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| Chapter 1

General introduction

Biomaterials play a central role in skin tissue engineering, a rapidly evolving

field focused on developing functional skin substitutes for wound healing,
reconstructive surgery, and disease modeling [1]. While many strategies involve
the incorporation of cells and bioactive molecules to restore skin integrity in cases
such as severe burns, chronic wounds, or genetic disorders [2, 3], this thesis centers
on acellular dermal templates with a focus on molecules associated with scarless
healing. It explores how specific biomaterial components, particularly extracellular
matrix molecules, can enhance skin regeneration, offering promising avenues

for clinical applications. To understand their full potential, it is important to first
consider the structure and function of the skin.

Skin morphology

The skin is the largest organ of the human body with an approximate surface
between 1.6-2 m? and performs important functions such as thermoregulation,
immunity, repair and protection [4]. Morphologically, three layers can be
appreciated in the human skin. These are, from the inside to the outside:
hypodermis, dermis and, epidermis. The hypodermis, also known as subcutaneous
tissue, primarily stores fat for insulation and is composed mainly of adipocytes [5].

The dermis is the thickest layer of the skin and provides structural support, nutrients
and mechanical stability [6]. This layer is vascularized and contains appendages such
as hair follicles, sweat glands and sebaceous glands. In the dermis, the extracellular
matrix (ECM) predominates over the cellular components formed by connective
tissue cells. The deepest dermal layer is known as reticular dermis with thick
collagen fibers, while the papillary dermis, a thin layer located under the epidermis,
is composed of loose connective tissue. The dermis is composed of ~30% collagen
dry weight (mainly types | and Ill), followed by elastin, fibronectin, proteoglycans
and glycosaminoglycans (GAGs) [7]. The primary cellular components of the dermis
are fibroblasts, which produce protein fibers, along with immune cells such as
dendritic cells, macrophages and mast cells [8]. The epidermis and upper part of
the dermis are connected through the dermo-epidermal junction that includes
not only the basement membrane but also hemidesmosomes of keratinocytes
and anchoring fibrils produced by fibroblasts. This area contains types IV and VII
collagen, laminin, fibronectin and heparan sulfate that support binding between
laminins and integrins to hemidesmosomes [9, 10].



General introduction |

The epidermis is the outer layer of the skin, covering the dermis. This layer is further
divided into four or five strata depending on the location in the body, where the
innermost is the stratum basale, followed by the stratum spinosum and stratum
granulosum until the stratum corneum. In the case of thick skin such as palm
and soles, a stratum lucidum is positioned on the stratum granulosum [11]. The
keratinocytes are the predominant cell type in the epidermis, comprising ~80%
of the epithelial tissue. They form a robust barrier that protects the body from the
external environment. Melanocytes, which produce melanin to protect against UV
radiation, and Merkel cells, involved in touch sensation, are located in the basal
layer of the epidermis. In contrast, Langerhans cells, which play a key role in the
immune response to pathogens and foreign substances, reside in the stratum
spinosum [11].

Figure 1. Schematic representation of the skin and its appendages. The skin is composed of three
main layers: the epidermis, featuring stratified and basal keratinocytes and basal layer cells such as
melanocytes and Merkel cells; the dermis, subdivided into the papillary (cell-rich) and reticular (ECM-
rich) regions, containing fibroblasts, immune cells, blood vessels, nerves, sweat glands, and hair
follicles; and the hypodermis, a subcutaneous layer primarily composed of adipocytes. Skin
appendages like hair follicles and glands are present in the dermis or adipose tissue and extend
through the epidermis. Note: layer proportions in epidermis and papillary dermis are enlarged for
illustrative purposes and do not reflect actual thickness. Created in BioRender. Avila, N. (2025)
https://BioRender.com/ce9r0s8.
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Skin lesions

Despite its resilience and flexibility, the skin remains vulnerable to both external
trauma and intrinsic defects, such as genetic disorders (e.g., Ehlers-Danlos
syndrome), physical injuries (e.g., cuts), and thermal damage (e.g., burns) [12, 13].
This thesis focuses on developing skin substitutes for full-thickness wounds
resulting after scar reconstructions or burns. According to the depth and extension,
burns can be classified in different degrees. Superficial burns are limited to the
epidermis and typically heal quickly through re-epithelialization. Partial thickness
burns affect the upper part of the dermis, while deep burns reach the reticular
region. Superficial and partial-thickness burns are typically painful, whereas
deeper burns may be less painful due to nerve damage [14]. Full-thickness burns
destroy the dermis, including appendages and nerves, and reach the hypodermis,
significantly impairing tissue repair. Burn depth is difficult to estimate and is
often mixed within wounds. Extensive injuries require medical and often surgical
intervention to cover the wound, prevent complications, and promote healing [15].

Full-thickness injuries often result in incomplete repair and scar formation [16].
Conversely, in early fetal development, the skin is capable of scarless healing [17].
This difference is thought to stem from variations in skin structure and the cellular
and molecular mechanisms activated at different developmental stages. Burn
wounds, in particular, involve a more complex healing process characterized
by delayed repair, persistent inflammation, excessive fibrosis, and functional
impairment [18]. Although the mechanisms underlying these distinct healing
outcomes are not fully elucidated, the wound healing process offers valuable
insights into how regeneration may be enhanced.

Wound healing

During healing of a skin wound, two processes in the human body can occur,
regeneration or repair. Regeneration is the complete replacement of different
tissues and cell types in damaged organs, including its appendages such as hair
follicles, nerves, blood vessels and glands. This process prevails during embryonic
development [19]. On the other hand, repair rather than regeneration is common in
adult mammals and its main purpose is a rapid wound closure to prevent dehydration
and the entry of infectious agents, finally resulting in some form of scar [20].

Repair in adults

Wound healing takes place in multiple overlapping stages involving hemostasis,
inflammation, proliferation and remodeling. During hemostasis, platelets bind
to exposed collagen and aggregate, triggering clot formation through a fibrin
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mesh that halts bleeding. In the inflammatory phase, neutrophils and resident
macrophages eliminate pathogens and clear debris, followed by circulating
monocytesthat exit the blood stream and differentiate into MO macrophages [21, 22].
These later polarize into M1 macrophages, which release pro-inflammatory
cytokines and growth factors such as transforming growth factor beta 1 (TGF-f31)
to recruit fibroblasts and initiate tissue formation [23]. As healing progresses into
the proliferation stage, MO and M1 macrophages transition into the M2 phenotype,
promoting angiogenesis and tissue repair [24]. Under the influence of TGF-1,
fibroblasts transform into myofibroblasts, characterized by the incorporation
of a-smooth muscle actin (a-SMA) stress fibers in the cytoskeleton, allowing
them to contract the ECM [25]. Myofibroblasts also produce provisional ECM,
composed mostly of type Il collagen (Col Ill). Meanwhile, re-epithelization takes
place by keratinocytes covering the granular tissue [26]. In the remodeling stage,
matrix metalloproteinases degrade early ECM components such as Col Ill, which
are replaced with type | collagen (Col I), produced by (myo)fibroblasts, forming
a stiffer matrix. Fibroblasts are involved in self-amplifying loops where increased
ECM and tissue stiffness activate mechanosensitive TGF-f1 pathways leading
to myofibroblast differentiation, which further leads to ECM accumulation and
continued contraction driving scar formation [27, 28]. Unlike native skin, scar tissue
lacks appendages such as hair follicles and sweat glands, resulting in functional
and structural deficits at the wound site [29].

Figure 2. Global overview of the wound healing process described in the text above. Following
injury, a blood clot forms to seal the wound and initiate healing. The inflammatory phase begins with
MO macrophages (derived from circulatory monocytes) polarizing into the M1 subtype, recruiting
immune and stromal cells such as fibroblasts. During the proliferative phase, macrophages polarize to
M2 phenotype, and fibroblasts differentiate into myofibroblasts that deposit granulation tissue rich in
type lll collagen. In the final remodeling phase, type Il collagen is gradually replaced by type | collagen,
typically resulting in scar formation. An extensive description of the wound healing process can be
found in Chapter 2. Created in BioRender. Avila, N. (2025) https://BioRender.com/9yb67wo.

Regeneration during fetal wound healing
Fetal wound healing is distinct from adult healing, and is characterized by
minimal inflammation, rapid regeneration and scarless outcomes. Several factors

13
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contribute to this unique process such as a different skin microenvironment as
more extensively described by Martin [30]. The fetal immune system is immature
and relies heavily on maternal support via the fetal-maternal interface, composed
of the placenta and decidua, which facilitates immune tolerance and nutrient
exchange [31]. Following injury, decidual and maternal macrophages act as
first responders, while fetal macrophage activity remains low, correlating with a
significantly shortened inflammatory phase [32]. Studies have shown that inducing
inflammation in fetal wounds can trigger scarring, suggesting inflammation is a key
driver of fibrosis [33, 34]. Moreover, elevated protein levels of TGF-B3 in early fetal
wounds with downregulation of TGF-B1 [35, 36], have associated TGF-B3 with an
antifibrotic function. Fetal fibroblasts migrate faster than adult ones and deposit
higher amounts of Col Ill [37] and hyaluronan (HA) [38], supporting a hydrated,
permissive environment for regeneration. Notably, fetal keratinocytes close
wounds through a contractile actin purse-string mechanism, enabling fast and
coordinated closure [39]. In contrast, adult keratinocytes migrate individually using
lamellipodia, resulting in a slower healing [40].

Burn wounds in adults

Burn wounds, particularly in the case of deep burns, are marked by extensive tissue
destruction, including vascular damage, loss of skin appendages and a disrupted
healing process [18]. Necrotic avascular tissue forms over the wound, known as
eschar, covering the surface and acting as a barrier that hinders cell migration
and delays closure [41]. Fibroblasts present in this eschar are often dysfunctional,
showing altered responses to growth factors and contributing to disorganized
collagen deposition [42, 43]. Prolonged inflammation, driven by sustained M1
macrophage activity and elevated TGF-B1 levels, promotes fibrosis in burn wound
healing [44, 45]. In addition, impaired vascularization and reduced M2 macrophage
transition hinder proper resolution of inflammation and tissue repair [46], resulting
in imbalanced collagen deposition, with increased and disorganized Col | and
reduced Col Il contributing to (hypertrophic) scars [47].

Current therapies for burn wound care

Extensive, large full-thickness skin injuries, e.g., affecting more than >25% of the
total body surface area, require immediate clinical intervention [48] to restore the
skin barrier and prevent fluid loss, infection, and systemic complications [49]. The
primary treatment strategy for severe burns is skin transplantation, which can be
supplemented with dermal substitutes like Matriderm, Integra or Novosorb.
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Skin transplants can be categorized into autologous (from the patient), allogeneic
(from a different donor), and xenogeneic (from a different species) sources.
Autologous grafts remain the gold standard due to their biocompatibility and
retention of native skin structures such as appendages and vasculature [50].
However, in large area burns, donor site availability becomes a limiting factor, and
harvesting healthy skin can itself lead to additional trauma and delayed healing.
Allografts provide temporary cover and are limited by tissue bank availability with
a risk of immune rejection. Xenogeneic matrix, while more accessible, requires
intensive decellularization to remove antigenic components, which can damage
the extracellular matrix (ECM) and reduce bioactivity [51].

Tissue engineering and regenerative medicine offer alternative solutions by
combining biomaterials, cell cultures, and bioactive molecules to mimic the
structure and function of native skin. Engineered skin constructs aim to provide
protective coverage, promote faster and more organized tissue regeneration,
minimize scarring, and be safe, reproducible, and cost-effective [52]. Among these,
cultured epidermal autografts have shown promise but are fragile, show blistering
after closure and require extended culture times and high cellular viability, limiting
their use in acute cases where immediate treatment is essential [53].

Dermal substitutes can be either cellular or acellular. Cellular constructs, like
Dermagraft®, incorporate e.g., neonatal fibroblasts that support ECM production
but face logistical challenges with preparation and storage constraints [54]. In
contrast, acellular dermal templates offer off-the-shelf availability and avoid
immune complications while serving as a scaffold that mimics the original dermal
ECM. The constructs are typically fabricated from natural biomaterials, known for
their biocompatibility, or synthetic polymers which offer durability and handling
advantages [55]. Note that these approaches still require complementary split-
thickness skin transplantation.

Towards smarter skin substitutes: Aims and outline of this thesis

Most commercially available skin substitutes for burn treatment rely on animal-derived
Col I, the primary structural protein in human skin, as highlighted by the product list
made by Yildirimer et al. [56]. While these products provide a biodegradable support
for healing, they often result in imperfect skin repair and scarring, emphasizing the
need for biomaterials that better promote true regeneration.

15
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Regenerative models

Unlike humans, certain species exhibit remarkable regenerative capabilities,
offering insight into pro-regenerative ECM profiles. The axolotl, for example, is well
known for its ability to regenerate limbs and internal organs [57], while Acomys
carihinus (or spiny mouse) is one of the few mammals capable of regenerating skin
in adults without scarring [58]. Identifying key ECM components (the matrisome)
expressed during their wound healing offers inspiration for developing biomaterials
that mimic these regenerative environments. Chapter 2 provides a comparative
analysis of their transcriptomic and proteomic profiles, highlighting ECM molecules
with potential for application in biomaterial design [59].

Mimicking fetal skin

Interestingly, human fetal skin (before 24 weeks of gestation) can heal without
scarring [60], and a review by Gomes et al. [61] cataloged distinct ECM molecules
present during this stage. Among these, HA and Col Ill have received particular
attention for its abundance in fetal skin [62], while both components decline with
age, showing an association with reduced healing capacity in adults. HA, a major
ECM glycosaminoglycan during early gestation (particularly in the first 6 weeks) [63],
contributes to skin hydration and supports cellular processes. Its concentration in
fetal skin ranges from 0.12-0.53 pug/mg dry weight in sheep and rabbits [64-66].
While HA has been widely explored in hydrogel formulations for skin repair [67], its
application in scaffolds for dermal templates, particularly relevant for treating burn
wounds, remains underdeveloped. This topic is addressed in detail in Chapter 3
by the development of Col | scaffolds incorporating HA, where their influence on
fibrotic markers is examined in vitro. In addition, the Col I/l ratio shifts with age from
fetal (2:1) to newborn (1:1) to adult stage (3:1) [68-70], increasing the stiffness of the
dermal matrix and impacting healing outcomes as observed in fetal skin [69, 71].
Since many wound-healing cells are mechanosensitive, a softer ECM, e.g., such as
one naturally enriched in Col Ill, has been associated with improved regenerative
outcomes [72, 73]. To mimic some of these properties, Chapter 4 explores scaffolds
based on fibrillar Col | combined with atelocollagen with removed telopeptides that
is inherently softer than native fibrillar collagen and further enriched with extracted
human Col Ill. This chapter focuses on the extraction of Col Ill from human placenta
and the creation of Col I/1ll scaffolds with varying ratios, followed by in vitro and in
vivo evaluation.
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Figure 3. Schematic representation of dermal composition during human development and
aging. In the prenatal stage, the dermis is rich in hyaluronic acid (HA) and type Ill collagen (Col Ill). As
aging progresses, Col lll decreases while Col | becomes more predominant. Figure reproduced from
Haydont et al. (2019), DOI: 10.1016/j.mad.2018.03.006 licensed under CC-BY-NC-ND [62].

