in the
1.3 mm thick scaffold (Reinhard Dolp, MSc Thesis, T-Space, University of Toronto; Figure
modified by Gertraud Eylert, submitted and published previously (Eylert et al. 2021), Supple-
mentary Material Figure 1). Transplanting the seeded cells with the DMEM on the pig did not
lead to an adverse event as previously shown (Amini-Nik et al., 2018; Cheng & Eylert et al.
2020; Eylert et al. 2021). Other researchers confirmed this (Fierro et al., 2015), and this is most
likely due to the wet scaffold where cells stay attached in higher densities at the surface, pre-

sumably due to a high affinity of MSC to attach to collagen.

Controls
Acellular controls
To investigate the efficacy of skin regeneration and wound healing, the acellular DRT was

compared to the cellularized MSCs-DRT-treatment. The acellular control contained no cells
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(Integra® alone) and were placed and grafted in the same manner as the cellularized component
(Cheng & Eylert et al. 2020; Eylert et al. 2021). The acellular DRT Integra® is used in the
clinic as a gold-standard skin substitute scaffold in burn care (Jeschke et al. 2013; Shahrokhi &
Jeschke 2019).

Treatment references

In addition to the cellularized and acellular treatment, burn wounds were created on the pigs (N
= 4) that received no treatment. Biopsies were taken at determined time-points from these
wounds, and from healthy skin of the pig (N = 9); they were subsequently examined and re-

ferred as the worst and physiologic/optimal skin condition. (Eylert et al. 2021)

Cell labeling and detecting the presence of labeled cells

Sorted UC-MSC:s (1,000,000) were labeled with 6 uL of a lipid cell surface dye (DiO; Vybrant
Cell Labeling Kit, eligible for flow cytometry, DiO yellow channel (V-22886) Abs
484(nm)/Em 501 (nm), FITC) at the last medium change before the experiment (on day 2). This
technique was found to be a reliable labeling kit option for cells integrated into the DRT(Clover
et al. 2015) (Figure 2).

Additionally, a cell viability analysis after labeling was performed according to the manufac-
turer's protocol and assessed at 12 hours using Live/Dead® Viability/Cytotoxicity Kit, Invitro-
gen (Calcein 494/517nm, Ethidium homodimer-1/DNA 528/617nm) (Figure 2). The labeled
cells were incorporated with a density of 40,000 cells/cm? into equally cut 5x5 cm meshed
acellular DRT, and were grafted on full-thickness burn excised wounds on day 0. Full-thickness
tissue biopsies of 4 mm diameter were taken on day 2, 4, 7 and 9 at every dressing change from
rotational quadrants of the wounds. The tissue biopsies were immediately cut into small pieces
with the surgical scissors and mixed with a collagenase solution for 60-90 minutes under 37
°C conditions until all visible tissue pieces were small enough for further processing. This cell
suspension mix was filtered (10um cell strainer, Falcon® Corning, USA) and washed with flow
buffer and spun down. The cell pellet was then distributed into a small unstained control portion
(10%—-15%) and a large experimental tube (85%—-90%) in order to show the labeled MSCs. The
experimental tube was stained with CD90+ in order to indicate mesenchymal stromal cells as
double positive with the labeling dye DiO (BV510) (eBioscience). Analysis was made with
flow cytometry (BD FACSDIVA™ SOFTWARE) (Figure 2).
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Figure 2: Schematic purpose of the DRT, cell labeling and viability and schematic exper-
iment of the detection of labeled cells. (A) Schematic purpose of the DRT. Excision and re-
moval of the wound tissue, grafting of the DRT for cell ingrowth and remodeling until the
protecting silicon layer was removed. (B) Cell labeling kit via flowcytometry. Gated cell pop-
ulation containing three different cell surface labeling dyes (FSC and SCC). Histogram of DiO
positive gated cells in the FITC, yellow channel. (C) Live-dead-staining, confocal microscope,
magnification x 20. First row (1-3): After 12 hours after cells labeled and seeding: (1) live cells

(calcein) (green channel), (2) dead cells (EthD) (red channel), (3) merged, labeled and dead



cells. Second row (4—6): unlabeled controls: (4) live cells (calcein) (green channel), (5) dead
cells (EthD) (red channel), (6) merged, labeled and dead cells. (D) Schematic experiment of the
detection of labeled cells on the wounds. Cells were labeled with a yellow lipid cell surface dye
and grafted onto pig, at each wound dressing change every other day (day 2, 4, 7, and 9), and
tissue biopsies (schematic: blue dots) were taken in a rotating application from the quadrant.

(Eylert 2019; Eylert et al. 2021)

Preclinical Trial

Experimental overview

In general, the present study investigated eight Yorkshire pigs (N = 8), where umbilical cord
mesenchymal stromal/stem cells were seeded in a density between 200-2,000,000 cells/cm? on
a DRT onto 5x5cm full-thickness burn excised wounds investigating skin regeneration and
wound healing. On day 28, comparisons were made between the different low-to-high cell dose
groups, the acellular control, a burn wound and healthy skin. Analysis was made based on

photography and histological samples from the wound center (Table 1).

Table 1: Experimental Overview.

Characteristics of the Pig-Models:

N = 8 pigs were included (2015-2019)

N =55 wounds in total were analyzed

N = 1-10 wounds per pig (median 7, mean 6)

Nine conditions: 7 different wound treatments + 2 references
Each treatment was performed on 3—7 pigs

Each wound treatment was performed 3—12 times

Same Conditions:

UC-MSCs

Wound sizes (5x5c¢m), Biopsies from the wound centers (day 28)
Full-thickness-burn protocol (TBSA 25%), Same technicians
Same breeder

Same baseline condition of the pigs during experiments (Yorkshire, age, weight, size)
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Burn treatment

The pigs received two treatments that were performed and based on the skin substitute Inte-
gra®. These two treatments were either cellularized with multipotent stromal cells or were acel-
lular. We investigated 5x5cm full-thickness wounds and made comparisons regarding skin re-
generation and wound healing. Additionally, we made comparisons to healthy skin and burn
wounds alone as references. Treatment on the surgery day was assigned as day 0. Biopsies were
taken at determined intervals. The eight pigs received the same treatment (Integra and UC-
MSCs), although they had different amounts of wounds with different cell dosages. An ethically
approved guideline was the creation of a TBSA of a maximum of 25%. Different experiments
on the pigs using different sources and delivery strategies of multipotent stromal cells accounted
for the unequal number of wounds per pig, in addition to the wide variety of different cell dose

wounds.

Animals and housing

Eight Yorkshire male pigs (N = 8) were included in the study to determine the efficacy of the
different cell dose MSCs treatments. Upon arrival, all pigs from the same breeder had a mini-
mum weight of 20-25kg and were allowed to acclimatize for a minimum of 1-2 weeks prior to
the start of the experiments, reaching the same baseline condition regarding weight and lengths.
During the acclimatization period, animals received antibiotic therapy for approximately 1
week (e.g., 5-7 days, with a ceftiofur injection daily, intramuscular (im.)) after arrival from the
farm. All procedures followed under the guidelines of the Sunnybrook Research Institute and
Sunnybrook Health Sciences Animal Policy and Welfare Committee of the University of To-
ronto. The pigs were housed in individual pens at room temperature and at a 12 h light—dark
cycle with food and water ad libitum at the Animal Facility of the Sunnybrook Research Insti-
tute. Feeding and daily care were performed by the in-house animal staff and overseen by the
assigned veterinarian. Diet and animal care standard operation procedures were met. Experi-
ments began when the pigs maintained a health score of 25/25 (assessed daily, using the fol-
lowing assessed items: (1) pupil size and reaction to light, (2) activity, (3) food intake, (4) pos-
ture and (5) hydration; there was a maximum of 5 points/item for an overall maximum of 25
points/day). All animals were fasted for at least 6 hours before any procedures, including burn
infliction, surgery and wound dressing. All procedures were monitored daily and followed the
standardized protocols overseen by the veterinarian. Pain medication and necessary antibiotic

treatment were adjusted accordingly.

22



Burn wound infliction

For burn wound infliction, we used our standardized protocol (2 day before the transplantation
(-2 days)) (Amini-Nik et al., 2018; Cheng & Eylert et al. 2020). After being acclimatized and
treated with preventive antibiotics (ceftiofur injection daily, intramuscular (im.)) all pigs were
exposed to burns (TBSA of a maximum of 25%). Briefly, under anesthesia and analgesia (bu-
prenorphine 0.05mg/kg subcutaneous (sc.), ketamine starting dose 0.2 mg/kg sc., combined
with atropine 0.5-1.0 mg depending on the heart rate, as well as isofluorane 5%/L/O2 intuba-
tion), 5x5 cm dorsal full-thickness burns were created using a heated silver device (200 °C) for
20 seconds under constant force measured using a digital force gauge (4.0 N, Mark-10 Corpo-
ration). The wounds were covered with wound dressing and sterile gauzes, which were kept in
place by adhesive bandage and elastic stocking porcine suit. Additional analgesia (Tramadol
2—4 mg/kg/every 8 h orally) was administered regularly during the duration of the entire exper-
iment and started 24 h post intervention. Full-thickness burns were confirmed histologically 48
hours post burn (Singer et al. 2016) via punch-biopsy as described previously (on day 0) (Cheng
& Eylert et al. 2020; Eylert 2019; Dolp & Eylert et al. 2021).