Regenerative studies in prenatal mice have identified upregulated effector molecules
during early skin development [74]. One promising but underexplored candidate
is sonic hedgehog (SHH), a crucial morphogen involved in embryogenesis and
tissue patterning. SHH contains a heparin-binding domain, making it suitable
for incorporation into biomaterials functionalized with heparin or heparan sulfate
(HS) [75]. Our research group has developed collagen-heparin scaffolds that improved
in utero wound healing in a sheep model [76]. However, heparan sulfate is susceptible
to enzymatic degradation, particularly in an inflammatory environment (e.g., burns)
rich in glycosidases [77], which limits its capacity to stabilize growth factors. To
overcome this, the company OTR3 created heparan sulfate mimetics, known as
Regenerating Agents (RGTA). One variant, OTR4120, has demonstrated promising
results in promoting wound healing when used in topical formulations [78]. In this
thesis, Chapter 5 explores the integration of OTR4120 into biomaterial scaffolds,
evaluates its potential to bind SHH, and assesses the effect of Col I-OTR4120 scaffolds
on macrophage polarization and wound healing in rats.

17
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Wound healing models

Before clinical application, skin substitutes must undergo rigorous testing to assess
safety, biocompatibility, and efficacy. This includes both in vitro (cell-based) and in
vivo (animal) studies that aim to mimic human wound healing responses [79]. Cell
lines are often used because of their reproducibility, but they lack fidelity compared
to primary human cells, used in this thesis, which offer superior physiological
relevance [80]. Fibroblasts, being the principal cellular component of the dermis,
are commonly employed to assess the efficacy of skin substitutes [78]. Therefore,
in Chapters 3 and 4, fibroblasts were used to evaluate the biocompatibility of
the developed scaffolds and their potential to modulate fibrotic responses in the
presence of additional components such as HA and Col lll. Given that fibroblast
behavior can vary significantly depending on their source and developmental
stage [43, 81], fetal and eschar fibroblasts (derived from burnt tissue) were also
incorporated in Chapter 3. Fetal fibroblasts, known for their regenerative, scarless
healing properties [37], and eschar fibroblasts, characterized by their pro-fibrotic
phenotype [82], were selected to determine whether their distinct gene expression
profiles would be maintained or modulated in the presence of HA. This approach
aimed to elucidate whether our scaffolds could eventually be used alongside
regenerative cell therapies to enhance healing outcomes. Macrophages represent
another cell type that plays a central role in wound healing, especially in modulating
inflammation and tissue regeneration [24]. Since immune responses during wound
healing vary between fetal and adult wounds, this thesis investigates macrophage
polarization in response to different biomaterial formulations incorporating
components abundant in fetal skin, as explored in Chapters 3, 4, and 5. Finally,
animal testing is required in the validation process and for approval of medical
devices as it provides a more comprehensive assessment of skin wound healing
than in vitro testing alone, especially including systemic responses [83]. Therefore,
the wound healing response, including contraction, is studied after the application
of biofunctionalized skin substitutes in a full thickness wound in Wistar rats in
Chapters 4 and 5.

Overall, this thesis focuses on identifying ECM components that may enhance skin
regeneration and studies the integration of these components into bioengineered
Col I-based dermal substitutes along with their pre-clinical evaluation. Chapter 6
encompasses the general discussion of the results of the thesis and provides
perspectives on the optimization of future skin substitutes. A summary of the thesis
is presented in Chapter 7.
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Abstract

Achieving regeneration in humans has been a long-standing goal of many
researchers. Whereas amphibians like the axolotl (Ambystoma mexicanum) are capable
of regenerating whole organs and even limbs, most mammals heal their wounds via
fibrotic scarring. Recently, the African spiny mouse (Acomys sp.) has been shown to be
injury resistant and capable of regenerating several tissue types. A major focal point
of research with Acomys has been the identification of drivers of regeneration. In this
search, the matrisome components related to the extracellular matrix (ECM) are often
overlooked. In this review, we compare Acomys and axolotl skin wound healing and
blastema-mediated regeneration by examining their wound healing responses and
comparing the expression pattern of matrisome genes, including glycosaminoglycan
(GAG) related genes. The goal of this review is to identify matrisome genes that are
upregulated during regeneration and could be potential candidates for inclusion
in pro-regenerative biomaterials. Research papers describing transcriptomic or
proteomic coverage of either skin regeneration or blastema formation in Acomys and
axolotl were selected. Matrisome and GAG related genes were extracted from each
dataset and the resulting lists of genes were compared. In our analysis, we found
several genes that were consistently upregulated, suggesting possible involvement in
regenerative processes. Most of the components have been implicated in regulation
of cell behavior, extracellular matrix remodeling and wound healing. Incorporation
of such pro-regenerative factors into biomaterials may help to shift pro-fibrotic
processes to regenerative responses in treated wounds.
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Introduction

Throughout the animal kingdom, adult skin wounding can be resolved either by
fibrotic scarring or tissue regeneration. With some exceptions such as ear punch
closure in rabbits 2, antler regrowth in deer *4, digit tip regeneration in children
and mice >%, most adult mammals repair their wounds by fibrotic scarring 7 8. In
humans, fibrosis in response to the destruction of both the epidermis and dermis
(full-thickness skin wounds), such as third degree burns and traumas, results in
scars that can have a severe impact on the patients’ quality of life. Often, follow-
up procedures, treatments, and medication are required to alleviate the functional
impairment and discomfort caused by these scars °. In contrast, some species of
vertebrates (fish, amphibians, salamanders) are capable of skin regeneration.
Why are some organisms capable of regeneration while others are not? Why is
scarless regeneration in humans, with some notable exceptions, lost after early
development? Both cell intrinsic and cell extrinsic factors are believed to play
a role in the fibrosis vs. regeneration outcome, but the cellular and molecular
mechanisms underlying fibrosis compared to regeneration remain poorly
understood. Understanding the drivers of fibrotic scarring vs. regeneration will
aid in developing approaches and therapies to induce skin wound regeneration
in humans. These novel therapies would meet an important medical need. In this
context the discovery of Acomys as an adult mammal capable of skin regeneration
becomes significant.

Fibrotic wound repair is a (patho)physiological mechanism where an exacerbated
healing response occurs and a fibrous tissue is formed. In contrast, regeneration
involves complete structural and functional reconstruction of a tissue or organ
after wounding and is traditionally understood as a specialized re-enactment of
development ', Research into the underlying molecular and cellular mechanisms
of both fibrosis and regeneration in the skin have often focused on cell-intrinsic
behavior and underlying genetic pathways or molecular players. In contrast, the role
and contribution of the extracellular matrix (ECM) and its components during both
fibrosis and regeneration is still poorly understood. Initially regarded as a somewhat
inert structural scaffold, it is now accepted that the ECM is a major determinant of
cell behavior in all tissues, mediated by its structure, composition and modifications.
For example, increasing the stiffness of 3D collagen hydrogels by introducing
intra- and interfibrillar crosslinks activated the expression of pro-fibrotic genes
by adipocytes 2. The ECM can regulate the capture and activity of growth factors,
which in turn influences local cellular processes, as is seen in the maintenance
of stem cell niches > It stands to reason that the ECM plays a role during skin
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regeneration and that the “regenerative matrix”is a highly specialized environment
unique to regenerative species. The ECM and all its associated (glyco)proteins are
collectively known as the matrisome. The Matrisome Project has assembled lists of
all ECM-related genes, divided into two groups; core matrisome genes, (composed
of collagens, glycoproteins and proteoglycans), and matrisome associated
genes, including regulators, secreted factors and ECM-affiliated proteins ' 6,
In particular, proteoglycans are underrepresented in the Matrisome Project.
Proteoglycans consist of a core protein with glycosaminoglycan (GAG) side chains,
the latter of which convey important biological properties. Proteoglycans are an
important component of the ECM, but the high variability of the GAG side chains
makes it difficult to assess their involvement. Proteoglycans (and thus GAGs) may
play a significant role during regeneration. The metabolism and regulation of
proteoglycans, in particular the subset of genes pertaining to GAG metabolism, are
a focus of this review.

While many publications have focused on comparing regeneration competent
to regeneration incompetent animals, two exceptional models of regeneration
provide unique opportunities to explore the phenomenon of scarless regeneration:
the axolotl (Ambystoma mexicanum) and the African spiny mouse (Acomys sp.).
We will refer to Ambystoma mexicanum simply as ‘axolotl’ This is in line with other
scientific reports and the Ambystoma genus also encompasses other salamanders
that are not investigated here. On the other hand, we will address the African spiny
mouse by its genus name ‘Acomys’. Various species of Acomys are investigated in
this review and the genus name is most commonly in relevant scientific literature.
Acomys is unique since it is a remarkable exception to the rule that adult mammals
cannot regenerate their tissues, with individuals displaying remarkable wound
healing responses throughout all life stages. Some mouse strains have acquired
regenerative characteristics through selective breeding or genetic manipulation
(MRL mouse, p21-/- mouse), but the natural regenerative potential of Acomys is far
superior 7. Every species of the Acomys genus examined so far has shown the
ability to regenerate various tissues. The regenerative capacities of the axolotl are
unparalleled, with individuals being able to regrow entire limbs. In contrast, frogs
(Xenopus sp.) complete regeneration of amputated limbs with the formation of a
cartilaginous spike 8. Zebrafish, another well characterized model for regeneration,
shows limitations to fin regeneration based on the amputation plane and adult
zebrafish are unable to regenerate skin '*2°. These limitations prompted us to focus
our comparison on axolotl and Acomys. In this review, we investigate the role of
matrisome components during wound healing in two regeneration competent
animals by analyzing existing datasets from previous publications. We aim to
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compare the healing responses in terms of the ECM-related gene and protein
profiles, with a focus on skin wound healing. We postulate that identification of
matrisome-related targets involved in the regenerative process may lead to novel
approaches in human wound healing, especially with regards to biomaterial
development for skin wound healing. It is not our intention to compare or relate
Acomys to humans. Instead, by comparing a regenerative competent amphibian
(axolotl) and a regenerative competent mammal (Acomys) we may identify drivers
of regeneration that transcend species. We will first briefly touch upon the process
of regular wound healing ending in fibrosis and the process of regeneration via
blastema as seen in some vertebrates.

Wound healing responses

The mammalian skin wound healing response, culminating in scar formation, can
be divided into three distinct phases: inflammation, proliferation and remodeling '
(Figure 1A). The inflammatory phase occurs directly after wounding and is
characterized by blood clot formation (hemostasis) and the invasion of neutrophils
and monocytes??. Macrophages play an important role by phagocytizing cell debris
and bacteria, as well as secreting various growth factors and chemo-attractants.
The proliferation phase, also known as the granulation tissue formation phase,
encompasses both wound re-epithelialization and the formation of a dense network
consisting of fibroblasts and neovasculature in a collagen and fibronectin rich
matrix?3. This is a temporary matrix that is often highly disorganized compared to the
original tissue and prone to rupturing. During the remodeling stage, the granulation
tissue is remodeled into a smooth textured scar: rich in type | collagen fibers and
lacking secondary skin appendages, such as hair follicles and sebaceous glands .

Some species resolve complete limb amputation through blastema-mediated
regeneration. A blastema, also known as a regeneration bud, is an autonomous
structure composed of a heterogeneous mass of dedifferentiated stem/progenitor
cells that goes through morphogenesis, thereby creating a multitude of cell types
to replace the missing organ or limb 2>2¢ (Figure 1B). The blastema is located under a
layer of immature wound epithelium and it is created after the initial inflammatory
response is resolved. Histolysis, re-innervation and ECM production will induce
the migration and accumulation of cells under the wound epithelium that will
differentiate into mesenchymal and ectodermal cell types ¥. A requirement for
blastema formation is the molecular and cellular interaction between the wound
epithelium, nerves, dermal cells and the ECM at the wound site . In the final stage,
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cells inside the blastema differentiate and eventually form the missing organ,
tissue or appendage 7. Blastema formation has been identified in different species,
such as zebrafish %, flatworms 3°, urodeles ?® and even some mammals (Acomys
full-thickness ear wounds 3' and mouse digit tip °). Intriguingly, under the right
circumstances the fingertips of children up to 10 years of age heal similarly to the
mouse digit tip ©.

Figure 1. Wound healing responses. Schematic representations of A) native mammalian skin
consisting of the epidermis and dermis with skin appendages and different phases of full-thickness
skin wound healing ending in scar formation, and B) Phases in limb regeneration via a blastema in
amphibians. Created with BioRender.com.

While the fibrotic response is the norm in most mammals, some exceptions exist
as seen in the regeneration capacity of fetal wounds and digit tip regeneration
in mice and children. Human skin wounds regenerate without scarring up to
24 weeks of gestation, thereafter the healing response will gravitate towards scar
tissue formation 32 Research in fetal sheep indicated that, aside from gestational
age, wound size also affects the regenerative capacity; with wounds exceeding
4 mm in diameter demonstrating an increased tendency to scar *. A unique feature
in fetal wounds is the ‘cable’ of actin filaments that develops around the wound
edge. Wound closure through contraction of this actin ring has been compared
to a drawstring closure 3436, Recently, it has been postulated that myofibroblast-
mediated wound contraction in adult mammals inhibits regeneration and drives



Matrisomal components involved in regenerative wound healing in axolotl and Acomys |

scar formation ¥. In addition, a distinct immune response has been recorded in fetal
wound regeneration that contributes to a non-inflammatory ECM environment 3232,
The composition of fetal ECM, with an abundance of type Ill collagen and
hyaluronan, is important in this aspect 3. Children up to ~10 years of age are even
able to fully regenerate a digit tip, as long as the wound is distal to the upper
interphalangeal joint with sufficient nail bed 3% and little to no intervention "%,
Storer et al. showed that the ECM determines the blastema state and plasticity of
mesenchymal cells in non-regenerative fingertip amputations **, suggesting the
importance of focusing further on the role of the matrix in regeneration.

Acomys, African spiny mouse, a mammal capable
of regeneration

Recently, the African spiny mouse (Acomys) has emerged as a remarkable exception
to the rule that adult mammals are incapable of regeneration *. This rodent
genus is found throughout Africa and the Middle East. Belonging to the subfamily
Deomyinae, they are part of the Muroidea family and share a common ancestor
with the Muridae, diverging about 23 million years ago . The genus comprises
over 20 different species, but most studies have focused on A. cahirinus.

Following up anecdotal reports of ‘skin jumping’ in Acomys, Seifert and colleagues
reported A. kempi and A. percivali *¢ exhibited remarkable wound healing properties
after extensive skin damage caused by mild handling of wild-caught animals.
Following this initial report several groups have found that depending on type
of organ and injury, Acomys shows remarkable responses to injury: extensive
regeneration has been observed in skin, ear, muscle, digit tip and spinal cord ¥
(Figure 2). Acute ischemia wound models of heart and kidney do not seem to
regenerate but show resistance to wounding and diminished fibrosis *6. In contrast,
Mus musculus shows extensive fibrotic scarring to similar injuries. Evolutionarily
separated by only 23 million years, Acomys and Mus provide a powerful comparative
framework to identify the cellular and molecular differences between regeneration
and fibrotic scarring.

In all regenerative systems, the immune system is thought to play an important
role through its ability to modulate inflammation, as severe inflammation can be
detrimental to the healing process. Several groups have extensively described
the immune response observed in Acomys *¥32 In general, Acomys wounds
demonstrated a distinct role for macrophage activity when compared to Mus *°.