Surgical wounds

After burn infliction (48 hours postburn) surgical wounds were completed. Pigs were moni-
tored, and under general anesthesia and analgesia (buprenorphine, ketamine, isofluorane), hair
was removed via electrical shaving followed by chemical depilation. The operation area was
disinfected with chlorhexidine, skin excisions were marked and excision of the full-thickness
burn was performed with a scalpel and monopolar electrocautery. Full-thickness burn exci-
sional wounds were inflicted in all pigs of a size of 5x5 cm each, in two rows equidistant from
the spine and each other. After the excision, wounds were covered and grafted as previously in
the laboratory that prepared DRT treatments. The skin substitutes were secured with metal sta-
ples or sutured with Vicryl 2.0. The pigs were intraoperatively closely monitored, and 500-1000
mL of NaCl was administered intravenously (iv.). Daily antibiotic injections were continued
between 3—-5 days post surgery. After surgery and bandaging, pigs could recover in a warm,

well-ventilated recovery pen with essential amounts of oxygen under observation.

Mesenchymal stromal/stem cell transplantation, the dose-model

In 2015-2017, the stem cell research group started transplanting multipotent stromal/stem cells
onto burn excised full-thickness wounds (Reinhard Dolp, MS, MSc) to investigate the efficacy
in skin regeneration and the wound healing (Dolp 2017). Cell dosages up to 10,000,000 cells
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per wound were used. In a second period starting in 2017, we expanded the dose model expo-
nentially using cells up to 50,000,000 cells per wound (Cheng & Eylert et al. 2020; Eylert
2019). Other research groups started with comparable exponential dose-models when used in
tissue engineering (Wagner et al. 2019) and via direct injection (Chahal et al. 2019).

The arbitrary low-to-high cell dose counts for the MSC treatment groups account to an overall
cell count per wound size (e.g., 200 cells/cm? = 5,000 cells/wound; 5,000 cells/cm? = 125,000
cells/wound; 40,000 cells/cm® = 1,000,000 cells/wound; 200,000 cells/cm® = 5,000,000
cells/wound; 400,000 cells/cm? = 10,000,000 cells/wound; and 2,000,000 cells/cm?> =
50,000,000 cells/wound; etc.) (Figure 3).

Vi
g DRT + UC-MSCs (Cell-Treatment):
- * 200 cells/cm2 (N=3) 1
s * 5,000 cells/cm2 (N=6) Low-to-High
g = 40,000 cells/cm2 (N=6) | Cell-Dose
g = 200,000 cells/cm2 (N=6) Data Set
g « 400,000 cells/cm2 (N=6) Analysis

= 2,000,000 cells/cm2 (N=3)

Dose-Concentration

Figure 3: Creation of a low-to-high cell dose model.

Wound dressing changes, biopsies

All wound dressing changes and biopsies took place with the above-described general anesthe-
sia method and under sterile conditions. Wound dressings were changed 3 times/week in the
first 2-3 weeks until the wounds were granulated with signs of progressed wound healing. This
was followed by dressing changes 2 times/week until the end of the experiment. Dressing layers
consisted of the following materials: Polysporin® cream, followed by Jelonet®, on a layer of
wet gauze; multiple layers of dry gauze (optional Tegaderm® transparent film dressing); cotton
towel staples and an animal compression jacket suit (Compression Cl. 1). Full-tissue punch
biopsies with a size of 4 mm (diameter), including the whole (epi-)dermis, part of the subcutis
as well as fascia and muscle tissue depending on the healing progress, were taken regularly
from the wound centers in a rotatory schemata (Figure 2), and from the wound center on day
28. The skin biopsies were first fixed in formalin and changed afterwards to 70% ethanol before

processing and embedding the sample in paraffin for further analysis.
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Pig’s health score assessment

Pigs were assessed for systemic (everyday) and local wound site complications (at each dress-
ing change) according to our protocols. Assessments and health scoring were performed by our
research group and additionally by an animal technician in the research facility.

Briefly, we assessed for local complications, such as (1) bleeding out of the wound site, (2)
wound infections, (3) wound secretion, (4) edema, (5) detachment of the skin substitute scaf-
fold, and (6) scar and/or contracture formation. Additionally, an assessment for systemically
complications was performed on a daily basis with a standardized health-scoring system, which
consisted of animal research pupil size and reactivity, activity, posture, food intake, and hydra-
tion. Each item was scored from 1-5, with 5 indicating the absence of problems. The scores of
the 5 items were added up to a maximum score of 25, indicating a healthy, active and well-
nourished pig. In addition, we assessed for respiratory distress, fever and any signs of abnormal
behavior that might indicate systemic complications, such as shivering and abnormal behavior
towards humans or other pigs; plus, an assessment for post surgical complications was per-
formed without finding any deviations from the normal course using the Clavien-Dindo-Clas-
sification (Dindo et al. 2004).

During our experiments no adverse events occurred. All investigated animals maintained their

health during the entire procedures and experiment.

Endpoints

The primary endpoint of wound healing after mesenchymal stromal cell treatment was wound
closure — either fully epithelialized and/or almost epithelialized wounds on day 28, as per the
definition in the remodeling phase (Gurtner et al. 2008). In comparison, human endpoints for
wound healing are therapy refractory wounds with no infection, no pain and no distress, such
as persistent hemorrhage, wound secretion or ambulatory difficulty.

At the termination of the experiment, chemical euthanasia was performed on the pigs by the
animal staff under general anesthesia using phenobarbital IV (euthanyl 100-200 mg/kg iv.).

Treated wounds were excised and processed.

Study Assessment, OQutcome Measurement Analysis
Safety Assessment of the treatments
A safety assessment of the treatment was made in accordance with the guidelines for Wound

Healing Assessment (UK, 2010) (Fletcher 2010). The general condition of the investigated pigs
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was assessed, as well as the precondition of the wounds, any complications, a wound assess-
ment before and after the burn and wound treatment, the safety of the treatment, time and ste-

rility and an overall rating for any condition.

Outcome Measurement Analysis

The main outcome measures to determine skin regeneration and wound healing of this study
are based on macroscopical findings of epithelialization (cm2 in %/wound) and Vancouver Scar
Scale (Vancouver Scar Scale, VSS), as well as on the following histological markers: epidermal
thickness (um), collagen formation, integrated density (unit/um2), neovascularization, CD31
(positive vessels/unit), fibrosis, aSMA, integrated density (positive cells/unit/um2), type 1 mac-
rophages, CD11Db at the epidermal border region and in the dermis (positive cells/unit/pm?2),
and type 2 macrophages, CD163 at the epidermal border region and in the dermis (positive
cells/unit/pum?2).

Macroscopical assessment (Photography)

Photographs of the wounds were taken on day 0 and day 28 with an iPhone 5SE, using the ruler
of a scalpel for scale on each photo. Images were transferred to a computer and have been
analysed using an imaging software (Image J Version 1.51 for MAC).

Evaluation was made by measuring epithelialization area/image of each wound, using the initial
burn excision wound size (on day 0) as reference and sparing the non-epithelialized area (on
day 28), using the formula [(area without epithelialization in cm? on day 28 x 100)/initial wound
size in cm? on day 0)] (Figure 4).

Furthermore, scarring was assessed using an established clinical scar scale — the Vancouver
Scar Scale (VSS, assessing vascularity, pigmentation, pliability and height), which was intro-
duced in 1990 (Sullivan et al. 1990). It is the most recognized and validated (Finlay et al. 2017)
scar scale in burn care (Fearmonti 2010; Zuo et al., 2019; Idriss & Maibach 2009), and has been
used previously for skin graft assessment (Zuo et al., 2019b; Cheng & Eylert et al. 2020; Eylert
et al. 2021). The VSS can be assessed without the need of interviewing the patient (pig). One
drawback is that the scale does not include the parameter of pruritus, which other scar scales
also lack (Fearmonti 2010). Evaluation for scarring was performed by two external blinded

researchers in plastic surgery research. (Figure 4).
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Table 2. The Mancouver Scar Scale

Scar characteristic
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Figure 4: Wound Healing Analysis, Scar Assessment. (left) Schematic wound on day 28
(photography), with measurement of the inner circle — the nonepithelialized area. The outer
circle indicates the scar which was analysed using the Vancouver Scar Scale (VSS) (right).

(Eylert 2019)

Assessment of the histology

Skin biopsies were assessed using histological samples, which were taken on day 28 from all
centers of the wounds. The tissue was immediately fixed in 10% formalin, changed to 70%
ethanol (EtOH), embedded in paraffin and cut into 5 um sections. Histology was stained ac-
cording to protocols. All histological tissue samples were first scanned via Leica light micro-
scope (LEICADM 2000 LED) on three positions of each tissue sample according to a protocol
(location and depth depending on the staining of interest) (Position 1, P1, etc.) (Figure 5) at the
epidermis/epidermal border and in the dermis (measuring from the epidermis 2000 um toward
deep dermis). Second, these images were assessed by two blinded individuals. The three posi-
tions were averaged for one value per location and sample. An imaging software (Image J Ver-
sion 1.51, Fiji Version 2.0.0 and Plug-Ins for MAC) was performed by two researchers for
special analysis of the images.

The evaluation for the scanned images with the imaging software was performed as followed
after setting the scales. The thickness of the epidermis was measured with the ruler function
(um) (Amini-Nik et al., 2018; Cheng & Eylert et al. 2020; Eylert et al. 2021); for collagen
formation, the integrated density was measured (unit/um?2), extracted with the plug-in for Mas-
son’s Trichrome, and a binary was created while measurement of the integrated density was
performed (Brianezi et al. 2015; Cheng & Eylert et al. 2020; Eylert et al. 2021); for neovascu-
larization, a positive vessel for CD31 positive cells with a lumen was counted and an anatomical

structure was counted once (Ertl et al. 2018; Ryan 1976) (positive vessels/unit); for fibrosis, the
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positive aSMA cells were measured, after extracting with a colour deconvolution plug-in for
the red/brown channel (H&E DAB) was taken, a binary was created and the integrated density
was measured (positive cells/unit/um2) (Brianezi et al. 2015); and for the inflammatory cell
assessment, positive cells for type 1 and type 2 macrophages were manually counted and noted,

using the wand tool (positive cells/unit/um?2) (Schliefsteiner et al. 2017).

F3

I mm

Figure 5: Histology Example. Analysis/imaging of multiple locations of each sample (Picture

1, P1, Picture 2, P2, Picture 3, P3). (Eylert 2019)

Masson's Trichrome

Paraffin-embedded slides were dewaxed through CitriSolv and rehydrated through grades of
ethanol for staining (Electron Microscopy Sciences). Samples were kept overnight in Bouin's
solution (Electron Microscopy Sciences, #26386-01) at room temperature, was were washed
and stained with Weigert's iron hematoxylin (A, B, Electron Microscopy Sciences, #26320-03,
26320-04) working solution (Sigma-Aldrich), Biebrich scarlet-acid fuchsin solution (Electron
Microscopy Sciences, #26033-25), phosphomolybdic-phospho-acid solution (Electron Micros-
copy Sciences, #26364-01, 26356-05), aniline blue solution (Electron Microscopy Sciences,
#26693-04), and they were washed multiple times and refreshed in acid acidic (1%), until fix-
ated by rehydration and citrosol. After, the slides were mounted, and scanned via microscope

and analyzed with an imaging software.

Immunohistochemistry

For immunohistochemistry, slides were deparaffinized and rehydrated for staining. First, anti-
gen decloaking was performed with a pressure cooker at 110 °C for 4 min for antigen retrieval.
Afterwards, samples were blocked with 3% H202 for 10 min. before antibody incubation over-
night. The following antibodies were used: CD11b (ab133357, rabbit monoclonal, Abcam),
CD163 (ab87099, rabbit polyclonal, Abcam), CD31 (ab28364, rabbit polyclonal, Abcam) and
aSMA (ab18415, mouse, monoclonal, Abcam). Antibodies were visualized through HRP probe

and polymer detection kits (Biocare) for either mouse or rabbit, followed by a betazoid DAB
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chromogen kit (DAKO, Biocare). Slides were counterstained with hematosylin (Electron Mi-
croscopy Sciences), dehydrated and mounted with xylene-based mounting medium. Stained
slides were scanned, and positively stained cells/structures were then quantified and measure-

ments were performed using standardized protocols at the region of interest.

Statistics

After summarizing the data set, each outcome measures was analyzed descriptively (median,
interquartile range, IQR, percent %) in the nonparametric data set using Microsoft Excel 2016
for Mac. Graphical presentation was performed using GraphPad Prism Version 8.0 for Mac.
For the graphical presentation of the dose curves and line of best fit the statistical program
Python was used. Each graph illustrates a regression (or order 2), and the 95% confidence in-

terval is indicated as the area in light blue (of the raw data set, without normalization).
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Chapter 4
Results

The subsection “Creation of comparable conditions for the experiments”, showing that the cells
used in this study are mesenchymal stromal/stem cells and the created burns are full-thickness
burn wounds, have been published previously(Eylert 2019) and have been modified. The con-
tents in this chapter of this thesis have been partially published previously as follows:
e Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020
e Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-
mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
2021
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Overview of results

The aim of this study was to determine the efficacy of low-to-high-doses of mesenchymal stro-
mal/stem cells (200-2,000,000 cells/cm?) extracted from the Wharton's Jelly from the umbili-
cal cord, which were incorporated in Integra® to investigate wound healing and skin regenera-
tion. The treatment was compared to an acellular control. Both treatments were applied once
on full-thickness burn excised wounds (day 0) and evaluation were made 4 weeks after treat-
ment (day 28), as per the definition in the remodeling wound healing phase, undergoing the
initial inflammation and proliferation phase (Gurtner et al. 2008).

The main objectives of this study were to investigate if the transplanted and grafted stem cells
on Integra® are present on the wounds, if the cells promote skin regeneration and wound heal-
ing and if differences of cell doses in outcome measures for wound healing can be determined.
The results of this evaluation have implications for future clinical considerations in the treat-

ment of (burn) wound healing (Figure 6). (Eylert et al. 2021)

Full-Thickness
Burn kodel

Figure 6: Overview of the experiment. Extraction of mesenchymal stromal/stem cells with
following from the Wharton's Jelly from the umbilical cord. Cells were sorted via flow cytom-
etry and incorporated into the DRT Integra® and grafted on full-thickness inflicted burn excised
pig models. Skin regeneration and wound healing were assessed 4 weeks after surgery. (Eylert

et al. 2021)

Creation of comparable baseline conditions for the experiments
The creation of comparable baseline conditions for any experiments is detrimental. We there-
fore used established, published and peer-reviewed protocols for our experiments (Cheng &

Eylert et al. 2020; Eylert et al. 2021).
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Extracted cells from the Umbilical Cord are Mesenchymal Stromal/Stem cells

The cells were isolated from the Wharton's Jelly of the umbilical cord and subsequently cul-
tured. The extracted cells were differentiated according to differentiation protocols into the
three main mesenchymal lineages: adipogenic, osteogenic and chondrogenic, as shown previ-
ously (Cheng et al. 2020; Eylert et al. 2021). Furthermore, the extracted and expanded cells
were sorted for MSC surface markers according to the definition of the International Society of
Cellular Therapy(Dominici et al. 2006) via flow cytometry (CD73+, CD90+, CD105+, CD11b-
, CD19-, CD34-, CD45- and HLA-DR-) as shown previously (Cheng & Eylert et al. 2020;
Eylert et al. 2021). This resulted in a sorted MSC population of 98.7%. These cells were than

further cultured and expanded for the experiment for incorporation into Integra® (Figure 7).

ndhareni colls
after cell isolation

B Ditferentiation Assay - in vitro
chondrogenic osteogemic

=20
Alizarin-Rad, day 35

€O11b, GO HLA-OR coTa Ccowo

Figure 7 Mesenchymal stromal/stem cell differentiation. (Modified from: Eylert, G. MSc
Thesis, 2019.) (A) Cells must first adhere on plastic. (B) Differentiation staining, in vitro. MSCs
isolated from the Wharton’s Jelly differentiating into adipocytes after 12 days with visible lipid
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droplets as visualized with Oil-Red-O stain (left), differentiation into chondrocytes after 35
days of culture as visualized with Alcian-Blue (middle) and differentiation into osteocytes with
visible calcium, stained with Alizarin-Red (right). (C) Flow cytometry results confirming triple
positive stain for CD73, 90 and 105, while indicating as negative for CD34, CD45, CDI1b,
CD19, and HLA-DR. Upper panel: unstained cells; lower panel: stained cells. (Eylert et al.
2021)

Full-thickness burns are reproducible

The Yorkshire pig burn model has been validated from previous authors as a sufficient full-
thickness burn excised wound healing model (Wood et al. 2007; Singer & McClain 2003; Sul-
livan et al. 2001; Abdullahi et al. 2014; Amini-Nik et al., 2018; Cheng & Eylert et al. 2020).
The infliction of a full-thickness burn on the pigs was performed in accordance with all animal
welfare guidelines and ethical approvals, according to a protocol from our burn research labor-
atory in Sunnybrook Research Hospital as previously published (Amini-Nik et al., 2018; Cheng
& Eylert et al. 2020). The full-thickness injury was 48 h post burn and confirmed twice via
histology using Masson's Trichrome protocol, which assesses the depth of necrosis, collagen
denaturation and microvascular injury (Singer et al. 2016). The thickness of the depth of the
burn necrosis (Median 1939, SD 566), the depth of the collagen denaturation (Median 3068,
SD 1671) and the depth of the microvascular injury (Median 5893, SD 1680) were reproducible
in both models assessed without statistical differences. Furthermore, the induced injuries were

similar regardless of the location of the pigs when using our standardized protocol (Figure 8).
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Figure 8: Burn Confirmation. (Modified from: Eylert, G. MSc Thesis, 2019.) (A) Burn
wound, 48 h post burn. (B) Representative histology of burn tissue from a 4 mm punch biopsy,
48 h post burn, magnification x 1.25. (C) Necrosis, magnification x 5. (D) Collagen denatura-
tion, magnification x 10. (E) Microvascular injury, magnification x 20. (F) Burn injury with
measured depth of parameters. (G) Burn location with measured injury depths. (H) Schematic

model of a pig with burn location indicated. (Eylert 2019; Eylert et al. 2021)

Presence of grafted mesenchymal stromal/stem cells on the wounds

The commercially available Integra® was used since it has been demonstrated from our group
and others as being a reliable cell carrier for tissue engineering (Amini-Nik et al., 2018; Cheng
& Eylert et al. 2020; Spater et al. 2018; Formigli et al., 2015; Fierro et al., 2015; Meruane et al.
2012; Wood et al. 2007; Foubert et al. 2015), allowing cell ingrowth (Hamrahi et al. 2012;
Jones et al. 2003) as well as cell differentiation (Morena et al. 2016). Extracted sorted UC-
MSCs were incorporated into the DRT with a cell density between 200-2,000,00 cells/cm?2
according to our protocol (Figure 9) (Eylert et al. 2021).