31



32

| Chapter 2

Mature macrophages (F4/80+) were absent in Acomys full-thickness skin wound
beds, along with a distinct lack of pro-inflammatory cytokines °'. In Acomys ear
wounds, CD86+ macrophages (classically activated M1) were absent from the
blastema, being confined to the wound edges in the connective tissue distal to
cartilage. CD206+ macrophages (M2, pro-regenerative) were restricted to the region
beneath the wound epidermis and practically absent from the rest of the blastema *.
On the other hand, in Mus, both M1 and M2 macrophages are present throughout all
connective tissues of the injured area *. Interestingly, the depletion of macrophages
through clodronate liposome injections severely delayed ear hole closure in Acomys *°.
The neutrophil response in Acomys is delayed compared to Mus and differences were
found in the number of neutrophils in various compartments, such as blood and
bone marrow, when comparing several species of Acomys to Mus >

Figure 2. Overview of tissues/organs with a remarkable healing response in Acomys. This review aims
to elucidate the involvement of the matrisome during regeneration of the skin and ear (lined in red).
VML = volumetric tissue loss, UUO = unilateral obstruction, IRl = ischemia reperfusion injury.
Reproduced from Sandoval & Maden (2020) “ with permission from Elsevier, 2020, under the STM
permissions guidelines.
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A second factor of particular significance for skin regeneration is the skin biology of
Acomys. Acomys dorsal skin is weak and tears easily when subjected to a mean tensile
strength of 0.11 MPa, a force approximately 20 times weaker than that required
to tear skin of Mus “. Using atomic force microscopy to measure spatial tissue
stiffness, intact Acomys skin did not exceed 15 kPa and wound centers measured
no more than 5 kPa. Putting these findings into context, skin of C57BI/6 mice
measures 28 kPa, with wound beds of 10.5 kPa, further demonstrating the unique
biomechanical properties of Acomys skin >*. Following fast re-epithelialization after
skin injury, Acomys granulation matrix was loosely organized with less collagenous
deposition and increased gene expression of the matrix metalloproteinases Mmp2
and Mmp9 compared to Mus >" . Overall, Acomys showed a distinct profile for
protein remodeling and protein synthesis *% 5. Upon completion of regeneration,
Acomys skin developed hair follicles, sebaceous glands and an intact panniculus
carnosus “ 51, After wounding, enriched proteins belonged to pathways related
to tight junction formation, endocytosis, ribosomes, proteasomes, Wnt signaling,
MAPK signaling and vasopressin-regulated water reabsorption. Components of the
ubiquitin-proteasome degradation pathway were strongly upregulated in Acomys
and proteins in the ribosome related pathways were also implicated %%, Overall,
enhanced protein turnover seems an important characteristic of skin wound healing
in Acomys. The unique characteristics of Acomys’ skin may benefit wound healing,
but the fact that Acomys is capable of regenerating other organs indicates that its
skin biology may not be the only factor contributing to its regenerative potential.

Full-thickness skin wounds in Acomys regenerate without the presence of a
blastema whereas ear punch wound closure in Acomys has been reported to occur
through the formation of a blastema % 3" %, Research using an ear hole punch
model in A. cahirinus was reported by Matias Santos and colleagues °%, in response
to the initial ear punch study “. In these studies, reports on muscle regeneration
were inconsistent, with the original study (Seifert 2012) mentioning the absence of
muscle fibers in contrast to the study of Matias Santos (2016), who reported presence
of muscle fibers within the regenerating region. Additionally, all regular skin
appendages, such as hair follicles and sebaceous glands, had regenerated and nerve
fibers were present *8 Gawriluk and colleagues demonstrated that the wound matrix
of A. cahirinus exhibits several hallmarks of blastema-mediated regeneration 3'.
The Acomys ear wound beds showed several signs of the blastema-like wound
epidermis, such as restriction of proliferating cells to the wound borders, lack of
basal-apical polarity in basal keratinocytes and presence of keratin 17 in the wound
matrix. Evidence of reinnervation, an essential process in epimorphic regeneration,
was obtained as enrichment of genes involved in axon guidance, neuroactivity and
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growth was observed. Re-entry of mesenchymal cells into the cell cycle, another
defining characteristic of the blastema, was also observed. Taken together these
observations provide strong evidence for the formation of blastema in Acomys ear
punch wounds and cements the importance of Acomys as a model system capable
of tissue regeneration. In this review, we compare its wound healing responses to
those of the axolotl, an animal well known for its regenerative abilities.

Axolotl, salamanders capable of full
organ regeneration

The axolotl (Ambystoma mexicanum) is a paedomorphic (or ‘neotenic’) salamander
belonging to the Urodele order of the Amphibia. The axolotl grows through a process
of juvenilization, meaning it delays somatic development and retains physiologically
juvenile features during its development to sexual maturity *°. Therefore, the axolotl
is an animal that reaches sexual maturity without going through metamorphosis.
Metamorphosis occurs only when they are in contact with an external and artificial
stimulus, which is uncommon in the wild %. The axolotl represents an important
model organism in the field of regenerative medicine due to its highly efficient
regeneration capacity. Regeneration has been observed in limbs and several organs
such as the skin, heart, brain, lungs, and eyes ©'-52 (Figure 3).

Figure 3. Summary of tissues/organs that can be regenerated by axolotls (Ambystoma mexicanum).
The regeneration of skin and limbs, outlined in red, and the involvement of matrisome components is
further explored in this review. Reproduced from ref. Debuque & Godwin ¢ with permission from
Springer International Publishing Switzerland, 2016, under the STM permissions guidelines.
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Limb regeneration has been extensively investigated in axolotl. Following limb
amputation, wound closure continuesto blastemaformationand limb development?.
Wound closure takes several hours, and full regeneration of the limb typically
occurs between 40 and 50 days %. The formation of a blastema is essential to the
regeneration of a limb. Research using the Accessory Limb Model has uncovered
three requirements for successful blastema-mediated limb regeneration: the
presence of a wound epithelium, the occurrence of nerve signaling and the
availability of positional cues provided by pattern forming cells ¢. Absence of any of
these factors abrogates limb regeneration %. Formation of a closed wound epithelium
involves migrating keratinocytes that cover the wound surface %. Under the influence
of signals emanating from local nerve fibers, proliferation of this wound epithelium
into a multilayered epithelium result in the apical epithelial cap . This epithelial
cap is characterized by specific molecular markers and by an immature basement
membrane beneath the epidermis . Nerve signaling causes basal epithelial cells
to exit the cell cycle. This step is essential for the development of the blastema as
cells of the apical epithelial cap will start secreting growth factors and enzymes that
degrade ECM and facilitate migration®. Next, fibroblasts originating from the limb
circumference gather underneath the apical epithelial cap. The interaction between
these cells with different positional identities is crucial for maintaining the blastema
and ensuring regeneration as the ‘positional memory’ dictates the pattern of the
missing limb 2.

Transcriptomic analysis has revealed the importance of the immune system in
axolotl wound healing and regeneration. There is a gradual increase of macrophages
and fibroblast-like cells post amputation, whereas neutrophil populations
decreased after wounding °¢. Neutrophils evoke anti-inflammatory macrophages,
which leads to a reduction in pro-inflammatory cytokines %. Macrophages with
anti-inflammatory and pro-resolving phenotypes were dominant in the first
seven days of axolotl limb regeneration, thereby contributing to repressing the
inflammatory response 7°. When macrophages were systemically depleted, limb
regeneration failed. A fibrotic ECM was observed with increased type | collagen
deposition and the presence of aSMA-positive cells 7' that could also inhibit apical
epithelial cap formation and blastema-induction 72 ECM remodeling is of key
importance to rapidly reconstruct the matrix 7° and the ECM contains positional
information required for limb pattern formation through location-specific
differences in heparan sulfate sulfation. This was shown by grafting decellularized
axolotl skin or decellularized mouse skin onto axolotl limb wounds 7. Depending
on the developmental stage, positional origin and heparan sulfate sulfation pattern
of the graft, limb patterning was either supported or inhibited. These results
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demonstrated that the ECM contains information, conveyed via heparan sulfate
sulfation patterns, that can influence limb regeneration and this information is also
present in the ECM of mice 3.

Axolotl skin, which regenerates without blastema formation, provides a
platform to uncover drivers of regeneration in the absence of blastema. The skin
of juvenile axolotls consists of a pseudostratified epithelium which contains
epithelial and Leydig cells, and the dermis presents a loosely organized network
of thin collagen fibrils in which fibroblasts and mucus glands are embedded 7. A
layer of compressed collagen fibers separates the hypodermis from the underlying
muscle layer. Scarless skin wound healing has been reported in adult axolotls
after making excisional wounds on the flanks. Wounds did not form scabs, instead
epithelization was completed within 24 h and full skin healing including all skin
appendages was completed within 80 days ¢’. Overall, the regenerating tissue in
axolotl was characterized by high levels of matrix remodeling enzymes, relatively
low abundance of fibronectin and persistently high levels of tenascin C throughout
the wound bed. Type Ill collagen deposition was followed by type | collagen
deposition and maturation from day 14 onwards. Following a full-thickness
wound, the collagen architecture in the dermis did not return to the normal
lattice-like pattern, but was disorganized, even though the healed skin appeared
identical to unwounded skin. However, after blastema-mediated skin regeneration
following limb amputation, the dermis, including collagen architecture, does fully
regenerate ”°.

The healing capacity of the axolotl is unique and while directly translating
regeneration in salamanders to mammals is difficult, some clues may be found
in the regenerative response of axolotls. Axolotls display a minor inflammatory
response with macrophages of a mostly anti-inflammatory phenotype. The fibrotic
response is notably absent, ECM deposition is regulated, and matrix remodeling
enzymes are prevalent (Figure 4A). These hallmarks are also observed in Acomys
regeneration, suggesting regeneration shares similar mechanisms across both
models. However, there are differences in intensity and duration of the different
events in regenerative and non-regenerative mammals, indicating the importance
of timing of the various phases (Figure 4B). The various wound healing responses
described for the animals are summarized in Table 1 (full thickness skin wound
healing) and Table 2 (blastema-mediated regeneration).
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Figure 4. Schematic representation of the wound healing response in A) paedomorphic axolotls and
B) mammals. Axolotl wound healing shows minimal hemostasis and very rapid re-epithelization
followed by low levels of inflammation. ECM deposition occurs after wound contraction and tissue
remodeling does not lead to a scar, but results in normal skin appearance. Contrary to that, in
mammals, a strong inflammatory response is maintained even after re-epithelization is complete.
Deposition of new ECM and wound contraction occur at the same time and scar tissue persists after

completion of the months-long remodeling phase. Reproduced from Seifert et

al. (2012) ¢ with

permission from © 2012 Seifert et al., under the Creative Commons Attribution License.

Table 1. Summary of processes observed during full-thickness skin wound healing.

Full-thickness skin

o honli

Mus musculus (mammal)

Acomys sp. (mammal)

Axolotl (amphibian)

Re-epithelialization

Slow (5-7 days) with a scab

Fast (3 days) with a scab

Fast (1 day) without a scab

Inflammation

High
Fast neutrophil response

High expression of M1
macrophages
Pro-inflammatory cytokines ++

Low
Delayed neutrophil response

High expression of M2
macrophages
Pro-inflammatory cytokines --

Low
Low neutrophil response

High expression of pro-resolving
macrophages
Pro-inflammatory cytokines --

Proliferation

Early matrix deposition
Dense granulation matrix

Collagen deposition +

Delayed matrix deposition
Loose granulation matrix

Collagen depostion -

Delayed matrix deposition
Loose granulation tissue

Matrix degradation +

Remodeling

Scar remodeling

Type | collagen with parallel
orientation
No regeneration of skin

appendages

Scar-free remodeling

Type | collagen with basket
weave orientation
Regeneration of hair follicles
and sebaceous glands

Scar-free remodeling

Type | collagen did not return to
normal lattice organization
Regeneration of mucous glands
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Table 2. Summary of processes observed during blastema-mediated regeneration.

Blastema-mediated |Acomys sp. (mammal) Axolotl (amphibian)
¢

regeneration Regeneration after ear punch via blastema-like Limb regeneration via blastema
process

Wound epithelium |Loss of basal-apical polarity in keratinocytes Migrating keratinocytes close the wound
Presence of keratin 17 (blastema marker) Multi-layered epithelium forms (apical epithelial

cap)

Recruitment of mesenchymal stem cells Immature basement membrane

Innervation Upregulation of genes associated with axon Apical epithelial cap (AEC) is innervated

guidance, neuron growth and neuroactivity
Cell proliferation is restricted to wound borders Cells exit cell cycle

Blastema formation|Cell cycle re-entry, cell proliferation and cell Pro-migratory environment is formed (ECM
division degradation, growth factor secretion)
Increase of matrix degradation enzymes Fibroblasts with various positional identities
migrate to the AEC
Cartilage pattern re-established the ear Limb pattern is established by ECM and cells
Differentiation Regeneration of missing tissues Cells redifferentiate to form missing limb

Identification of matrisome-related genes and
proteins during regeneration using existing datasets

Comparing the matrisome and GAG-related components present during
regeneration in Acomys and axolotl will aid in uncovering similarities between these
two animals. Through this approach, we aim to identify shared pro-regenerative
factors between species, which may be translated to other species (i.e. humans).

Selection of datasets

To select the databases that will be analyzed, papers that document regenerative
wound healing in Acomys or axolotl were retrieved, with a focus on skin and
blastema. Publications with either a proteomics or transcriptomics approach
were extracted. For Acomys publications on both skin regeneration and ear hole
closure were included in the search. A total of four papers were identified, of which
three focused on the regeneration of full-thickness skin wounds > 3776 and one
publication described ear hole closure 3'. The datasets of Brant et al. (2015) > and
Brant et al. (2019) 7 were compared for overlap, as these publications investigate
similar samples with different techniques. All genes identified by the 2015
publication were present in the 2019 publication. As the 2019 publication offered
more data only this set was included for the comparison. Details of the selected
papers are presented in Table 3.
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Several papers focusing on axolotl were reviewed such as Monaghan et al. (2009) 7
and Wu et al. (2013) 78 The limited availability of public transcriptomic datasets of
Acomys led us to select publications on axolotl that best matched the timepoints
and tissues analyzed in the selected Acomys publications. Proteomic and
transcriptomic studies of the axolotl were selected based on their description of
the regenerating limb blastema and/or non-blastema mediated skin regeneration,
which resulted in the selection of three papers (Table 3). The paper by Monaghan
et al. (2012) ”° describes both limb regeneration (via blastema) and regeneration
of a full-thickness skin wound. Both Rao et al. (2009) ¢ and Stewart et al. (2013)
8 exclusively describe hind-limb regeneration via blastema at the proteomic and
transcriptomic level, respectively.

Table 3. Selected publications focusing on regeneration in Acomys and axolotl.