Two Integra® treatment wounds were specially assessed for the presence of labeled cells after
grafting. Cells were labeled with a lipid cell surface dye (DiO) and seeded with a density of
40,000 cells/cm? before incorporation into the DRT. Before incorporation, the dye was tested
for cell toxicity. Cell viability was assessed at 12 hours after using the cell labeling dye on

sorted MSCs. The cells maintained their viability after labeling and no significant difference
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was found in an increase in dead cells compared to unlabeled controls (Figure 9). Tissue biop-
sies with the incorporated labeled and grafted cells were taken at determined time points at
every dressing change on day 2, 4, 7, 9, etc. Labeled cells were present in the wound biopsy on
the pig until day 7 in repeated experiments, as demonstrated via flow cytometry. The number
of positive detected cells (CD90+, Di0O) continually declined over time until day 7 (Figure 9).
(Eylert et al. 2021)
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Figure 9: Cell viability after labeling cells with DiO, DRT cell infiltration and DiO detec-
tion via flow cytometry. (A) Live-dead-staining 12 hours after flow cytometry of MSCs sort-
ing for surface markers, and DiO-labeling, confocal microscope, magnification x 20. (1, 4) Live
cells (calcein) (green channel), (2, 5) dead cells (EthD) (red channel) and (3, 6) merged. (B)
H&E stained DRT after tissue biopsy and tissue preparation, on day 4 and 7, magnification x
20. The dark yellow colored dotted line indicates the upper border from the Integra® scaffold.
The Integra® scaffold in violet stained (as seen in both images on day 4). The brown line at the
left bottom image border indicates the Integra® scaffold. The blue arrows indicate cells. (C)
Flow cytometry on day 7 after tissue biopsy and tissue preparation with a double positive cell

signal of a cell surface dye (DIO) on CD90+ cells. (Eylert et al. 2021)

SKkin tissue regeneration after Integra® treatment

The following graph illustrates the typical appearance seen in the histology over the time course
of 4 weeks. The acellular control lags behind in regeneration compared to the cellularized scaf-
fold, as seen on the prolonged time in the acellular control to degraded the bio-degradable In-
tegra®. In the acellular control, the DRT was not fully degraded on day 28. Cell migration
subjectively occurred faster in the cellularized scaffold compared to the acellular control with

a superior architecture in skin regeneration (Figure 10).
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Figure 10: Tissue regeneration, H&E stain, and Masson's Trichrome staining histology.
(A) Graph, tissue regeneration measured in density/unit/um?2. (B) H&E Stain, day 7, magnifi-
cation x 20 and x 40. (C) Masson's Trichrome staining of histology on day 7, 14, 21 and 28.
Magnification x 10.

Mesenchymal stromal/stem cells therapy enhances skin regeneration and wound healing
The newly cellularized Integra® sheets were grafted on full-thickness excised burn wounds,
and tissue regeneration was assessed on day 28. To determine the efficacy of the seven applied
treatments, 10 wound healing outcome measures were used. The mesenchymal stromal/stem
cell treatments were compared to the acellular control, which is currently used as a gold stand-
ard in the clinic.

The following descriptive data set illustrates the different measured macroscopical and histo-
logical outcomes shown with medians and interquartile ranges (Figure 11, B). In general, the
majority of the MSCs-treated groups regenerated the wounds superiorly compared to the acel-
lular control when looking at each outcome measure separately.

A comparison assessment between acellular and cellularized treatment was made using a simple
ranking system (1-7 treatments, where 7 = best, 1 = worst) based on the medians. The graph

illustrates the MSCs dose concentrations in an ascending manner and the summary of the
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ranked outcome parameters of the medians (Figure 11, A). All MSCs-treated groups using be-
tween 200—2,000,000 cells/cm? generated skin regeneration and wound healing better com-
pared to the acellular control. We found the best outcome when using 40,000 cells/cm? (62
points), followed by 5,000 cells/cm? (52 points), and 200,000 cells/cm? (48 points). Further-
more, the lowest dose of 200 cells/cm? (43 points), the very high dose of 400,000 cells/cm? (32
points) and the highest dose of 2,000,000 cells/cm? (26 points) regenerated the skin effectively

compared to the acellular control (17 points).

A Ranking Descriptive Data Summary
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Figure 11: Ranking assessment, descriptive data summary of the study. (A) Ranking as-

sessment. A comparison using a simple ranking system (1-7 treatments, where 7 = best, 1 =
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worst) was made based on the medians between acellular and cellularized treatment. (B) Sum-
mary of the descriptive data. Data are expressed in median and interquartile range (IQR). K
indicates 1,000. Heat-color-map: dark blue indicates healthy skin as the physiologic and best
condition. Lighter blue shades are first, second and third best, respectively. The light yellow
shaded color indicates the acellular control, which is the current treatment standard used in the
clinic. Everything from yellow to dark orange indicates a worse outcome compared to the acel-

lular control. Orange indicates a burn alone, the worst condition. (Eylert et al. 2021)

Efficacy of a low-to-high mesenchymal stromal/stem cells treatment

Macroscopical Wound Healing

Epithelialization

Wound healing was assessed via taken photography after four weeks of treatment, as per the
definition in the remodeling phase (Gurtner et al. 2008), the last phase of wound healing. The
epithelialization area per wound was calculated as [(area without epithelialization in cm? on
day 28 x 100)/(initial wound size in cm? on day 0)]. The MSC-treated groups showed a median
between 96%—81% epithelialization compared to the acellular control, with a median of 92%
(IQR 89-95). The low dose group with 5,000 cells/cm? showed the fastest epithelialization with
96% epithelialization (IQR 91-97), followed by 40,000 cells/cm? with 95% epithelialization
(IQR 89-96). The lowest dose of 200 cells/cm?, and high doses of 200,000-2,000,000 cells/cm?
showed inferior wound healing compared to the acellular control with epithelialization between

81%-91% (IQR 69-92) (Figure 12).

Scarring

Scarring was assessed using the Vancouver Scar Scale (VSS, assessing: vascularity, pigmenta-
tion, pliability, and height), which is the most recognized and validated (Finlay et al. 2017) scar
scale (Fearmonti 2010; Zuo et al., 2019) and has been used previously for skin graft assessment
(Zuo et al., 2019; Cheng & Eylert et al. 2020; Eylert et al. 2021). The MSC-treated group of
5,000 cells/cm? showed the lowest scarring with a median VSS of 6 with the narrowest inter-
quartile range (IQR 6-7). The highest dose of 2,000,000 cells/cm? (IQR 4-9) and the lowest
dose of 200 cells/cm? (IQR 5-9) both had the same median VSS of 6. The other MSC-treated
groups of 5,000, 200,000 and 400,000 cells/cm? showed a median VSS of 8 (all IQR 7-8),
compared to the acellular control with the same median VSS of 8 (IQR 7-10). Overall, the

MSC-treated groups appeared less inflamed, with a more homogenous scar texture. The lowest
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and the highest dose had a sample size of N = 3, while the other dose groups had N = 6 (Figure
12).
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Figure 12: Data distribution, macroscopical wound healing. (A) Epithelialization area (cm?
in %). (B) Vancouver Scar Scale. (C) Photography of macroscopical wounds on day 28 from

the initial 5x5 cm full-thickness burn excised wounds. (Eylert et al. 2021)

Epidermal Regeneration

Epidermal Thickness

Histological assessment was performed accompanying the macroscopical assessment also four
weeks after surgery, where tissue biopsies from the wound centers were taken and stained after
Masson's trichrome protocol. For references, healthy porcine skin representing the physiolog-
ical/natural condition had a median of 165 pum (IQR 159-182 pum), and burn wounds, without
any treatment, had a median of 63 um (IQR 49—75 um). Hypo- and hyperplasia were defined as
inferior and superior epidermal thickness, respectively, from the interquartile range of the

healthy skin. The most effectively regenerated epidermal thickness was achieved by the dose
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of 200,000 cells/cm? with a median of 157 pm (IQR 99-198), followed by the dose of 40,000
cells/cm? with a median of 189 pm (IQR 132-262), and the dose of 400,000 cells/cm? with a
median of 131 pm (IQR 116-149). The acellular control showed a median of 177 um (IQR 64-
383 um), although it lagged in epidermal regeneration and demonstrated a high range of hypo-
and hyperplastic epidermal thickness (64-383 um), where the Integra® scaffold was incompletely
degraded by day 28. The DRT was visible in none of the MSC-treated groups. The dose of 5,000
cells/cm? showed a median of 284 um (IQR 205-286 pm) and, according to the reference, it
was defined as epidermal hyperplasia, although the histology showed overall a very homoge-
nous epidermal regenerated architecture with rete ridges comparable to the other MSC-treated

groups. (Figure 13, A)
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Figure 13: Data Distribution, outcome measures. (A) Epidermal thickness (um). (B) CD11b
pos. cells, type 1 macrophages per unit/image, epidermal border. (C) CD163 pos. cells, type 2
macrophages per unit/image, epidermal border. (D) Collagen formation with density per
unit/image (um?). (E) CD11b pos. cells, type 1 macrophages per unit/image, dermis. (F) CD163
pos. cells, type 2 macrophages per unit/image, dermis. (G) Density of positive alpha-smooth
muscle actin cells (a-SMA) per unit/image (um?). (H) Neovascularization with vessels with

CD31 pos. endothelial cells per unit/image.
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Figure 14: Epidermal and Dermal Regeneration. (A, B) Masson's Trichrome stained epi-
dermis with magnification x 10 and dermis with magnification x 20. (C-F) Immunohistochem-
ically stained dermis with CD31 (C), a-SMA (D), CD11b (E), CD163 (F) with magnification x
20. (Eylert et al. 2021)

Appendages

After a severe burn injury, healed wounds leak appendages (Binghui Li et al. 2019), which is
problematic for patients with, the example, the inability to transpire. The DRT with its structure
allows cell ingrowth and has been shown in full-thickness burn healing to achieve regeneration
of adnexal structures, such as hair follicles (Navsaria et al. 2004). This adnexal neoformation
originates from the epithelial lining (Binghui Li et al. 2019; Biedermann et al. 2010; Dekoninck

& Blanpain 2018) and may be attributed from the cell plasticity and neogenetic/regenerative
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capability of the upper dermal fibroblastic lineage (Belokhvostova et al. 2018). In addition,
(umbilical cord) mesenchymal stem cells have the ability to regenerate hair follicles sufficiently
as previously shown (Sabapathy et al. 2014).

In healthy porcine skin, as reference, four different types of appendage structures were identi-
fied, such as hair follicles and the associated arrector pili muscle, sebaceous and eccrine glands.
In the burn wounds, no adnexal structure was seen at any time point, presumably due to the
necrotic tissue, which was scaled apart, leaving only the deep fibrotic tissue attached. In our
evaluation we found in eight cellularized MSC-treated wounds (26.7%) and in one acellular
control wound (8.3%) adnexal structures on day 28 in the histology. The majority in the MSC-
treated group were hair follicles, but sebaceous and eccrine glands were seen as well, compared
to the acellular control which showed only one single hair follicle. The adnexal neoformation
was found in all treatment groups (5,000-2,000,000 cells/cm?) except in the lowest dose with
200 cells/cm? (Figure 15).
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Figure 15: Appendages, Neoformation. (A) Graph, appendage neoformation. (B) Types of
adnexal structures. (C—F) Histology, Masson's Trichrome Staining, on day 28. (C) Hair follicle,
magnification x 10. (D) Eccrine gland, magnification x 20. (E) Sebaceous gland, magnification
x 20. (F) Overview, in the MSC-treated group, two embedded hair follicles were observed in
the dermis, and in the healthy skin, hair follicles, eccrine and sebaceous glands were embedded

in the dermis. Magnification x 1.25.
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Dermal Regeneration

Collagen Formation

Dermal regeneration was evaluated by measuring the collagen density with an imaging soft-
ware, where stained collagen fibers were extracted from digitized histology(Brianezi et al.
2015). All MSC-treated groups regenerated more collagen compared to the acellular control.
Within the dose groups, the dose of 200 cells/cm? reached the highest collagen density (median
639K, IQR 579-720K), followed by 200,000 cells/cm? (median 567K, IQR 527-590K) and
5,000 cells/cm? (median 554K, IQR 525-605K). The acellular control reached the lowest col-
lagen density (median 490K, IQR 464-605K) (Figure 12, 13).

Neovascularization

The tissue was also stained via immunohistochemistry for the specific endothelial marker
CD31, which is indicative of neovascularization. Measurements were performed by counting
each vessel with a lumen. Anatomical structure was counted once (Ertl et al. 2018; Ryan 1976).
All MSC-treated groups showed higher neovascularization compared to the acellular control.
Within the different dose groups, the dose of 40,000 cells/cm? showed the same vessel count of
17 (IQR 12-17) compared to the healthy skin (median 17, IQR 13-18). Closest to the reference,
the dose of 200,000 cells/cm? showed 15 vessels (IQR 12—16), followed by 400,000 cells/cm?
with 19 vessels (IQR 15-23). The acellular control regenerated 7 vessels (IQR 6-10) (Figure
12, 13).

Fibrosis

In a fibrosis assessment, positive alpha smooth muscle cells (a-SMA) were stained and meas-
ured with imaging software after extraction and an adjusted density assessment (Brianezi et al.
2015). All MSC-treated groups showed a lower positive a-SMA cell density compared to the
acellular control (median 412K, IQR 386-485K). We found the lowest fibrotic appearance with
lowest positive a-SMA count in the 40,000 cells/cm? (median 30K, IQR 27-39K) dose group,
followed by 200,000 cells/cm? (median 31K, IQR 29-34K), and 5,000 cells/cm? (median 37K,
IQR 36-40K) (Figure 12, 13).

Inflammation
The tissue was also stained for positive inflammatory markers. Due to the high cross-reactivity
of the antibodies in the pig tissue, finding reliable markers for macrophages was challenging.

However, a clear signal was found for CD11b and CD163. CD11b is a pan-macrophage marker,
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which is expressed on a variety of leukocytes and is upregulated on activated cells, including
type 1 macrophages (Eming et al. 2007; Schliefsteiner et al. 2017), and it is associated with a
proinflammatory state, whereas the CD163 is associated with a state of repair. Due to the tissue
showing different patterns of the present inflammatory cells in the remodeling phase on day 28
depending on wound location, the epidermal border region and the dermis were assessed sepa-
rately to quantify differences. The tissue regeneration occurs from the deep wound bed up-
wards, similar to the remodeling occurrence of remodeling, and therefore the deep dermis is
remodeled earlier than the superficial dermis and epidermis (Figure 12, 13, 14).

The fewest CD11b positive cells were found in the epidermal border region in the wounds with
40,000 cells/cm? with a median of 8 (IQR 6-11), followed by 200 cells/cm? with a median of
12 (IQR 5-15), and 5,000 cells/cm? with a median of 12 (IQR 7—18). The wounds with 400,000
cells/cm? showed a median of 22 (IQR 21-35), and the wounds with 2,000,000 cells/cm?
showed a median of 37 (IQR 31-44), which was higher when compared to the acellular control
with a median of 17 (IQR 10-30).

Evaluating the dermal region, the dose of 40,000 cells/cm? showed the lowest positive cell
count of 7 (IQR 6-11), followed by the dose of 5,000 cells/cm? with a median of 9 (IQR 8-10),
and 200 cells/cm? with also a median of 9 (IQR 6-16) as well. The acellular control showed a
lower median of positive counted cells of 32 (IQR 15-49) compared to the highest dose group
with 2,000,000 cells/cm? with a median of 36 (IQR 8-50). (Figure 12, 13, 14)

Along with the pro-inflammatory marker CD11b, the tissue was stained for CD163, which is a
marker expressed on anti-inflammatory and pro-repair cells such as type 2 macrophages (Et-
zerodt & Moestrup 2013; Tang et al. 2017).

In the epidermal border region, all MSC-treated groups showed a lower positive cell count of
CD163 positive cells compared to the acellular control. The wounds with 5,000 cells/cm?
showed the lowest median of 10 (IQR 9-20), followed by 40,000 cells/cm? with a median of
12 (IQR 8-24), and 200 cells/cm? with a median of 25 (IQR 16-54), which were lower than the
acellular control with a median of 68 (IQR 48-72).

In addition, in the dermal region, all MSC-treated groups showed fewer positive cells than the
acellular control with a median of 68 (IQR 34-72). Within the different dose groups, we found
the lowest positive cell count when treating wounds with 5,000 cells/cm? with a median of 8
(IQR 6-13), followed by 40,000 cells/cm? with a median of 12 (IQR 4-29), and 200,000
cells/cm? with a median of 31 (IQR 25-34) (Figure 12, 13, 14).
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Skin regeneration and wound healing after mesenchymal stromal/stem cell treatment is

dose-dependent

The analysis of the outcome parameters suggests a dose-dependent skin regeneration and
wound healing phenomenon when utilizing a low-dose. The low dose group range between

200—40,000 cells/cm? regenerates the full-thickness wounds most efficaciously, following by

46



the middle dose of 200,000 cells/cm? and 400,000 cells/cm?, and lastly the extremely high dose
of 2,000,000 cells/cm? (Figure 17).

Dose-Concentration for Wound Healing after Grafting

Descriptive Data Summary
g_
§o]
5 71
251
i“'l
£
b ner
s o o o un il [IH
= o~

N g g
'ﬁ’hﬁ? é’aﬁ n’bﬁ é"j h@ﬁ aé{ﬁ
* ¢ ..L‘?@‘

'
Dose-Concentration, Cell-Amount

3 Best Healing
[ Worst Healing Compared To Acellular

Figure 17: Data summary of the study. (A) Summary of the best outcome measures from the
descriptive data set, indicative for best healing (in blue). The worst healing outcomes when

compared to the acellular control is shown (in yellow). (Eylert et al. 2021)
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Figure 18: Cell dose curves for each outcome measures. The graphs illustrate at each param-
eter a plotted dose dependency, as shown on a logarithmic (x-scale, natural log) and with the
cell numbers (y-scale, total cell counts) and the confidence-interval (line of best fit, blue) (area

in light blue). (Eylert et al. 2021)
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Chapter 5

Discussion

The contents in this chapter of this thesis have been partially published previously as follows:

Eylert, G. (2019) MSc Thesis. Bio-Printing of Mesenchymal Stem Cells for Skin Re-
construction after Burns(Eylert 2019).

Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020

Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-

mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
2021
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General Discussion

In regenerative medicine, the general goals after a burn injury is to regenerate and heal the skin.
As such, the transplantation of mesenchymal stromal/stem cells is becoming increasingly fea-
sible in (plastic, reconstructive) surgery. If ethical approval is granted, safety guidelines are
followed and special GMP (Good Manufacturing Practices) facilities, as well as the knowledge
in the utilization of MSCs, are available, then MSC or similar treatments could become a more
widespread solution for skin regeneration. The first case studies that have transplanted (via
injection) UC-MSCs in burns were successfully conducted and showed superior healing
(Jeschke et al. 2019). Furthermore, the first autologous (stromal) cell therapies that spray fibro-
blasts and progenitor cells have been FDA approved for partial thickness therapy (Esteban-
Vives et al. 2018) and are available in selected (burn) centers in Europe for study purposes in
burns for skin regeneration. From a commercial standpoint, stem cells are known as the “ulti-
mate regenerative medicine”, an idea that is propagated worldwide (Connolly et al. 2014).
However, many research questions are still unanswered, and failure of this treatment is possible
if safety is not applied. Indeed, some stem cell trials have already been shut down as novel
treatments could not be shown as the superior option (Yau et al. 2019).

Wound healing is extremely costly (Kamolz, 2014; Banfield et al. 2015), and a practical treat-
ment that can regenerate tissue is what medical societies and professionals have been waiting
for. Stem cell therapy with the property of regeneration and repair bears, therefore, a great po-
tential to reduce current burdens and alleviate disease. This study gives new insights on the
novel therapy using UC-MSCs in tissue engineering, which adds important value in the discus-

sion of this new treatment approach in skin regeneration.

The existence of a cell-dose phenomenon

A low-to-high MSC-dose treatment model was created, full-thickness burn wounds were ex-
cised and UC-MSCs were grafted on Integra® from a low-to-high cell dose between 200 and
2,000,000 cells/cm? as treatment on the wounds, comparisons were made four weeks after sur-
gery on day 28. Eight wound healing parameters indicating the progress in tissue regeneration
and repair were evaluated (Gurtner et al. 2008). It was found that a low dose of 40,000 cells/cm?
accelerates the regeneration of the epidermis and dermis most efficaciously, followed by an
even lower dose of 5,000 cells/cm?. Comparatively effective in the analysis were the dosages
of 200 cells/cm? and 200,000 cells/cm? as third best, followed by higher dosages up to 400,000
cells/cm? and lastly 2,000,000 cells/cm?, when compared to the acellular component and refer-

enced to the healthy skin alone.

51



This finding changes the paradigm that more cells lead to a better outcome in skin healing as
numerous authors have described previously investigating the MSCs grafted on Integra® (Fa-
langa 2012b; Wood et al. 2007; Amini-Nik et al., 2018; Spater et al. 2018; Formigli et al., 2015;
Fierro et al., 2015a; Meruane et al. 2012; Foubert et al. 2015). To promote MSC cell therapy,
the determination of the optimized cell dosage for (pre-)clinical trials is essential for preventing
this therapy from failure. The model shown here provides a wide dose range and fills a gap for
the optimization of future cell-based therapy in regenerative medicine. The impact of this study
includes not only the dose range for skin wound healing, but also the feasibility of cell produc-
tion for (acute) burn injuries and costs for treatment production (Kamolz, et al. 2014). Knowing
that a lower cell dose range promotes skin regeneration more effectively than a high dose range
has immense value for cell coverage, especially in large burn wounds (with a high TBSA where
potentially millions of cells are needed to cover burn wounds) and could significantly improve

the potential treatment cost efficiency.

Previous studies have hypothesized that more cells lead to better outcome, such as for cell in-
jection in the arthritic knee joint (> 50 million) (Chahal et al. 2019), or in the treatment for
ischemic heart infarction (150 million) (Cha et al. 2017; Yau et al. 2019). However, these in-
vestigations showed that the abundant cells in knee joints do not result in significant improve-
ments for patients (Chahal et al. 2019), and early clinically randomized-controlled trials have
shown that such high number of mesenchymal precursor cells (MPCs) injected in ischemic
heart lesions did not show curative effects (Yau et al. 2019). As such, it appears that the dose
determines the success of cell therapy.

Due to the novelty of this approach, there is a lack of (MSCs) dosing studies in the literature.
In numerous rodent models, for instance, MSCs and progenitor cell treatment have been shown
to have valuable healing effects (Spater et al. 2018; Formigli et al., 2015; Fierro et al., 2015;
Meruane et al. 2012), but currently there seem to be excessive with cell counts in the millions
when researchers graft onto small wound surface areas of a few centimeters. In a study with
mini-pigs, researchers demonstrated using a wound size of 10cm? that 300,000 cells/cm? of
adipose-derived regenerative cells grafted on Integra® increased granulation tissue and neo-
vascularization in wound healing (Foubert et al. 2015). It has also been shown that 88,000-
160,000 cells/cm? seeded on the Integra® scaffold in a comparable full-thickness burn porcine

model enhances healing (Wood et al. 2007). However, this study demonstrated that even low
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doses of 40,000 cells/cm? and 200-5,000 cells/cm? in large 25 cm? wounds result in significant

wound healing and full tissue regeneration.

We hypothesize that the more beneficial outcome in the low dose range is explainable due to
the simple adage “the dose makes the poison” and three underlying mechanisms (based on a
publication in Cell showing a mathematical model of cell circuits of cell proliferation and death)
might be applicable for an explanation (Hart et al., 2014). First, an excessive amount of grafted
cells, such as 2,000,000 cells/cm?, may be proliferating to a maximum consuming space and
use all available growth resources. This could generate a lack of nutrients and induce hypoxia
in the wound environment, all of which might lead to cell death and massive signaling (Hart et
al., 2014). This massive signaling may need time to be regulated in the wound environment so
that tissue regeneration can occur. Previously, it has been shown that hypoxia-induced apopto-
sis of MSCs showed a beneficial initial inflammatory upregulation that prevents hypertrophic
scar formation (Liu et al. 2014). This would be in line with our findings, since we found reduced
scarring in the extremely high dose group. Second, for extremely low cell concentrations, the
cell numbers may be declining since the critical threshold of hemostasis is not reached, and the
few cell-cell interconnections could to cell death (Hart et al., 2014). The paracrine signals may
provide the neighboring cells in the wound bed a proliferative healing boost as demonstrated
by the results for the low dosages. Given the appropriate dose, cell hemostasis may be able to
be achieved faster (Hart et al., 2014), leading to most optimal accelerated healing.

The scientific underlying mechanism, however, is not being determined yet. The cell-dose
model has provoked many research questions, which need to be determined in the future in
separate studies due to the scope of each potential underlaying mechanism that has led to this
low-dose-phenomenon (Supplementary Material Table 1). Interestingly, also other researcher
descripted a dose-dependent wound healing phenomenon, for instance, when using a high dos-
ages of Botulinum (neuro)toxin A wound closure was deteriorated in an in vitro model (Guger-
ell et al. 2016). Following our publication (Eylert et al. 2021), we found also other review/re-
searchers reevaluated their data and descripted a low-dose phenomenon when injecting, for

instance, erythropoietin into wounds and found enhanced regeneration (Spater et al. 2021).

Regeneration findings and their meaning
This preclinical study confirmed previously described results, demonstrating that MSCs ther-
apy improves macroscopical wound healing with faster epithelialization, reduced scarring and

reduced inflammation. Furthermore, it has been shown, that the application of the cells with its
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proangiogenic and fibroproliferative effects increases collagen formation, increases neovascu-
larization and reduces fibrosis (Arno et al. 2014; Isakson et al. 2015; Rolfe et al. 2007; Liu et
al. 2014). A lower dose of MSCs regenerates more efficiently than a higher dose of cells. In
addition, it has been shown that regardless of the dose, the newly cellularized MSC treatment
accelerates wound healing more effectively compared to the acellular control. However, it
seems that in an extremely high dose range, the results trend toward the acellular component.
Specifically, the results showed that in the created 25 cm? large full-thickness deep wounds of
the pigs, almost full epithelialization, up to 95% with residual crusts, was seen on day 28. The
close results from the MSCs-treated groups compared to the acellular control could be ex-
plained due to the strong contracture in the dermis in the controls, as shown in the scar evalua-
tion and elevated aSMA cell density, which contributed to a more mechanical wound closure.
Furthermore, inflamed wounds appeared in acellular controls, but less inflammation appeared
in the MSCs-treated wounds, which was in line with the increased and decreased count of type
1 and 2 macrophages.