Publication Title Tissue Timepoints Technique Dataset
Brantetal.2019 Comparative transcriptome analysis Dorsal skin, 8 mmskin  DayO0, 7, 14 De novo transcriptome Supplementary files:
(Acomys) of dermal wound healing reveals de punch assembly and S7 data and S8 data

novo skeletal muscle regeneration in comparative

Acomys cahirinus transcriptomics
Gawriluk et al . Comparative analysis of ear-hole Ear punch, 4 mm Day 0, 5, 10, 15, De novo transcriptome Supplementary file:
2016 (Acomys) closure identifies epimorphic 20 assembly and dataset 1

regeneration as a discrete trait in comparative

mammals transcriptomics
Yoon etal.2020 Comparative proteomic analysis in ~ Dorsal skin, 8 mmskin  DayO0, 7, 14 Shotgun proteomics Table 1 of the
(Acomys) scar-free skin regeneration in punch using LC-MS/MS publication

Acomys cahirinus and scarring Mus

musculus
Monaghan etal.  Gene expression patterns specific to Flank skin outside of Dayo0,1,3,7 Microarray by Supplementary data in
2012 (axolotl) the regenerating limb of the Mexican limb range, 4 mm skin Affymetrix GeneChips ~ NCBI:

axolotl punch GSE37198 RAW.tar
Stewart et al . 2013 Comparative RNA-seq analysis in the Right forelimbs at the Hour 0, 3,6,12 De novo assembly of  Supplementary data in
(axolotl) unsequenced axolotl: The oncogene mid-stylopod level andday 1, 3,5  axolotl transcript, RNA- NCBI:

burst highlights early gene
expression in the blastema
Proteomic analysis of blastema
formation in regenerating axolot!
limbs

7,10,14,21,28 seq GSE34394_RAW.tar

Rao et al . 2009
(axolotl)

Bilateral hind limbs
regenerating tissue and
1 mm of stump tissue

DayO0,1,4,7 Proteomics by LC-

MS/MS

Supplementary files:
table 2

Identification of the matrisome and GAG-related components

We next addressed the differences in gene annotations of the selected datasets.
The publications focusing on Acomys used mouse gene symbols to annotate data,
whereas the axolotl datasets were annotated using human gene symbols. Detailed
lists of matrisome related genes of various species are available through the
Matrisome Project . The mouse and human matrisome master lists contain 1110
and 1027 genes, respectively. As human-mouse orthologs are comparable the more
extensive mouse matrisome was used for the selection of matrisome genes from
all datasets.

The genes of the matrisome are divided into core matrisome genes and matrisome-
associated genes . The former is further subdivided into ECM glycoproteins,
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collagens and proteoglycans while the latter is subdivided into ECM-affiliated
proteins, ECM regulators and secreted factors (Figure 5, full gene list is available
in Table S1). Closely associated with the matrisome, but not fully included in the
matrisome lists, are glycosaminoglycans (GAGs). These polysaccharides are generally
present in the ECM and mostly attached to a core protein, together known as
proteoglycans #'. Although the specialized role of GAGs in a multitude of biological
processes is widely acknowledged, they are technically difficult to assess and are
consequently often disregarded. After biosynthesis of the repeated disaccharide
units, GAGs are extensively modified by enzymes that epimerize certain saccharides,
remove acetyl groups and add sulfate groups at specific locations on the building
blocks, resulting in highly heterogenous molecules. Methods such as a colorimetric
staining or ELISA allow for the basic quantification of GAGs in various sample types
82, Methods that assess GAGs on the disaccharide level, e.g. RP-HPLC, are suited for
identifying the various disaccharides but lose positional information in the chain.
Raman spectroscopy may struggle to separate the signals of complex samples .
Mass spectrometry has made significant progress with novel ionisation techniques,
but is not yet a standard method for GAG analysis . Given the importance of GAGs
in many biological processes, we performed an additional investigation into the
presence of GAG related enzymes during the regenerative processes in axolotl
and Acomys. Currently there are no methods available to directly assess GAG
biosynthesis and modification. Instead, the expression of genes involved in GAG
biosynthesis provides information on the regulation of GAGs during biological
processes. A paper published in 2018 by Uijtdewilligen et al. provides a curated list
of genes involved in proteoglycan/glycosaminoglycan metabolism ®, dividing GAG-
related genes into various categories based on their role in GAG homeostasis. The
following four categories were selected for use in our comparison analysis: linkage
region formation (8 genes), GAG chain polymerization (13 genes), GAG chain
modification (32 genes), and GAG chain degradation (19 genes) (the complete gene
list is available in Table S2). Several of these genes were also present in the greater
matrisome list as part of the ECM regulators. These were GAG chain modificators
sulfatase 1 and sulfatase 2, heparanase and hyaluronidase 1, 2 and 3. The matrisome
and GAG-related genes were extracted from each dataset. Any adaptions made
to a dataset prior to gene extraction are covered in the results section for each
publication. The next section focuses on the datasets that were compared.

Comparison of the matrisome and GAG components

The same biological processes (full-thickness skin wound regeneration or blastema-
mediated regeneration) in Acomys and axolotl were compared at the transcriptome
level. On the proteomic level this comparison could not be made due to absence
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Mouse matrisome

/ Collagens

a4

ECM glycoproteins Core matrisome

Proteoglycans

Secreted factors 165

ECM-affiliated proteins

ECM regulators

Matrisome-associated
Figure 5. Schematic representation of the subdivision of genes in the mouse matrisome.

of proteomics studies on blastema-mediated regeneration in Acomys and skin
regeneration in axolotl. Although the processes are different, we propose that
comparing skin regeneration and blastema on the proteomic level could still yield
beneficial information. Thus, the matrisome and GAG-related genes of the following
datasets were compared:

« Transcriptomics of full-thickness skin wound regeneration in Acomys (Brant et al.
2019) versus in axolotl (Monaghan et al. 2012)

« Transcriptomics of the (mammalian) blastema in Acomys (Gawriluk et al. 2016)
versus the (amphibian) blastema in axolotl (Stewart et al. 2013)

« Proteomics data of Acomys full-thickness skin wound healing (Yoon et al. 2020)
versus proteomics data of axolotl blastema-mediated limb regeneration (Rao et
al. 2009)

Results of the matrisome-GAG component analysis

In the following sections we describe the results of the matrisome and GAG gene
comparisons. Each comparison is divided into three sections. Section 1 describes
the preparation of the datasets in order to perform the comparison, section 2
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highlights the matrisome components identified in the comparisons and section 3
focuses on the GAG-related components.

Comparison of the transcriptome profiles of regenerating full-
thickness skin wounds on day 7 in Acomys (Brant et al. 2019) versus
axolotl (Monaghan et al. 2012)

Preparation and matching of datasets

The work of Brant et al. (2019) 7¢ involved the transcriptomic profiling of full-
thickness skin wounds with 8 mm diameter in A. cahirinus. Regenerating
wounds at day 7 and 14 were compared to unwounded skin tissue (day 0). As
the Acomys genome was unavailable at the time, these authors assembled a de
novo transcriptome for Acomys which allowed the identification of differentially
expressed genes expressed as fold changes compared to unwounded tissue with
a p-value < 0.05. The data presented by the authors of Brant et al. (2019) 76 did not
require any alterations and was ready for use. Monaghan et al. (2012) ° studied the
gene expression in full-thickness skin wounds of 4 mm diameter on axolotl flanks
using A. mexicanum Affymetrix GeneChips (full microarray data can be found at the
Gene Expression Omnibus (GSE37198)). Tissue was collected on day 0 (unwounded)
and at days 1, 3 and 7 after wounding. The authors made a total of 16 comparisons.
To identify differentially expressed genes on day 7, we ran our own expression
analysis using the raw microarray data. Fold changes on day 7 (respective to
unwounded tissue) were calculated using the software package Transcriptome
Analysis Console (TAC 4). Significance was determined using Fisher's exact test for
2x2 contingency tables and genes with a p-value < 0.05 were identified (Table S3).

The only matching timepoint in both publications was day 7 after skin injury.
Descriptive studies on skin wound healing in Acomys and axolotl reported complete
re-epithelialization within the first 3-5 days in both species® 7°. Moreover, after
wounding both animals exhibited a limited and low inflammatory response. After
day 7 both animals start wound contraction, ECM deposition and new tissue
formation ¢ % . Therefore, Acomys and axolotl should be in a similar regeneration
stage on day 7 after wounding and a comparison at this time point may highlight
the matrisome and GAG genes involved during early regeneration. Thus, only the
datasets of day 7 in Acomys and axolotl were compared. First, differentially expressed
matrisome and GAG-related genes were identified in Acomys (Table S4) and axolotl
(Table S5). Finally, the differentially expressed matrisome and GAG-related genes that
were present in both Acomys and axolotl were identified (Table S6).
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Expression of matrisome genes on day 7 of skin wound regeneration in
Acomys vs. axolot]

The results of the matrisome matching process are visualized in Figure 5. In Acomys
3921 genes were differentially expressed 7 days after skin wounding, of which
535 genes (13.6%) belonged to the matrisome. In axolotl 861 genes were
differentially expressed on day 7 and 133 of these genes (15.5%) belonged to the
matrisome. A total of 99 differentially expressed matrisome genes were identified
between Acomys and axolotl.

Figure 6. Schematic representation of the identification of matrisome genes in full-thickness skin
wounds. In axolotl 861 genes were differentially expressed as demonstrated by significant fold change
(p < 0.05) on day 7 compared to day O (determined by our own analysis). Within this dataset
133 matrisome genes were identified. In Acomys, 3921 genes were differentially expressed on day 7
compared to day 0 (p < 0.05) and a total of 535 matrisome genes could be identified in this list. After
comparing the matrisome genes of axolotl and Acomys, 99 matching matrisome genes were identified,
representing all six matrisome categories.

A comparison of the collagens expressed in the two species revealed 11 matching
genes. Among the top upregulated genes in axolotl were Col17al, Col7al, Col28al,
Col4a5 and Col12al. In Acomys, the highest fold changes belonged to Col712al,
Col24a1, Col5a2, Col5a1 and Col7al. All genes were upregulated in axolotl but in
Acomys four genes were downregulated: Col4a5, Col4a6, Col17al, and Col28al.
Amongst the glycoproteins a total of 33 matches were found. The most upregulated
genes in both species were tenascin C (Tnc), fibronectin (Fn7), laminin alpha 1
(LamaT), thrombospondin 1 and 2 (Thbs1, Thbs2), peroxidasin homolog (Pxdn) and
collagen triple helix repeat containing 1 (Cthrc1). The genes with the most negative
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fold changes were adiponectin C1q collagen domain containing (Adipog), spondin
2 (Spon2) and multimerin 1 (MmrnT). Only four proteoglycans were present in both
datasets, of which three were upregulated in both species: proteoglycan 4 (Prg4),
serglycin (Srgn) and decorin (Dcn). Osteoglycin (Ogn) was downregulated in both
axolotl and Acomys. Fifteen genes matched in the compartment of ECM affiliated
proteins. Several of these genes were upregulated in both species, with the highest
fold changes found in: C1q tumor necrosis factor related protein 1 (C1qtnf1), lectin
galactose binding soluble 9 (Lgals9), syndecan 2 (Sdc2), complement component
1 g subcomponent B (C7gb), and C chain (C7qgc). Only C1gtnf2 was downregulated
in both species. Notably, Lgals8 and Lgals2 were greatly downregulated in axolotl
whereas their expression was barely affected in Acomys. Eleven secreted factors
were identified in both datasets. Several genes were upregulated in both species,
with the largest fold changes belonging to secreted frizzled-related protein 4
(Sfrp4), Srfp2, follistatin-like 1 (Fst/7) and angiopoietin-like 2 (Angptl2). Two genes
were downregulated in both animals: chordin-like 1 (Chrdl1) and fibroblast growth
factor 12 (Fgf12). A few notable differences in expression levels were present, the
most notable being interleukin 1 beta (//b) which was the most upregulated gene
in Acomys but showed a downregulation in axolotl. Among the ECM regulators
25 matches were found. The top upregulated genes in both species were matrix
metallopeptidase 2 (Mmp2), Mmp3, Mmp13, procollagen lysine 2-oxoglutarate
5-dioxygenase 2 (Plod2), proprotein convertase subtilisin/kexin type 5 (Pcsk5), tissue
inhibitor of metalloproteinase 1 (Timp1), peptidase domain containing associated
with muscle regeneration 1 (Pamr1) and lysyl oxidase-like 2 (Lox/2). Only one out of
25 genes was downregulated in axolotl: cathepsin S (Ctss). In Acomys, three out of
25 matching genes were downregulated: Mmp28, tolloid-like 1 (TI7) and Kazal-type
serine peptidase inhibitor domain 1 (Kazald1). Interestingly, Kazald1 was the most
upregulated gene in axolotl, but the most downregulated gene in Acomys.

In summary, of the 99 matrisome genes that were present in both species 77 genes
(77%) had a similar expression pattern, where a gene was either upregulated
(69 genes/70%) or downregulated (8 genes/8.1%) in both Acomys and axolotl.
Twenty-two genes (22%) showed opposing expression patterns where a gene
would be upregulated in one species but downregulated in the other species.

Description of GAG-related gene expression on day 7 of skin wound
regeneration in axolotl vs. Acomys

Of all the differentially expressed genes in the axolotl dataset, only three GAG-
related genes could be identified: these genes were all related to GAG chain
modification. Conversely, all GAG gene categories were represented among
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the differentially expressed genes in the Acomys data, of which 30 genes were
upregulated and five were downregulated.

In Acomys, two genes involved with linkage region preparation were present:
beta-1,4-galactosyltransferase 7 (B4galt7) and B4galt2, both were upregulated.
Eleven genes related to GAG chain polymerization were found in Acomys, with
the highest fold changes seen in hyaluronan synthase 1 (Has1), Has2 and Has3.
Only two genes were downregulated: exostoses (multiple)-like 1 (Ext/7) and Ext/3. In
axolotl, three genes relating to GAG chain modification were found, these were all
upregulated: carbohydrate sulfotransferase 2 (Chst2), Chst11 and sulfatase 1 (Sulf1).
In Acomys a total of 11 genes matched in this compartment, among which were the
three genes identified in axolotl. Together with Sulf2 these were amongst the most
upregulated genes in Acomys. Only three genes were downregulated: sulfatase
modifying factor 1 and 2 (Sumfl, Sumf2) and carbohydrate sulfotransferase 15
(Chst15). Finally, 11 genes involved with GAG chain degradation were present
in Acomys. The most highly upregulated genes were glucuronidase beta (Gusb),
hexosaminidase A (Hexa), arylsulfatase B and J (Arsb, Arsj). No genes were
downregulated.

Comparison of the transcriptome profiles during blastemal
regeneration in Acomys ear pinnae closure (Gawriluk et al. 2016) vs.
axolotl stylopod amputation (Stewart et al. 2013)

Preparation and matching of the datasets

A transcriptomic study on blastema-mediated ear pinna regeneration in Acomys was
performed by Gawriluk et al. (2016) *'. Full-thickness ear wounds of 4 mm diameter
at days 5, 10, 15 and 20 were compared to unwounded ear tissue and analyzed by
RNAseq using a de novo transcriptome assembly. EBseq was used to determine
differentially expressed genes (false discovery rate < 0.05). Differentially expressed
genes that matched with the matrisome and GAG-related genes were extracted
and are presented in supplementary Table S7. In the study of Stewart et al. (2013) &
the researchers amputated forelimbs of axolotls; tissue from the amputation site
was collected at 0 (healthy tissue control), 3, 6, and 12 hours and 1, 3, 5, 7, 10, 14,
21 and 28 days. Samples were subjected to RNAseq transcriptome analysis and data
was generated as gene abundance using transcripts per million (TPM). Using the
raw data containing TPM, we identified matches to the matrisome and GAG-related
genes, then calculated a fold change for day 5, 10 and 14 ([TPM day X] / [TPM day 0]).
Values of 0 < fold change > 1 were further converted to a negative number: -1/
fold change. As the original paper pooled three biological samples for analysis to
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generate only one transcriptome per time point, it was not possible to test the
acquired fold changes for statistical significance. Instead, we applied a threshold of
at least 2-fold up or down regulation, thus excluding -2 < fold change > 2 from the
dataset (full data available in Table S8). To be included in our selection, a gene was
required to pass the threshold for at least one time point.

In this comparison we focused only on the blastema stage. In axolotl this stage lasts
approximately from day 3-4 up to day 21 7'. A similar timeframe is described by
Gawriluk et al. (2016) 3! when investigating Acomys ear blastema. For this reason,
we compare days 5, 10 and 14 in axolotl to days 5, 10 and 15 in Acomys. Later time
points were excluded as they are not in the blastema stage in axolotl. The full
dataset containing all matching matrisome and GAG-related genes of both species
genes is available in the supplemental data (Table S9).

Description of matrisome related genes in ear pinna blastema in Acomys vs.
forelimb blastema of axolot/

The results of the matching process are visualized in Figure 7. There were 14735
differentially expressed genes identified in Acomys ear pinna of which 638 genes
(4.3%) were part of the matrisome. In axolotl, a total of 11928 genes were expressed
in the regenerating limb. Following matching to the matrisome and application of
the fold change threshold, 324 genes (2.7%) were extracted. Between Acomys and
axolotl 278 matching matrisome genes were found.

Twenty-one genes that code for collagen proteins were present in both species
during various points in the blastema formation. Of note, only three genes were
upregulated in both models at all time points: Col718a1, Col6a2 and Col3al. One
gene was downregulated on all time points: Col22al. The remaining collagen
genes showed opposite expression patterns in each species. For example, Col4a6
was upregulated at all timepoints in axolotl but downregulated at all time points
in Acomys; the reverse pattern was observed for Col4al. In total 77 glycoproteins
were identified in both species. Of the 17 genes that were upregulated in both
species at all time points the top-upregulated genes were: collagen triple helix
repeat containing 1 (Cthrc1), laminin alpha 1 (Lama1), tenascin C (Tnc), transforming
growth factor beta induced (Tgfbi), thrombospondin 2 (Thbs2), peroxidasin
homolog (Pxdn), fibronectin 1 (FnT1), and elastin microfibril interfacer 1 (Emilin1). A
total of 10 genes were downregulated in both axolotl and Acomys, with the lowest
fold changes seen in: adiponectin, C1Q and collagen domain containing (Adipoqg),
tenascin XB (Tnxb), leucine-rich repeat LGI family member 1 (Lgi7) and gliomedin
(Gldn). One gene, Tenascin N (Tnhn), displayed a similar expression profile in axolotl
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and Acomys. This gene was downregulated on day 5, but positive fold changes were
observed on day 10 and day 14/15. The remaining genes showed differences in
expression patterns such as matrilin 4 (Matn4), cartilage oligomeric matrix protein
(Comp), fraser syndrome 1 homolog (Fras1) and nephronectin (Npnt), all of which
were upregulated in axolotl but downregulated in Acomys. In contrast, matrilin 2
(Matn2) and connective tissue growth factor (Ctgf) were upregulated in Acomys
but downregulated in axolotl. Among the proteoglycan genes, 13 matches were
identified. Three of these genes were upregulated at all time points in both animals:
proteoglycan 4 (Prg4), versican (Vcan) and serglycin (Srgn). Similar expression
profiles were seen in osteoglycin (Ogn), which was downregulated on day 5 and
10 in both animals, a positive fold change was seen on day 14 in axolotl and on
day 15 in Acomys. A contradicting profile was observed for neurocan (Ncan): this
gene was highly upregulated on day 5 in axolotl after which fold changes < 2 were
seen, whereas in Acomys Ncan was absent on day 5 but displayed high fold changes
onday 10and 15. Among the ECM-affiliated matrisome 41 genes matched between
axolotl and Acomys. A total of 15 genes were upregulated in both animals: C-type
lectin domain family 4 member e (Clec4e), lectin galactose binding soluble 1 (Lgals1),
complement component g subcomponent alpha polypeptide (C7ga), plexin D1 and
C1 (PIxnd1, PIxnc1) and syndecan 1 (Sdc7). Only four genes were downregulated in
both animals and during all timepoints, of which the most downregulated genes
were: C-type lectin domain family 3 member a (Clec3a) and family 2 member d
(Clec2d). The remaining genes in this compartment had opposing expression
patterns. For example, Fras1 related extracellular matrix protein 2 (Frem2) was
highly upregulated in axolotl but downregulated in Acomys. Surfactant associated
protein C (Sftpc) was highly upregulated in Acomys but downregulated in axolotl.
A total of 55 genes were found in the secreted factors subset. Seventeen genes
were upregulated in both species at all timepoints, with the highest fold changes
observed in chemokine C-X-C motif ligand 14 (Cxcl/14), multiple EGF-like-domains
11 (Megf11), platelet-derived growth factor C polypeptide (Pdgfc), wingless-related
MMTV integration site 5A (Wnt5a), sonic hedgehog (Shh), transforming growth
factor beta 3 (Tgfb3) and secreted frizzled-related protein 2 (Sfrp2). Three genes
were downregulated in all datasets: chemokine C-X-C motif ligand 12 (Cxcl12),
follistatin (Fst) and bone morphogenic protein 5 (Bmp5). The remaining genes often
showed opposing expression patterns. Heparin-binding EGF-like growth factor
(Hbegf) and chemokine C-C motif ligand 5 (Ccl/5), were downregulated in axolotl
but upregulated in Acomys. The other way around: leptin (Lep) and macrophage
stimulating 1 (Mst7) were upregulated in axolotl and downregulated in Acomys.
Finally, 71 regulator genes matched between Acomys and axolotl of which
40 genes were upregulated at all timepoints in both datasets. The highest fold
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changes belonged to several matrix metallopeptidases (Mmp3, Mmp9, Mmp12,
Mmp13, Mmp19), transglutaminase 3 E polypeptide (Tgm3), tolloid-like 2 (TlI2),
tissue inhibitor of metalloproteinase 1 (TimpT1), serine (or cysteine) peptidase
inhibitor clade E member 1 (Serpine1), and cathepsin Z (Ctsz). Only one gene, tissue
inhibitor of metalloproteinase 3 (Timp3), was downregulated in both animals across
all days. Once again, the remaining genes displayed opposite expression patterns.
This was the case for Kazal-type serine peptidase inhibitor domain 1 (Kazald1) and
coagulation factor XIIl A1 subunit (F713a7), which were among the most upregulated
genes in axolotl but displayed downregulations in Acomys. The opposite was also
seen: cathepsin H and S (Ctsh, Ctss) were downregulated in axolotl but upregulated
in Acomys.

To summarize this comparison demonstrated that many matrisome genes are
present in the blastema of both Acomys and axolotl. A total of 278 matching
matrisome genes were identified and 115 of these genes (41%) showed similar
expression patterns, being either upregulated (96 genes/35%) or downregulated
(19 genes/7%) in both species.

Figure 7. Schematic representation of the identification of matrisome genes in axolotl limb blastema
and Acomys ear blastema. In axolotl a total of 11928 genes were expressed, of which 324 passed the
threshold of -2 < fold change < 2 on day 5, 10 and 14 (differentially expressed genes could not be
generated from this dataset). In Acomys, a total of 14735 genes were differentially expressed (p < 0.05)
in ear blastema. Among these were 638 matrisome genes. Between axolotl and Acomys 278 matching
matrisome genes were identified and all matrisome categories were represented.
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Presence of GAG-related genes ear pinnae blastema in Acomys compared to
forelimb blastema of axolot|

In the category of linkage region preparation three genes matched between the
two models and all were upregulated across all timepoints. In axolotl the highest
expression was observed for beta-1,4-galactosyltransferase (B4galt7), in Acomys the
most upregulated gene was beta-1,4-galactosyltransferase 2 (B4galt2). The remaining
beta-1,3-glucuronyltransferase 3 (B3gat3), was upregulated in axolotl on day 5 after
which the fold changes did not exceed the threshold. In Acomys a slight upregulation
was seen forall timepoints. In the compartment of genes related to glycosaminoglycan
chain polymerization nine genes matched between species. The highest fold
changes in all timepoints, for both species, were seen in chondroitin sulfate synthase
1 (Chsy1), hyaluronan synthase 2 (Has2) and exostatin-like glycosyltransferase 3
(Extl3). In axolotl only one gene was downregulated: hyaluronan synthase 1 (Has7)
on day 14. In Acomys this gene was also downregulated on day 10 and 15. A total of
eight genes related to glycosaminoglycan chain modification were identified. Three
genes were always upregulated in both animals: carbohydrate sulfotransferase 2
(Chst2), sulfatase 1 (Sulf1) and carbohydrate sulfotransferase 11 (Chst17). No negative
fold changes were observed in axolotl and in Acomys only sulfatase modifying
factor (Sumf2) was consistently downregulated. Opposing expression patterns were
observed in heparan sulfate glucosamine 3-O-sulfotransferase 3B1 (Hs3st3b17): this
gene was upregulated in axolotl but downregulated in Acomys. Lastly, 10 genes in
the compartment of glycosaminoglycan chain degradation were matched and
these mostly displayed varying expression patterns. A single gene, glucuronidase
beta (Gusb), was upregulated in axolotl and Acomys on all timepoints. No genes were
consistently downregulated in both animals. Arylsulfatase family member K (Arsk)
was downregulated across all days in Acomys but upregulated in Axolotl. In axolotl
N-sulfoglucosamine sulfohydrolase (Sgsh) was downregulated on day 5.

Comparison of the proteomic profiles of skin regeneration in Acomys
(Rao et al. 2009) vs. blastema-mediated limb regeneration in axolotl
(Yoon et al. 2020)

In this section a comparison was performed of skin regeneration (absence of
blastema) and limb regeneration (blastema mediated) on the proteomic level.
The previous comparisons of transcriptome profiles each generated an extensive
list of matrisome-related genes that were present in both species. However, up or
downregulation on the transcriptional level does not necessarily translate to an
increase or decrease in protein abundance, thus investigating regeneration at the
proteomic level is important.
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Comparing the matrisome-related proteins from the proteomics studies on Acomys
skin regeneration (Yoon et al. 2020 *7) and axolotl limb regeneration (Rao et al. 2009 )
revealed only four proteins that were present in both species. The data from Yoon
does not provide a fold change for the variations in protein abundance. To be able
to compare trends a simple fold change for the Yoon data was calculated: fold
change = [protein QV on day X] / [protein QV on day 0]. Following this, values of 0 >
fold change < 1 indicate a decrease in the protein and these values were converted to
negative fold changes by calculating -1/fold change. Values of fold change >1 indicate
an increase in protein abundance, but this difference could not be statistically tested
for a differential increase or decrease. Data are represented in Table 4.

Table 4. Proteins identified in both axolotl and Acomys. Data represent a fold change compared to
day 0.

Collagens Acomys (fold change) Axolotl (fold change)

Gene symbol Prot description Day 3 Day 5 Day 7 Day 1 Day 4 Day 7
Col12a1 Collagen alpha-1(XIl) chain -1.29 1.90 1.80 1.32 1.05 -1.12
Collal Collagen alpha-1(1) chain -1.32 1.87 1.62 1.43 1.44 1.92
ECM glycoproteins Acomys (fold change) Axolotl (fold change)

Gene symbol Prot description Day 3 Day 5 Day 7 Day 1 Day 4 Day 7
Fgb Fibrinogen beta chain 1.83 1.97 2.10 3.39 1.63 1.14
Fgg Fibrinogen gamma chain 1.13 1.21 1.36 4.64 2.17 1.24

Of the matrisome collagens, only collagen type Xll alpha 1 (Col72a7) and Collal
were found in both species. In Acomys the abundance of Col72a1 was lower on day 3
compared to day 0, but abundance had risen on day 5 and 7 as demonstrated by
a positive fold change. On the other hand, Col72al abundance was increased in
axolotl on day 1 and 4 but protein levels dropped with a negative fold change
observed on day 7. The protein form of Col1al was again less abundant in Acomys
on day 3, but the protein abundance increased with positive fold changes observed
on day 5 and 7. In axolotl the abundance of Col7al was always increased. Among
the ECM glycoproteins, only fibrinogen beta and gamma chain (Fgb and Fgg)
matched between the datasets. No negative fold changes were observed in either
animal. In Acomys the protein abundance of both Fgb and Fgg remained steady
over all days, whereas in axolotl the fold change for both Fgb and Fgg was highest
on day 1 with a decrease in protein abundance over the following days.

To conclude, only four matching matrisome proteins were identified and no matches
were found among the GAG specific lists. This could be the result of comparing two
distinct biological processes. While the axolotl hind limb regeneration is mediated
by the blastema, the process of full-thickness skin regeneration in the spiny
mouse has not been hallmarked as a blastema-mediated process . The blastema
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is a very specialized tissue, thus the proteins present during this process may not
be present during skin regeneration in Acomys. An alternative explanation is that
sample preparation methods resulted in biased protein sets in each species. A recent
study that discusses methods to obtain ECM molecules from tissue samples states
that the sample extraction method should be optimized to also obtain insoluble
ECM ¥, which was not done for the publications of Yoon et al. (2020) °” and Rao et
al. (2009) . Proteins from Acomys tissue were extracted using a buffer made with
Tris-Cl, NaCl, ethylenediaminetetraacetic acid (EDTA), phosphatase inhibitors and
protease inhibitors. Soluble proteins were then separated from undissolved tissue
using centrifugation. Tissue derived from axolotl was homogenized in a lysis buffer
containing urea and dithiothreitol (DTT) followed by further peptide extraction
from cell lysates using triethylphosphine, iodoethanol and finally trypsin digestion.
To determine the engagement of the matrisome on the proteomics scale it will be
necessary to conduct carefully designed experiments that are tailored to the analysis
of ECM.