In general, it was challenging to find reliable macrophages markers due to the high cross-reac-
tivity of the antibodies in the pig tissue. However, the CD11b, associated with a pro-inflamma-
tory state, was found with a higher cell count in the acellular control compared to the MSC
group, where stem cells reduce inflammation (Singer & Caplan 2010). CD163 correlated with
a state of repair and showed significantly higher remodeling compared to the more homogenous
MSC tissue. This increased inflammation and remodeling was not just observed in the dermis,
it was also observed in the epidermal-dermal border. The observed tissue remodeling reflects
the wide range of epidermal thickness.

It is possible that a compensatory mechanism exists, as wounds will heal as fast as possible, but
without the correct cell signaling, a paradoxical (Hart et al., 2014) regeneration might be seen,
as in hypo- and hyperplasia. Recently, it has been shown that the epidermis has high plasticity
when it comes to cell differentiation and migration (Dekoninck & Blanpain 2018) not just from
the ectodermal region (Prodinger et al. 2017; Dekoninck & Blanpain 2018), but also from the
dermal regions (Driskell et al. 2013; Philippeos et al. 2018). Another possibility could be, that
the chosen umbilical cord-MSC source has a lower plasticity (Antonyshyn et al. 2018) than
skin-derived stem cells, and therefore lacked in regeneration capabilities.

The increased collagen formation, increased neovascularization and reduced fibrosis are at-
tributed due to the beneficial proangiogenic (Low et al. 2017) and fibroproliferative (Ertl et al.
2018) effects of (UC-)MSCs (Arno et al. 2014; Arno et al., 2014), as shown in numerous studies
previously (Isakson et al. 2015).
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Furthermore, MSCs are also known to regenerate skin appendages (Dekoninck & Blanpain
2018; Sabapathy et al. 2014), including hair follicles and skin glands. This could also be ob-
served and measured in the cellularized groups, which is an interesting finding four weeks after
the initial burn treatment. It is, however, what other authors proposed previously, demonstrating

that regeneration may occurs potentially within this time frame (Biedermann et al. 2010).

Negative findings

The descriptive data table shows the negative findings of a similar outcome from the MSCs-
treated groups compared to the currently most used synthetic skin substitute (Nicholas et al.
2016; Shahrokhi & Jeschke 2019) and allows comparisons through all data points. These find-
ings were seen especially in the epithelialization speed and the type 1 macrophage assessment.
First, it could also be speculated that the wound healing was not fully completed, as demonstrate
with the residual crusts on top of the wound, or the low N of 3 in the extremely low dose
distorted the result. Regarding the type 1 macrophages, with the inferior result from the cur-
rent/acellular treatment it could be argued that the older tissue from 2015-2017 might have a
lower affinity to the histological staining than the newer tissue from 2017-2019 (Supplemen-
tary Material Figure 2). Further research is needed to adjust and determine the (slight) differ-

€nces.

MSCs therapy via Integra®

Mesenchymal stromal/stem cell treatments beneficially influence and promote wound healing
and tissue repair (Malhotra et al. 2016). However, the ideal burn wound dressing is not deter-
mined yet (Selig et al. 2012), and cell delivery to the tissue with respect to the wound still
remains a challenge. Multiple cell delivery strategies are under development and are currently
being investigated, as for instance, bio-printing (Cheng & Eylert et al. 2020), cell-spraying
(Wood et al. 2007), direct cell injection(Jeschke et al. 2019) and the cellularization of scaffolds
(Amini-Nik et al., 2018; Ertl et al. 2018; Eylert et al. 2021; Germain 2018; Meuli et al. 2019).
MSCs were incorporate into a collagen-cartilage—based synthetic acellular dermal matrix for
tissue regeneration, which is available worldwide (Tompkins & Burke 1990) and used success-
fully in numerous stem cell research studies as a delivery structure (Amini-Nik et al., 2018;
Cheng & Eylert et al. 2020; Eylert et al. 2021). In addition, as a reliable cell carrier, it has been
shown that the biodegradable scaffold allows cell ingrowth (Jones et al. 2003; Wood et al. 2007;
Hamrahi et al. 2012) and permits cell differentiation into the mesenchymal lineage (Morena et

al. 2016). Labeled grafted cells were present until day 7, which is similar to other reports
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(Hamrahi et al. 2012; Cheng & Eylert et al. 2020) that used the same cell tracing method (Clover
et al. 2015). This suggests that the cells promote wound healing and tissue regeneration via
their paracrine effects (Singer & Caplan 2010).

Taken together, the Integra® scaffold, which can be easily cellularized as shown previously
(Amini-Nik et al., 2018; Cheng & Eylert et al. 2020; Eylert et al. 2021; Wood et al. 2007), can
act as a readily applicable cell delivery system, especially when adjusted for each (burn) patient

regarding cell dose, using the multiple advantages of MSCs as a new wound healing treatment.

Umbilical cord mesenchymal stromal cells in wound healing

Although the wounds were evaluated on day 28 and were not investigated longer, it has been
shown that the application of UC-MSCs seems to be safe in full-thickness skin regeneration, as
previous researcher have demonstrated (Davis 1910; Matthews et al. 1981). No tumorigenesis
was observed in the eight pigs and thirty wounds in the macroscopical or histological tissue
evaluations. The cells were applied in hemostasis, the acute inflammation phase in wound heal-
ing, and were safe in the proliferation/regeneration and beginning of the remodeling phase after
4 weeks, without any observed adverse events. This finding is in conjunction with other authors
showing the safety of UC-MSC:s in clinical trials (Couto et al. 2019; Can et al., 2017; Jeschke
et al. 2019) were the multipotent potential for (skin) regeneration was shown (Jing Li et al.
2018; Saleh & Reza 2017). UC-MSCs have also shown immunosuppressive properties with a
low risk of graft-versus-host disease (GVHD) (Jun Li et al. 2018) and their potency under is-
chemic-like stress-conditions (Himal et al. 2017), was valuable in the burn models previously
(Cheng & Eylert et al. 2020). In addition, these fetal-derived stromal cells are associated with
increased re-epithelialization, neovascularization and fibroproliferation (Arno et al. 2014; Ertl
et al. 2018), which are needed in tissue regeneration. Therefore, this source of multipotent stro-
mal cells is helpful especially in full-thickness burns, and potentially available in almost every

hospital.

Animal Model

A reliable model for the investigation of the efficacy of various cell doses for tissue regeneration
is crucial. The established full-thickness porcine model was used preclinical studies to research
wound healing in burn research (Abdullahi et al. 2014; Amini-Nik et al., 2018; Wood et al.
2007; Cheng & Eylert et al. 2020; Eylert et al. 2021). The advantage of the Yorkshire pig as a
burn model to mimic human wound healing is that they have similar anatomic and physiologic

skin characteristics and a similar skin pigmentation. In the chosen model, it was possible to
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study large wounds without a spontaneous healing via contracture as seen in smaller animal
models (Singer & McClain 2003; Sullivan et al. 2001; Wood et al. 2007). Pig skin is slightly
thicker than human skin, and therefore, the investigation of full-thickness regeneration showed
reliability in the evaluation. Even though there are alternative options available for research,
such as the innovative organs and lab-on-the-chip (Cheng & Eylert et al. 2020; Hakimi et al.
2018) they are not yet available to mimic the numerous functions that need to be accounted for
in a full-thickness skin burn, including a complex wound healing environment (Dolp & Eylert
et al. 2021) with the hypermetabolic state (Abdullahi & Jeschke 2017; Auger et al. 2021; Auger
et al. 2018; Auger et al. 2020; Auger et al. 2017; Jeschke 2016; Jeschke et al., 2015; Jeschke et
al. 2008).

Ethical concerns

Regenerative medicine is an exciting field with great potential. Stromal cells bear tremendous
potential for curing disease; however, many research questions are still unanswered (Eylert et
al. 2021). Ethical questions regarding stem cell therapy are informed by competent regulatory
authorities. The Austrian Federal Office for Safety in Health Care (BASG,
https://www.basg.gv.at/en/) and European Medical Agency (EMA, https://www.ema.eu-
ropa.eu/en), for instance, regulate and discuss the use of stromal cells, which fall under different
categories regarding their preservation, processing and purpose. Therefore, there is an essential
difference regarding the ethical matters and the law if MSCs therapies remain under investiga-
tion for instance, in the laboratory (in preclinical (animal) trials), during transplantation (in
(human) trials), as drug delivery systems (i.e. cytokines/vesicles), or in medical product (deliv-
ery) or devices.

The safety of any new treatment has to be proven and confirmed first. There are clear differ-
ences between the embryonic and adult (mesenchymal) stem cells (Ventura-Junca et al. 2013).
In the context of this study, it will be very interesting to assess how the dosing of MSCs will
evolve in the future. If the cells are seen as a drug delivery (product); and because the dose
“makes the poison”, then the necessary amount for a “cytokine-cocktail” for skin (tissue) re-
generation must be determined in the future, it is also possible that the cells are actually no
longer needed, and furthermore, that the cells could be potentially easily be ordered. In addition,
autologous burned-derived cells could be used (Amini-Nik et al., 2018; Dolp & Eylert et al.
2021) for burn treatment where stromal cells could be transplanted, which would put this cell
treatment under the Tissue Safety Act and Federal Law. Another possibility is that the cells

could be seen as a pharmaceutical product known as an advanced therapy medicinal product
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(ATMP) (in the future) (https://www.ema.europa.eu/en/news/new-guidelines-good-manufac-
turing-practices-advanced-therapies), which is defined as having pharmaceutical, immunolog-
ical or metabolic functions (in a human). The word “dosing” indicates that a threshold is needed
for a response. This study shows the existence of a dose-phenomenon and is therefore valuable
for the research community and in guiding future directions in the dosing of cell therapy in skin
regeneration, especially since the vibrant (stem cell) start-up scene is pushing various wound
healing products on the market as skin healing, repair and regeneration have an immense eco-
nomic potential worldwide. Stem cell tourism, for instance, with promoted stem cell therapies,
attract significant attention and potential patients (Ventura-Juncé et al. 2013), notably on the
internet (Connolly et al. 2014). This highlights the importance of a safe cell application and the
need for further (pre)clinical trials investigating the unique regenerative potential of (mesen-

chymal) stem cells for tissue regeneration and repair.