Discussion

Identifying key regulatory factors of regeneration is crucial to develop biomaterials
that are capable of inducing regeneration in systems that respond to wounding
with fibrosis. Research on Acomys demonstrates that regeneration in mammals is
possible. Here, we focused on the extracellular matrix (ECM) by performing a direct
comparison of the matrisome components present during two distinct regenerative
processes in two regenerative species. These were blastema formation and skin
wound healing in axolotl and Acomys. This approach identified the common ECM-
related denominators in the regenerative wound healing processes that occur in
both species. Neither axolotl nor Acomys can be directly compared to humans due
to obvious differences in their (skin) biology. However, the identification of ECM-
related factors that were present in both an amphibian and mammal support the
existence of shared drivers of regeneration that exceed the differences in species.
We propose that these matrisome factors play a vital role in regeneration and
that specific matrisome factors should be incorporated into novel biomaterials to
improve skin healing in non-regenerative species /-8,

Recent research provides evidence that regeneration can be induced using
only a small selection of components. In axolotl the process of innervation is
essential to achieve limb regeneration. In the absence of a nerve, the application
of a combination of fibroblast growth factors (FGFs) and bone morphogenetic
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proteins (BMPs) was enough to rescue limb regeneration 8. Frogs (Xenopus
laevis) lose the ability to replace amputated hind limbs through blastema after
metamorphosis. Instead, adult individuals resolve amputated limbs through
the formation of a cartilaginous spike. Murugan and colleagues reported on the
ability of a functionalized device that induced hindlimb regeneration in adult
Xenopus leavis *°. A wearable dome-shaped bioreactor (‘biodome’) constructed of
a silicone sleeve and containing a silk-based hydrogel loaded with five drugs was
attached to the amputation site during the first 24 hours. Animals were followed for
18 months, during which functional hindlimbs regenerated that resembled
wildtype hindlimbs. The five drugs in question had been selected for their
individual pro-regenerative effects. 1,4-dihydrophenonthrolin-4-ene-3 carboxylic
acid (1,4-DPCA), an inhibitor of prolyl 4-hydroxylase, is an enzyme involved in
collagen formation °'. Brain-derived neurotrophic factor (BDNF) is associated with
neuron development and axon regeneration °*%. Growth hormone (GH) has many
functions and a recent study on the side effects of GH as an anti-aging therapeutic
identified its role as an inhibitor of TGF-B1-mediated myofibroblast activation °*.
Resolvin D5, an oxidized lipid mediator, has anti-inflammatory properties by
mediating immune cell behavior and recent work indicated this agent has a direct
role during re-epithelialization > . Finally, retinoic acid (a vitamin A metabolite)
has been found in regenerating zebrafish tissues ®” and it was shown to enhance
the production of ECM components during wound healing ®8. In another study, full-
thickness skin wounds of 12 mm diameter were inflicted on the backs of fetal sheep *°.
At this wound size and gestational age (day 79 of 140-147 days) fetal sheep are
not able to regenerate the skin and instead a fibrotic scar forms 33. However, the
regeneration of full-thickness skin wounds in fetal sheep was induced using type |
collagen scaffolds functionalized with heparin, vascular endothelial growth factor
(VEGF) and fibroblast growth factor 2 (FGF2) *°. After postnatal analysis, there was
an increase in the skin surface area, a reduction in myofibroblast numbers and
evidence of hair follicle formation. In the regenerating ear tissue of Acomys sustained
ERK activity was identified as a crucial pro-regenerative factor '®. The application of
ERK activators (FGF2 and neuregulin-1) to Mus ear punch wounds induced a pro-
regenerative matrisome profile that was characterized by the presence of matrix
metalloproteinase 9 and fibronectin 1 and in addition hair follicle neogenesis was
stimulated. Together these studies emphasize the feasibility of driving a biological
system towards regeneration using only a few selected components.

Before we elucidate on the matrisome components that were extracted in our study
the limitations of our study should be addressed. A single study which compares
differentially expressed genes in human partial-thickness skin wounds to axolotl
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full-thickness skin wounds, using pre-existing datasets, is available. This study
was seeking for genes that were upregulated in humans and downregulated in
axolotl, and vice versa '°'. This work identified genes involved in collagen formation,
biosynthesis and modification, as well as ECM organization, ECM-receptor
interactions and connective tissue development. To date, no transcriptomic or
proteomic studies have been published regarding healing of adult human skin
following a full-thickness skin wound. Despite the widely acknowledged caveats
of extrapolating animal data to humans, comparing datasets obtained from
regenerating animal models may be useful to gain knowledge that can be applied
to human wound healing. We found a compelling overlap between the matrisome
transcriptomes of axolotl and Acomys. This suggests there is a possibility of shared
ECM/matrisome based regenerative mechanisms between amphibians and
mammals that could potentially also be present, albeit inactive, in humans 0% 1,
While there was a clear overlap found between the datasets, a direct comparison
of numerical data was challenging due to differences in sample harvesting,
experimental methodologies and data analyses. Each step from sample extraction
to data normalization can affect the final dataset %1%, Therefore, the expression
level of one gene cannot be directly compared between two datasets. For these
reasons, our analysis will only show general trends of gene expression. Our
approach also leaves out the effects of enzyme activity on protein synthesis, since
an enzyme’s gene expression does not need to be increased for the enzyme activity
to be increased. An example of this may be found in the hyaluronan synthase
genes, which were identified in only one comparison, even though hyaluronic acid
is known to have positive effects on regeneration '7. Second, different publications
use different sets of temporal data points which did not always coincide. In
particular, the early timepoints of blastema formation (day 0-4) have not been
characterized in Acomys. Comparing only the later time points means early
contributors to regeneration are left unexplored. Third, the age range of the animals
used in the experiments should be briefly considered. The publications focusing on
axolotl all used juvenile animals of 7-11 cm in length 728, Axolotls reach sexual
maturity after 9 to 12 months, when the animal is on average 15 cm long 2 1%,
The publications on Acomys used animals of varying ages; 6 weeks — 6 months’s,
6 months only 3, or ‘sexually mature™’. Both male and female Acomys reach
sexually maturity at 2-3 months of age *, thus the majority of the individuals in
the experiments would have been mature. Comparing the life phases of axolotl and
Acomys is negligible as axolotls naturally retain their juvenile characteristics even
after obtaining sexual maturity. Lastly, the proteomic analyses of the incorporated
papers are limited to the soluble fractions of the ECM. For example, only four
proteins were found in the proteomics datasets and two of these (fibrinogen
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beta (Fgb) and gamma chain (Fgg)) are known soluble proteins.Fibrinogens have
a well-known role in the healing response: after conversion to fibrin it assembles
into a temporary support network. Fibrinogen-deficient mice have highlighted this
role in wound stabilization and matrix organization 2. Although many important
ECM proteins are soluble, identification of insoluble components of the ECM
remains elusive.

Our analysis found multiple matrisome related genes that had similar expression
patterns in both models and these genes could therefore potentially be essential
to regeneration. In this discussion we will focus solely on the genes that were
upregulated in both skin regeneration and blastema, as these could be candidates
to be included in pro-regenerative biomaterials.

Glycoproteins are essential molecules in the ECM and are known to be involved in
wound healing '%°. The widespread functions of glycoproteins explain the presence
of many highly upregulated glycoproteins during the regenerative processes.
Glycoproteins that were highly upregulated in both axolotl and Acomys during
skin regeneration and in the blastema were: tenascin C, fibronectin, laminin
alpha 1, thrombospondin 1 and 2, peroxidasin homolog and collagen triple
helix repeat containing 1. In general, tenascins are involved with cell adhesion
modulation; thereby influencing cell proliferation and migration %", Tenascin C
is activated after injury in axolotl and is deposited in the wound margins ¢. Due to
its anti-adhesive behavior and promotion of a softer matrix ''2, Tenascin Cis thought
to lead to proliferation and migration of keratinocytes, fibroblasts, and endothelial
cells 3. Tenascin C has been indicated as a component of a “transitional matrix”
in regeneration-competent species such as newts and zebrafish ''*1'%, In humans,
tenascin C is highly expressed during wound healing, inflammation and injury.
A study using mice demonstrated that tenascin C polypeptides increased type |
collagen expression, contributing to ECM strength in young skin '"’. Fibronectin 1,
another component of the transitional matrix, was found in both Acomys and
axolotl during skin regeneration and blastema-formation. Fibronectin is crosslinked
to the fibrin matrix during hemostasis and enables fibroblast migration . Mouse
full-thickness skin wounds sealed with a combination of plasma fibrinogen and
fibronectin demonstrated enhanced wound healing '°. Similarly, pre-coating
fibronectin on full-thickness skin wounds in mice before the application of
autologous basal cells improved wound healing . Furthermore, it has been shown
that fibronectin regulates collagen assembly "' '22, An in depth review on the role
of fibronectin and its potential in regeneration was recently published ', Laminin
alpha 1, a protein that interacts with fibronectin, was present and upregulated
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in all datasets. Laminin alpha 1 encodes the alpha | chain of the trimeric laminin
protein and is a major component of the basement membrane, with an important
role in re-epithelization and angiogenesis during wound healing '*. Laminins
are also important in growth factor regulation: the heparin-binding domains on
laminin can bind growth factors and fibrin matrices functionalized with laminin
improved wound healing in diabetic mice '?°. Another consistently upregulated
gene during regeneration was the relatively unknown peroxidasin homolog. A
study into the role of peroxidasin in the ECM demonstrated that human dermal
fibroblasts treated with TGF-1 to induce myofibroblasts secrete peroxidasin to the
ECM where it may co-localize with fibronectin in thick bundles . Peroxidasin may
also contribute to ECM stabilization via tyrosine crosslinking of proteins '¥ and it
was identified as a catalyst in type IV collagen crosslinking through sulfilimine 128129,
Inhibition of peroxidasin reduced endothelial cell attachment and growth, and
without peroxidasin the organization of type IV collagen, fibronectin and laminin
into fibrillar networks was diminished '*°. The potential role of peroxidasin in
ECM formation coupled with its consistent presence in the regenerating matrix
indicates this peroxidasin may be an important player in wound healing. The
consistent presence of both fibrin(ogen) and fibronectin, as well as their associated
proteins, demonstrates their importance during regeneration in regenerative
and non-regenerative systems alike. Thrombospondin 1, a large trimeric
glycoprotein secreted by a plethora of cell types, has been implicated in many
(patho)physiological processes '*'. Researchers demonstrated that the inhibition of
thrombospondin 1 with antisense oligonucleotides in full-thickness skin wounds of
mice markedly impaired the wound healing process '*2. Recently thrombospondin 1
has been implicated in fibrillar collagen organization through its inhibitory effect
on lysyl oxidase, which is an enzyme responsible for collagen crosslinking in the
ECM ™3, Thrombospondin 1 also indirectly inhibited myofibroblast differentiation
through its effects on the organization of collagenous ECM '*3. Thrombospondin 2,
like thrombospondin 1, is involved in ECM organization and it is secreted primarily
by fibroblasts and smooth muscle cells . In thrombospondin 2 knock-out mice
the skin displayed disorganized collagen fibers, contrasting the parallel orientated
fibers found in wild-type mice '*°. Additionally, the researchers demonstrated
that dermal fibroblasts obtained from these mice produced more matrix metallopro-
teinase 2, indicating thrombospondin 2 may affect cell-matrix interactions. Taken
together, the increased expression levels of thrombospondin 1 and 2 during
regeneration underline the impact of ECM organization. Collagen triple helix repeat
containing 1 (CthrcT1) is a secreted glycosylated protein that is usually present in
embryonic and neonatal tissues. Cthrc1 has shown the ability to inhibit type | and Il
collagen synthesis %%, In skin wounds, it has been localized at sites of collagen
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deposition and in myofibroblast clusters . Moreover, Cthrc1 regulates and inhibits
TGF-B1 production which may be a potential anti-fibrotic treatment in the skin 38139,
The consistent upregulation of Cthrc1 during regeneration is indicative of a need
for controlled collagen synthesis.

Several genesinvolved in matrix degradation were upregulated in all transcriptomics
datasets: matrix metalloproteinase 3, matrix metalloproteinase 13 and tissue
inhibitor of metallopeptidase 1 (Timp1). Matrix remodeling is essential in wound
healing, as demonstrated by the total of 14 differentially expressed MMPs that were
found during healing of human split-thickness skin wounds, which do not scar ™.
It has been described that matrix metalloproteinase 3 degrades both type | and
Il collagen 7. Research in regenerating axolotl digits showed that the presence
of matrix metalloproteinases was essential to effective digit regeneration ™.
Matrix metalloproteinase 13 is capable of cleaving type |, Il, and Ill collagen and
various other fibrillar ECM components, thereby modulating fibroblast-matrix
interactions and it is even upregulated in fetal wounds 2. Timp1 can inhibit all
matrix metalloproteinase family members 3. It has been shown that increased
levels of this gene were implicated as a poor outcome marker for increased fibrosis
in burn patients and persistence of foot ulcers in diabetic patients . On the
other hand, a study performed in newts indicated that increased levels of Timp1
during regeneration is required to maintain optimal concentrations of matrix
metalloproteinases ™.

Regarding proteoglycans associated with the matrisome, proteoglycan 4 and
serglycin were present and upregulated in all datasets. Proteoglycans consist of
a core protein and one or more covalently attached glycosaminoglycan (GAG)
side chains. They make up a major part of the ECM and have a range of purposes.
Proteoglycan 4, also known as lubricin, contains the GAGs chondroitin sulfate
and keratan sulfate. The biosynthesis of keratan sulfate was highly increased in the
regenerating spinal cord of Acomys and, the expression of one related biosynthesis
gene, beta-1,3-N-acetylglucosaminyltransferase 7 (B3gnt7), was identified as
an axon growth enhancer ¥. Proteoglycan 4 is more formally associated with
blastema formation because of its role in cartilage-bone protection . In humans,
proteoglycan 4 is associated with the regeneration of cartilage tissue between
joint surfaces . A recent study elaborated on the anti-fibrotic properties of
proteoglycan 4 by demonstrating the ability of this proteoglycan to decrease
synovial fibroblast activation in vitro and reduce fibrosis in vivo 8. Its presence
during skin regeneration in both Acomys and axolotl underscores the importance
of proteoglycan 4 to regeneration in general. This finding is supported by the
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results of Krawetz et al. (2022), who demonstrated proteoglycan 4 is essential
in ear wound healing in mice . They showed that proteoglycan 4 modulates
macrophage polarization, increases vascularization and promotes cartilage
regeneration. The proteoglycan serglycin was upregulated during both blastema
and skin regeneration. Serglycin is a well-known intracellular proteoglycan and
one of its main roles is the regulation of inflammatory mediators in the granules
of mast cells '*°. After secrection serglycin may act as a vehicle for the extracellular
delivery of the molecules inside granules, such as cytokines, or act as a scavenger
in the ECM ™. Thus, serglycin may have a role as an inflammation mediator.
Moreover, serglycin is upregulated under the influence of TGF-$1 during epithelial-
mesenchymal transition, this transition is an important process during wound
healing '*2. Serglycin is densely packed with various GAGs, leading to a high density
of GAG-binding proteins, and one of these associated GAGs is heparin '. Heparin
is most commonly associated with anticoagulation and anti-inflammation and has
widespread use in therapeutic applications 3. For example, treatment of chronic
ulcers with low molecular weight heparin resulted in increased numbers of healed
patients and reduced wound recurrence rates '**'*>. These findings illustrate the
beneficial effects of heparin on the healing of chronic wounds.