Limitations

Intense research is needed to determine the underlying factors and mechanism of the dose-
dependent relationship in wound healing, including the various dosages and different MSC
types from various sources in different (burn) skin thickness models when using different cell
delivery strategies. It would be interesting if the dose phenomenon is caused by a lack of nutri-
ents for the stromal cells and is therefore associated with a possible higher apoptosis rate leading
to a worse healing outcome, or if too much cell-cell interaction and an overload of released
cytokines contribute to a paradoxical cell-signaling, and therefore leads to a noncell homeosta-
sis and cell death as researches proposed in theoretical models (Hart et al., 2014). It is believed
in these mathematical models that if cell proliferation exceeds the cell death rate, the cell num-
bers grow, whereas in the opposite scenario the cell numbers decline (Hart et al., 2014). In
addition, sophisticated hypoxia and nutrient models have to be created to account for the burn
injury as well as the potential hypoxia and the wound healing environment, especially in a
potential over- or under-dosed treatment in each wound in different individual. In this study,
the total global viability and state of differentiation of the delivered cells were not determined,
which is difficult and also not feasible in such large wounds using billions of cells. Generally,
a higher N and number-needed-to-treat is necessary to calculated statistical significance. Dif-
ferent complex models were created together with the statistical department from the Medical
University of Graz to calculate statistical significance, and they also accounted for different

pigs, however, none of the models addressed the data set as well as the “simple” descriptive

58



data set shown in Figure 11. Using this basic method data presentation, the pure data set repre-
sented the trends for the dosing-phenomenon the best. Finally, further research with optimized
conditions needs to be done in humans to determine the exact optimal dose for human (burn)
wound repair and skin regeneration, which need to be pursued not only for acute but also for

chronic wounds.
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Chapter 6

Conclusion

The contents in this chapter of this thesis have been partially published previously as follows:

Eylert, G. (2019) MSc Thesis. Bio-Printing of Mesenchymal Stem Cells for Skin Re-
construction after Burns(Eylert 2019).

Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020

Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-

mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
2021
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Conclusion

In this work, it has been shown that different dosages of multipotent mesenchymal stromal/stem
cells promote skin regeneration in full-thickness burns differently. It has also been shown and
confirmed that different MSC dosages improve wound healing when compared and referenced
to the initial burn and the ideal, physiologic condition of healthy skin. This study gives new
insights based on a preclinical cell-dose-dependent wound healing model and demonstrates ef-
ficacy toward a low dose of MSCs, which is a helpful finding for future investigations using
(mesenchymal stem) cells and allows for further considerations regarding cost efficiency and
off-the-shelf cell therapies for patients.

To the best of our knowledge there are no comparisons available, including such a wide range
of doses, in a large pig animal trial for skin regeneration. Importantly, this cell-dose model can
be translated and implemented to various other stem cell trials in regenerative medicine, be-
cause it shows that a lower dose might be sufficient enough and high abundance might lead to
misleading results tending toward a no-cell effect, which is tremendously important in future

tissue repair and regeneration studies.

Recommendations

Depending on the scientific outcome measures of interest, it is recommended to create a dose-
model that allows analysis on various measures and supports and complements one another to
be able to accurately show created trends and interpret results. Presumably, every dose-response
is based on thresholds; therefore, the underlying hypothesis should be considered first, to be
able to address and determine the potentially difficult pathways for approval of any rationales.
These complex considerations might be addressed accordingly in the experiments when col-

lecting the data.
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Chapter 7

Future Directions

The contents in this chapter of this thesis have been partially published previously as follows:
e Eylert, G. (2019) MSc Thesis. Bio-Printing of Mesenchymal Stem Cells for Skin Re-
construction after Burns(Eylert 2019).
e Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin pre-
cursor sheets improves healing in full-thickness burns. Biofabrication, 2020
e Eylertet al., Skin regeneration is accelerated by a lower dose of multipotent mesenchy-

mal stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82,
2021
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Future Directions

The results in this pre-clinical setting highlight two directions for future research. First, the
dose-model can be translated to humans for MSCs treatment studies. MSCs treatment shows
efficiency for wound repair and regeneration on a wide range of dose (i.e., from low to high);
however, a low dose is more effective. Knowing this, it is crucial to determine the most optimal
cell therapy for patients via further fine-tuning for partial and full-thickness regeneration, as
well as for acute and chronic wounds.

Second, the ultimate therapy for skin repair and generation would be a quickly available oft-
the-shelf therapy using the paracrine effects of MSCs. This could be feasible in the very near
future if the quantitatively necessary amounts for a “cell dose cocktail” are determined success-
fully.

Therefore, MSC therapy can act as a frontier in regenerative medicine if safety and ethical
concerns are pursued in upcoming trials. Regenerative medicine and modern, plastic, recon-
structive burn surgery have the potential to pioneer the next chapter in cellular therapy in re-

storing the mesenchymal soft tissue.
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Cheng & Eylert et al., Handheld instrument for wound-conformal delivery of skin precursor

sheets improves healing in full-thickness burns. Biofabrication, 2020, IF 7.2
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Eylert et al., Skin regeneration is accelerated by a lower dose of multipotent mesenchymal

stromal/stem cells-a paradigm change. Stem cell research & therapy, 12(1), p.82, 2021, IF 5.4
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Supplementary Material

Supplementary Material Figure 1

Supplementary Material Figure 1. Evaluation of the seeding depth of the cells in the DRT
Integra® (Contribution: Reinhard Dolp, available: MSc Thesis, T-Space, University of To-
ronto; Figure modified by Gertraud Eylert and published as followed: Eylert, Dolp, Parousis et
al., in Stem Cell Research Therapy, 2021(Eylert et al. 2021)).
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Supplementary Material Figure 2
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Supplementary Material Figure 2. Outcome from the two collected data sets. Evaluation
of the range of outcome measures between the two surgeon RD (green) and GE (red) from the

collected tissue 2015-2017 vs. 2017-2019.
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Supplementary Material Table 1

Supplementary Material Table 1.

Intra- Cell source

cellular

Juvenile UC-MSC:s vs. adult skin derived, precursor vs. pro-
genitor cells, quiescence of (adult) cells, level of differentia-
tion of the transplanted cells

Cell type

Not long cultured vs. long cultured cells (with already initi-
ated downstream differentiation)

Cell state

Level of internal cell energy and available intracellular nutri-
ents/resources, internal hypermetabolic cell stress levels and
mechanism to cope with cell stress, e.g., mitochondrial status
(ATP, ADP, glycolytic function, mitochondrial function),
strategies to cope with hypoxia, mechanism to cope with (nu-
trient, energy) starvation, intracellular mechanism to cope
with (outside/downstream) cell competition, cell cycle phase
of (transplanted) cells, regenerative potential of the trans-
planted cells

(Host) Envi-
ronment

Extra-
cellular

Burn (inflicted) wounds, wound bed, host tissue/viability,
preconditioned host tissue, (already) “homed” repair cells at
the wounded side (e.g., migrated bone-marrow stem cells,
bandage/dressing, warmth/temperature of the wound, manip-
ulation of wounds, healing potential such as immobilization
of the wound (sheer/mechanical stress, range-of-motion of
wounds))

Cell Deliv-
ery, Carrier

Quality of cell delivery/grafting/transplantation/setting, cell
carrier, (traumatic) cell transplantation

Biomaterial

Environment for cells, e.g., soft, stiff material, nutrients
available, (space for) cell adherence, cell competition, trig-
gers for cell-cell interaction, potential of biodegradability of
the biomaterial, external mechanical stress for cells, migra-
tion from cells from the host toward the wound dressing, du-
ration of wound dressing onto wounds (dressing changes,
disinfection of wounds, toxicity of dressing changes)

Cell Integra-
tion and Mi-
gration

Host Tissue and cells distance (cell-adherence, cell integra-
tion, migration), orchestrate cutaneous wound healing cas-
cade including e.g., a potential healing environment, nutri-
ents for cells, accurate temperature for cells to migrate/pro-
liferate, outside/wound triggers of the host (chemokines, cy-
tokines), cell environment in the biomaterial, cell-competi-
tion, toxicities of/from the host tissue (burn, preconditioned
wound, repair potential)

Cell Therapy

(Quantity,
Dose)

Quality of cell therapy, contamination, cell-cell-interactions,
nutrients, (overload) on cytokines/chemokines from other
cells - toxicity, paradoxical cell signaling (from to many, to
few cells)

Supplementary Material Table 1. Future directions, outlook and other research ques-

tions. (Eylert et al. 2021)
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