Considering the upregulation of various proteoglycans, it is to be expected that
several genes related to the linkage and modification of GAG chains were also
upregulated during regeneration: carbohydrate sulfotransferase 2, carbohydrate
sulfotransferase 11 and sulfatase 1. Carbohydrate sulfotransferases are responsible
for the transfer of sulfate groups onto carbohydrates. Our analysis returned
two carbohydrate sulfotransferase genes that were always upregulated during
regeneration. Carbohydrate sulfotransferase 2, also known as N-acetylglucosamine
6-O-sulfotransferase or GICNAc6STT, is associated with the biosynthesis of keratan
sulfate '*°. This enzyme may play a direct role in the inflammatory response as it is a
part of L-selectin ligand synthesis: these ligands are responsible for leukocyte rolling
and capture in high endothelial venules " 8, Carbohydrate sulfotransferase 11,
or chondroitin-4-sulfotransferase 1, is an enzyme involved in the biosynthesis of
chondroitin sulfate ™. In Costello syndrome, where overexpression of the HRAS
oncogene leads to a reduction in carbohydrate sulfotransferase 11, skin fibroblasts
do not produce elastic fibers. Forced expression of carbohydrate sulfotransferase 11
rescued the elastic fiber production . Chondroitin sulfate itself was shown
to improve palatal wound healing by promoting fibroblast adhesion and
proliferation ™', Sulfatase 1 is an extracellular enzyme that removes 6-O-sulfates
from heparan sulfate and augments Wnt/B-catenin signaling. Following wounding
of the corneal epithelium in mice sulfatase 1 was found in the wound edges and
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knockdown of sulfatase 1 led to a decrease in cell migration and delayed wound
healing %2 Similarly, during hind limb regeneration in Xenopus laevis high levels
of sulfatase 1 were present during the first three days in the blastema, which
demonstrates its the importance in regeneration '®*, Moreover, it was found that
sulfatase 1 is upregulated during mouse embryonic skin development and is likely
involved in cellular signaling . Taken together, the three enzymes found in the
datasets regulate sulfation patterns of GAGs, which modulates the bioactivity. The
GAG heparan sulfate (HS) binds many proteins, such as growth factors, that reside
in the ECM and the interaction of HS-binding proteins and receptors is modulated
by HS proteoglycans '*'%*. Changes in sulfation patterns of GAGs may thus have
far-reaching effects in modulating cell behavior.

Lastly, two collagens were identified in the proteomics datasets. These collagens,
type | collagen type alpha 1 chain and type Xll collagen alpha 1 chain, are
important during regeneration albeit in different ways. As part of the core
matrisome, collagens have a great influence on the overall structure of the ECM
and cell behavior. Type | collagen, a member of the fibrillar collagens, contributes
to over 90% of the collagen content in skin ECM %, Scar tissue consists of a dense
collagenous matrix organized in thick parallel orientated bundles, in contrast to
healthy dermis where the collagen is organized into a basket weave-like pattern ’.
In regenerating Acomys skin, type | collagen was loosely organized and less
abundant as shown through trichrome staining, resembling undamaged skin °'.
To achieve skin regeneration, the architecture of type | collagen should match
that of unwounded skin, which requires guiding the deposition and remodeling
of type | collagen during wound healing. Type XII collagen is a member of the
Fibril Associated Collagens with Interrupted Triple helices (FACIT). This collagen
has binding sites for type | collagen, to assist in type | collagen packing, and GAGs
(such as heparan sulfate) 1678, Additionally, type XlI collagen helps to maintain the
structure of the ECM and responds to mechanical stretch by absorbing stress. Type
Xll collagen is expressed in the dermis during skin development in humans, however,
after birth it is found only in the papillary dermis and surrounding hair follicles .
Following skin injury, the scarring Mus musculus displays significant increases
in type Xl collagen compared to Acomys, which indicates that an abundance
of type XlI collagen could also be detrimental to a regenerative matrix " *.
Similarly, timing the deposition of type | and XII collagen has shown to play a key
role in skin regeneration in the axolotl 1%,

In summary, our analysis of matrisome factors revealed several genes that are
upregulated during regeneration in both axolotl and Acomys. In some cases, they
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encode proteins which are known to have a positive influence on wound healing
in mammals or are in some way related to the structural organization of the ECM.
The fact that fibrotic skin is characterized by the thick parallel organization of
type | collagen while in undamaged skin a basket-weave pattern is seen suggests
that a regenerative biomaterial should focus on re-establishing the normal ECM
architecture and organization (Figure 8).

Figure 8. Components to be considered for incorporation in pro-regenerative biomaterials. Created
with BioRender.com.

Several of the components identified in our analysis may be considered for use
in a regenerative biomaterial. The incorporation of fibronectin in a biomaterial
would aid in the regulation of collagen fiber assembly. Several other components
can be considered to strengthen the matrix organizing properties, such as
thrombospondin 1 and/or 2, as well as peroxidasin homolog. Growth factors
are an integral part of regeneration, and their capture should be facilitated. This
may be achieved through the incorporation of molecules that have growth factor
binding abilities, such as laminin alpha 1, or various proteoglycans which may
bind growth factors through their GAG chains. The glycoprotein tenascin c is
known for its positive influence on wound healing by enhancing cell migration.
Its constant presence in our datasets supports the inclusion of tenascin c in a pro-
regenerative biomaterial. The proteoglycans serglycin and proteoglycan 4 were
an unexpected finding in our dataset, as their exact roles in skin wound healing
are not well known. This warrants a more detailed investigation into the influence
of the various proteoglycans on wound healing to determine which would be the
most appropriate for incorporation in a pro-regenerative scaffold. Proteoglycan-
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associated GAGs, such as heparin in serglycin and chondroitin sulfate or keratan
sulfate in proteoglycan 4, have shown potential in promoting wound healing and
should be considered for incorporation into the pro-regenerative biomaterial. Phan
et al. (2021) showed that heparan sulfates, together with fibroblast growth factor
signaling, are required to provide the correct positional information during axolotl
limb regeneration '7°.

There is a myriad of options available for the development and production of
pro-regenerative biomaterials. Such materials may contain natural or synthetic
components, or a combination of both. The application of natural-derived
components is widespread. For example, decellularized tissues maintain the
native tissue architecture and many of the signaling factors '""72, A wide range of
decellularized skin substitutes from human and animal sources are commercially
available and have been used in clinical practice 3. Decellularized human nail
beds have been used to stimulate bone regeneration in rats '7* 7>, These examples
establish the ability of the native ECM to promote regenerative processes. In
addition to naturally derived components, chemically or enzymatically produced
components may be considered. Standardized processes greatly decrease variations
between batches and the low immunogenicity makes synthetic compounds an
interesting alternative ¢, Besides the incorporation of proteinaceous compounds
in biomaterials, carbohydrates - and GAGs in particular - encompass a class of
molecules with diverse biological functions. Unlike proteins, they are more difficult
to analyze due to the non-template driven biosynthesis and extensive structural
heterogeneity of these long polysaccharides. In the context of biomaterial
development their multitude of functions make them important to consider.
GAGs are known for their role in organizing the extracellular matrix and for their
ability to bind and present bioactive molecules, protecting these from proteolytic
degradation, and regulating growth factor gradients '7. Many examples of the
exploitation of such functions can be found in the literature, from hyaluronan
injectables 78 to collagen-based skin constructs containing dermatan sulfate and
heparin '7°. However, one GAG may have various domains in the sulfation pattern
and its structure can vary during development and (patho)physiology. To avoid the
use of heterogenous natural GAGs with potential batch-to-batch variations, novel
strategies have been developed to obtain more defined preparations. One approach
includes the use of degradation-resistant carboxymethyl-dextran sulfates: these
heparan sulfate mimetics are capable of binding and protecting growth factors
already present in the wound matrix, thereby allowing the tissue to regenerate .
These ReGeneraTing Agents (RGTA®) have shown great potential during in vivo
studies and were clinically used to treat ulcers '®"'82, The basic research into defined
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saccharides offers an original approach to their application in biomaterials '®. In
addition, chemo-enzymatic synthesis of well-characterized oligosaccharides with
specific biological functions opens a whole new avenue in the field of regenerative
medicine 8418,

Future efforts should be directed towards functionality-based studies in order
to elucidate the function of the matrisome components identified here in the
regenerating matrix. This may be aided by improving the proteomic analysis of
insoluble matrisome components. For example, the insoluble ECM pellet can be
digested to allow proteomic analysis of insoluble matrisome components ¥. This
can be achieved by digesting insoluble ECM pellets with hydroxylamine '® or with
a photocleavable linker such as 4-hexylphenylazosulfonate '8 '®, Both approaches
yield a solubilized ECM fraction compatible with proteomic analysis pipelines
and are relatively easy to implement. Efforts are already being made to improve
the proteomic coverage of the matrisome. A universal tool titled ‘MatrisomeDB’ is
available to all researchers, and it facilitates the reuse of proteomic datasets with
a focus on the matrisome ™. To obtain robust insights in the trends in gene and
protein expression patterns observed in both species, it would require a united
effort to analyze all data via identical methods and with matching timepoints in the
regenerative process. Furthermore, the investigation of early timepoints in Acomys
is highly recommended to provide a detailed image of the processes that occur
during the first phases of regeneration.

Conclusions

With the increasing knowledge on the complexity of regenerative environments,
the next generation of biomaterials should focus on the rational incorporation of
various pro-regenerative matrix molecules. By applying such knowledge to the
development of biomaterials we open new avenues towards improving wound
healing and obtaining regeneration in humans.
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Abstract

In adults, scars are formed after deep skin wound injuries like burns. However,
the fetal microenvironment allows for scarless skin regeneration. One component
that is abundantly present in the fetal extracellular matrix is hyaluronan (HA). To
study whether biomaterials with HA improve wound healing, type | collagen
scaffolds with and without HA were prepared and characterized. Their immune
effect was tested using macrophages and their phenotypes were analyzed through
cell surface markers and cytokine expression after 48 h. Since fibroblasts are the
main cellular component in the dermis, adult, fetal and eschar-derived cells were
cultured on scaffolds for 14 days and evaluated using histology, gene and protein
expression analyses. Biochemical assays demonstrated that HA was successfully
incorporated and evenly distributed throughout the scaffolds. Macrophages
(MO0) cultured on Col I+HA scaffolds exhibited a profile resembling the M2c-like
phenotype (CD206"9", CD163"s" and IL10""). HA did not significantly affect gene
expression in adult and fetal fibroblasts, but significantly reduced scarring-related
genes, such as transforming growth factor beta 1 (TGFB1) and type X collagen
alpha 1 chain (COL10AT1), in myofibroblast-like eschar cells. These findings highlight
the potential of incorporating HA into collagen-based skin substitutes to improve
the wound healing response.

Keywords: hyaluronic acid; scaffolds; skin regeneration; dermal; fetal; eschar
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1. Introduction

Effective skin wound healing is vital for quality of life but remains a significant global
medical challenge [1]. Standard care for full-thickness burns includes autologous
split-thickness skin grafting, which replaces the epidermis and part of the dermis [2].
Biocompatible skin substitutes, particularly natural biomaterials like collagen,
emerged in the wound care market as they support dermal restoration. From the
premise that fetal wounds can heal without scars, researchers have widely explored
hyaluronan, an abundant component of the fetal extracellular matrix [3-5].

Hyaluronan (HA), also known in its protonated form as hyaluronic acid, is a non-
sulfated glycosaminoglycan that carries a significant overall negative charge and
contains carboxylate and acetamido functional groups [6]. HA has a remarkable
capacity to bind and retain water, which results in the moisturization of the dermal
extracellular matrix. During the wound healing process, HA binds primarily to the
CD44 receptor on the cell surface, facilitating cell adhesion and migration [7].

During hemostasis and inflammation, circulatory monocyte-derived macrophages
(MO) migrate to the wound site, gradually replacing short-lived neutrophils [8].
Macrophages serve as important regulators as they can polarize into M1-type
macrophages, which secrete pro-inflammatory cytokines during proliferation. A
persistent response from this phenotype might lead to more scarring. M1s are later
replaced by M2-type macrophages, which release anti-inflammatory/pro-healing
cytokines in the remodeling stage, making them key targets for improving wound
healing outcomes [9]. Macrophages have a high CD44 expression and play a major
role in HA uptake and degradation, where the M1-like subtype favors HA binding
and the M2-like subtype shows improved HA internalization [10].

Fibroblasts are important cells in the proliferation and remodeling phases of
wound healing, but their behavior depends on the life stage of the patient and
their cellular origin. For instance, adult fibroblasts showed a four times lower CD44
expression compared to their fetal equivalent [11]. Additionally, adult wounds
showed increased transforming growth factor beta 1 (TGF31) expression, with low
levels of TGF(33, whereas an opposite pattern was observed in fetal wounds [12].
The role of cellular origin is exemplified by adult eschar fibroblasts obtained from
burnt tissue after debridement. These eschar fibroblasts have been associated with
a myofibroblast-like phenotype due their expression of alpha smooth muscle actin
(a-SMA) and ability to contract collagen scaffolds in vitro [13].
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Several studies have indicated the benefits of using HA in wound dressings and
its effect on skin cells, such as dermal fibroblasts and macrophages [14,15]. While
commercial HA-based products are mainly available in cream or gel form, porous
sponges offer distinct advantages, especially for full-thickness wounds, such as
a larger surface area for cell attachment [16,17]. In this study, HA was chemically
crosslinked to porous collagen scaffolds and compared to bare collagen scaffolds
to evaluate the effect of HA addition on primary cells, such as on macrophage
polarization, as well as on particular fibrotic gene expression levels in fetal, healthy
adult and adult eschar fibroblasts.

2. Materials and Methods

2.1. Preparation and Characterization of Type | Collagen Scaffolds
with Hyaluronan

Porous collagen scaffolds (Col 1) were prepared by adding 0.8% (w/v) collagen
fibrils from bovine tendon, obtained from a slaughterhouse, to 0.25 M acetic acid
and swelling overnight at 4 °C under constant agitation. For collagen scaffolds with
hyaluronan (Col I1+HA), 0.05% (w/v) hyaluronic acid sodium salt from Streptococcus
equi (Sigma-Aldrich, St. Louis, MO, USA) was dissolved in 0.25 M acetic acid, and
0.8% (w/v) type | collagen fibrils were added. The suspension was mixed, swollen
overnight at 4 °C, homogenized, poured into molds (4 mL suspension/960
mm?, 6-well plate) and lyophilized using a Lyoph-pride 03 freeze dryer (ilShin
Biobase Europe, Ede, The Netherlands). Scaffolds were chemically crosslinked for
3 h using 33 mM 1-ethyl-3-dimethyl aminopropyl carbodiimide (EDC) and 6 mM
N-hydroxysuccinimide (NHS) in 50 mM 2-morpholinoethane sulphonic acid buffer
(Sigma-Aldrich) containing 40% ethanol (Merck, Darmstadt, Germany) at pH 5.0
(MES buffer) (8 mg scaffold/mL crosslinking solution). Non-crosslinked control
scaffolds were treated similarly, but without EDC/NHS. Scaffolds were washed in 0.1
M Na,HPO, (2 x 1 h), 1 M NaCl (2 x 30 min), 2 M NaCl (2 x 30 min) and demineralized
water until their conductivity was less than 200 uS, and lyophilized. Scaffolds were
cut to @12 mm for in vitro studies.

The morphology of the scaffolds was analyzed using scanning electron microscopy
(SEM). Dry scaffolds were fixed on a stub with double-sided carbon tape, sputtered
with gold twice for 60 s using an Edwards Scancoat Six Sputter Coater (Crawley, UK)
and examined with a Zeiss Sigma 300 Field Emission Scanning Electron Microscope
(Jena, Germany) at an accelerating voltage of 3 kV.
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For HA localization, frozen scaffolds in TissueTek O.C.T. compound (Sakura Finetek,
Alphen aan den Rijn, The Netherlands) were cut to 7 um sections and mounted
on Superfrost™ plus adhesion microscope slides (Epredia, Kalamazoo, MI, USA).
After 10 min fixation in 4% paraformaldehyde in phosphate-buffered saline (PBS),
sections were blocked with PBS containing 0.5% bovine serum albumin (BSA,
fraction V, Roche, Basel, CH) and stained with biotinylated HA binding protein
(400763-1A, Seikagaku, Japan), 1:200 diluted in 0.5% BSA in PBS. The signal was
amplified by incubating the sample with the Vectastain avidin/biotin ABC complex
HRP kit (PK-4000, Vector Laboratories, Newark, CA, USA) for 1 h. Finally, ImmPACT
AEC (3-amino-9-ethylcarbazole) was added to produce a red reaction product
over 15 min, followed by rinsing with water for 5 min. The sections were mounted
with a cover glass using VectorMount” AQ Aquos Mounting Medium (H-5501,
Vector Laboratories).

The degree of crosslinking was determined by the loss of primary amine groups after
crosslinking using 2,4,6-trinitrobenzene sulfonic acid (TNBS) [18]. Briefly, scaffolds
before and after crosslinking were incubated in 4% NaHCO,, left to react with 0.08%
(w/v) TNBS for 2 h at 40 °C and hydrolyzed in 6 M HCl for 1.5 h at 60 °C. Glycine was
used for the calibration curve. The absorbances were measured at 420 nm using a
SpectraMax iD3 spectrophotometer (Molecular Devices, San Jose, CA, USA).

The HA content in the scaffolds was measured using the Stains-All colorimetric
assay using a carbocyanine dye suitable for staining HA (Sigma-Aldrich). Scaffolds
were digested overnight at 65 °C using 2.5 U/mL papain (P3125, Merck), 2 mM
EDTA and 2 mM cysteine in 50 mM sodium phosphate (pH 6.5). A staining solution,
containing 0.0056% (w/v) Stains-All dissolved in 5% (v/v) isopropanol (Merck), 5%
(v/v) 0.01 M ascorbic acid (Sigma-Aldrich) and 0.2% (v/v) 1 M acetic acid (Merck) in
demineralized water, was added to the digested samples alongside a calibration
curve of HA, and the absorbances were measured at 650 nm.

The molecular weight of the incorporated HA in the scaffolds was estimated using
agarose gel electrophoresis. Briefly, 1% LE agarose (SeaKem, Lonza, Rockland,
ME, USA) was dissolved in TAE buffer (40 mM Tris, 20 mM acetic acid, T mM EDTA,
pH 8.0), heated and poured into a tray. Papain-digested collagen scaffolds with
and without HA (as described in HA quantification), along with undigested HA
and papain-digested HA, were loaded on the gel, and Smart Ladder (MW-1700-10,
Eurogentec, Seraing, Belgium) and Lambda DNA/Hind Ill marker (G171A, Promega,
Madison, WI, USA) were used as the molecular weight standards. Their base pair
size was converted to molecular weight (MW) size using bioline.com to assess HA
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size in the gel. The gel was run for ~2 h at 50 V and was fixed for 2 x 1 h in 25%
(v/v) isopropanol and 10% (v/v) acetic acid in demineralized water. The gel was
stained overnight in the dark under constant agitation with 0.01% (w/v) Stains-All,
7.5% (v/v) formamide and 25% (v/v) isopropanol in 4 mM Tris pH 8.8 and destained
with 25% isopropanol for two days, changing the solution four times. The gel was
scanned using the Gel Doc XR+ Imaging System (Bio-Rad, Hercules, CA, USA).

For the differential scanning calorimetry assay (DSC), approximately 1 mg of sample
was placed in T _ pans (TA Instruments, New Castle, DE, USA), which were tightly
sealed with Teo hermetic lids, and heated from 1 to 220 °C at a scanning rate of
5 °C/min using a TA Q1000 DSC (TA Instruments, New Castle, DE, USA) equipped
with a RCS40 cooler with Universal Analysis software version 55.24. T was

selected to detect the denaturation temperature of the collagen peaks [19].

2.2. Macrophage Culture and Analysis

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from
three healthy donors (Sanquin, Nijmegen, NL). Informed consent was given in
accordance with the Declaration of Helsinki and the Dutch national and Sanquin
internal ethics boards. Monocytes were isolated using CD14* MACS MicroBeads
(130-050-201, Miltenyi Biotech, Teterow, Germany) following the manufacturer’s
protocol. Monocytes were plated in T75 flasks (106 cells in 10 mL for MO differentiation
and 0.5 x 106 cells for M1/M2 differentiation) in RPMI 1640 (including HEPES, Gibco
by Thermo Fisher Scientific, Grand Island, NY, USA), 10% fetal bovine serum (FBS,
Gibco), 1% stable glutamine (STA-B, Capricorn, Ebsdorfergrund, Germany) and
1% antibiotic-antimycotic (Gibco), and differentiated with 50 ng/mL macrophage
colony-stimulating factor (M-CSF, 300-25, PeproTech by Thermo Scientific, Waltham,
MA, USA) for 6 days to obtain monocyte-derived macrophages. The macrophages
were either left unstimulated (MO macrophages) or were stimulated for 24 h with
100 ng/mL lipopolysaccharides (LPS, vac-3pelps, InvivoGen, San Diego, CA, USA) +
20 ng/mL interferon gamma (IFNy, 300-02, PeproTech) to polarize them to M1-like
macrophages, or treated with 20 ng/mL interleukin 4 (IL4, 170-076-135, Miltenyi
Biotec) + 20 ng/mL interleukin 13 (IL13, 130-112-412, Miltenyi Biotech) to polarize
them to M2-like macrophages. On day 7, the cells were collected after 30 min of
incubation with PBS and 2 mM EDTA. A total of 200,000 cells were seeded on each
scaffold and cultured for 48 h (Figure 1). MO macrophages were seeded on Col |
and Col I+HA scaffolds to observe their polarization, while M1-like and M2-like
macrophages were seeded separately in Col | scaffolds as controls.
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Day -7 -1 0 2
| | | | _ FACS
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Figure 1. Timeline for macrophage culture on scaffolds. Analyses performed after two days and
included fluorescence-activated cell sorting (FACS) and enzyme-linked immunoassay (ELISA). Created
in BioRender. Avila, N. (2025) https://BioRender.com/i2p6ff7.

For flow cytometric analysis, cells were isolated from scaffolds by incubation with
0.25 U/mL collagenase A (10103578001, Roche, Mannheim, Germany) at 37 °C in
a shaking water bath for 30 min. All the following incubations were performed at
4°C. PBS with 2 mM EDTA was added to cell-seeded scaffolds and incubated for
30 min under constant agitation, filtered using a 70 um cell strainer (Falcon,
Durham, NC, USA), centrifuged at 257 g for 10 min and transferred to a 96-well
V-bottom plate for staining. Isolated cells were incubated with eFluor 780-APC+Cy7,
dilution 1:2000 (65-0865-14, ThermoFisher, Carlsbad, CA, USA), for 20 min in the
dark and washed with PBA (PBS +1% BSA + 0.05% NaN,) for 25 min. CD163, CD206,
CD80, MerTK, HLA-DR and PDL1 antibodies were used for labeling (Supplementary
Table S1). Marker expression was measured with the BD FACSVerse Cell Analyzer
flow cytometer (BD BioSciences, NJ, USA). Data analysis was performed using
FlowJo X (vX 0.7, Tree STAR, Ashland, OR, USA). Cells were gated on live cells and
CDA45* cells, and mean fluorescence intensity (MFI) for each marker was assessed
(Supplementary Figure S1).

ELISA kits for IL12 (88-7126), IL6 (88-7066) and IL10 (88-7106) (Invitrogen,
ThermoFisher, Vienna, Austria) were used to measure the concentrations of cytokines
in the supernatants according to the manufacturer’s instructions. Supernatants
from M1 control were diluted 10x. The absorptions were measured at 450 nm using
the iMark™ Microplate Absorbance Reader (Bio-Rad, Basel, Switzerland).

2.3. Fibroblast Culture and Analysis

Fibroblasts were obtained from three different sources, either healthy adult skin
(adult), burn wound tissue (eschar) or fetal skin (fetal), as described [20,21]. Cells
were isolated from three different donors per tissue type. In total, nine donors were
tested. Adult fibroblasts were isolated from healthy skin samples obtained from
adult patients who underwent elective surgery at the Department of Plastic and
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Reconstructive Surgery of the Red Cross Hospital (Beverwijk, NL). Eschar material
was obtained from patients undergoing debridement between day 13 and 19
post-burn as part of their treatment in the Burn Center of the Red Cross Hospital.
Fetal fibroblasts were isolated from fetal skin after pregnancy termination between
gestational weeks 16 and 22. Fetal skin was obtained with the informed and written
consent of the pregnant women from the Center for Contraception, Abortion and
Sexuality (CASA, Leiden and The Hague, NL). Consent for the use of anonymized
residual tissue was received through the informed opt-out protocol in accordance
with national guidelines (https://www.coreon.org/, accessed on 23 November
2020) and was approved by the institutional privacy officer. Cells were cultured in
fibroblast medium (FBM) including DMEM with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin and 1% GlutaMAX (all from Gibco, Paisley, UK). Cells were
incubated at 37 °C with 5% CO,,

A total of 100,000 cells between passage 3 and 4 were seeded per scaffold (Col |
and Col I+HA), having been pre-wetted in PBS. Seeding was performed in triplicate
per donor in 24-well suspension culture plates (Cellstar, Frickenhausen, DE). Media
were changed at days 3, 7 and 11. Control scaffolds without cells were treated like
seeded scaffolds. On day 14, samples were collected (Figure 2). Samples were
stored for different analyses in one of three ways: (1) placed in TRIzol™ reagent
(Invitrogen, Waltham, MA, USA) and frozen at —80°C; (2) placed in a cryotube and
frozen at —80°C; (3) placed in Kryofix solution (50% ethanol, 3% PEG300). The
samples in Kryofix were embedded in paraffin, sectioned at 5 um thickness and
stained with hematoxylin and eosin (H&E). Images were visualized using Case
Viewer 2.4 software.

Day 0O 3 7 11 14
| | | | | Histology
»PCR
| I | WB
100,000 cells/ Media Media Media Sample
scaffold seeding change change change collection

Figure 2. Timeline for fibroblast culture on scaffolds. Analyses performed on day 14 and included
histology using H&E staining, real-time quantitative polymer chain reaction (PCR) and Western
blotting (WB). Created in BioRender. Avila, N. (2025) https://BioRender.com/3udm9r4.

Protein expression was analyzed through Western blotting using a 10% SDS-PAGE
gel from all the samples. The primary antibody anti-alpha smooth muscle actin
(a-SMA) was used in dilution 1:2000 (clone 1A4, A-2547, Merck) in combination with
anti-GAPDH diluted 1:1000 (clone 14C10, ID218, Cell Signaling Technology, Danvers,
MA, USA). As secondary antibodies, 1:10,000-diluted goat polyclonal anti-mouse
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IgG—IRDye 800CW-conjugated (LI-COR Biotechnology Inc., 926-32210, Lincoln,
NE, USA)—and 1:15,000-diluted goat anti-rabbit polyclonal IgG antibodies—IRDye
680CW-conjugated (LI-COR Biotechnology, 926-32221)—were used. Blots were
analyzed using Odyssey CLx (LI-COR).

The samples stored in TRIzol reagent were processed for RNA isolation. In
short, scaffolds were crushed with a pipet tip and incubated for 20 min at room
temperature, followed by brief centrifugation at 12,000x g at 4°C. The supernatant
was transferred to a new tube and RNA was isolated using the RNeasy mini kit
(74106, QIAGEN, Hilden, Germany) and RNase-free DNase set (79254, Qiagen). RNA
yield and purity were quantified using the NanoDrop spectrophotometer (Thermos
Scientific, Rockford, IL, USA). Gene expression levels were measured using reverse
transcription—quantitative polymerase chain reaction (RT-qPCR), as described in
Oostendorp et al. [22]. Primer sets included ACTA2, EN1, TGFB1 TGFB3, COL10A1 and
COL14A1, using GAPDH and YWHAZ as reference genes (Supplementary Table S2).
A normalized expression (AACq) calculation was performed according to the CFX
Maestro™ software User Guide Version 1.0 (Bio-Rad), using the relative quantity of
the target gene normalized to the quantities of the reference genes.

2.4, Statistical Analysis

Data were analyzed and visualized using GraphPad prism 10.4.0 (La Jolla, CA,
USA). Regarding biochemical analyses, descriptive statistics and a one-way ANOVA
with Tukey’s multiple comparison test were used. For in vitro studies, comparisons
between scaffolds and cell type groups were conducted under two-way ANOVA using
Tukey’s multiple comparison test, e.g., average adult vs. fetal vs. eschar in Col | and
Col I+HA. For comparisons between the same donors, a paired two-tailed t test with
a confidence level of 95% was used, e.g., Col | vs. Col I+HA with fetal cells (3 donors).

3. Results

3.1.Incorporation of HA in Collagen Scaffolds

Porous collagen scaffolds with and without HA were prepared and characterized.
Scanning electron microscopy images revealed that the covalent binding of
HA slightly impacted on the morphology of the collagen scaffolds, making the
pores more compact while giving them a wavy, velvety appearance (Figure 3B).
Immunohistochemical staining for HA showed an even distribution in the scaffold,
thereby confirming its incorporation (Figure 3C).
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Figure 3. Scaffold structure and distribution of hyaluronan. Top images show Col | and bottom images
show Col I+HA. (A) Macroscopic images of crosslinked scaffolds. (B) Scanning electron microscopy
(SEM) shows pore morphology of collagen-only and collagen-hyaluronan scaffold cross-sections. (C)
Immunostaining of collagen-only scaffold shows absence of hyaluronan in comparison with overall
presence of hyaluronan in scaffold with HA, as stained with biotinylated HA binding protein. HA:
hyaluronan. Scale bars for macroscopic images: 10 mm; SEM: 120 um; immunostaining: 100 um.

Table 1 gives an overview of the biochemical analysis of the scaffolds with and
without HA before and after chemical crosslinking. Although the collagen scaffolds
had slightly more primary amine groups per mg, the crosslinking degree was 42%
for both scaffolds. Chemical crosslinking made the scaffolds more stable, seen as
the denaturation temperature (Td) increased by 18+7 and 17+9 °C for Col | and
Col I+HA, respectively.

Table 1. Characteristics of type | collagen scaffolds with and without hyaluronan. N = 3 + SD.

Scaffold Type Amine group Content Denaturation Hyaluronan Content
(nmol/mg Scaffold) Temperature Td (°C) (ng/mg Scaffold)

Crosslinked No Yes No Yes No Yes

Col 36149 206+19 59+1 780 11 11

Col I+HA 341+£36 197 +23 58+1 760 19+4 43+2




Effect of Hyaluronan in Collagen Biomaterials on Human Macrophages and Fibroblasts /n Vitro |

Papain digestion was used to degrade the collagen scaffolds and quantify the
amount of HA present. HA quantification showed that chemical crosslinking
was necessary to capture HA, as the HA content in the crosslinked scaffolds
was considerably higher than in the non-crosslinked scaffolds. As the non-
crosslinked scaffolds received the same incubation steps as their crosslinked
counterparts, this illustrates that the HA was partially washed out. The Col I+HA
scaffolds were also evaluated in an agarose gel to estimate their molecular weight
(MW, Supplementary Figure S2). The HA dissolved in water demonstrated a MW of
~800 kDa, which matches the manufacturer’s information. When HA was digested
by papain, its MW decreased to ~100 kDa, similar to its size in the crosslinked
Col I+HA scaffolds. It seems that the papain preparation used also affected the
molecular weight of the HA, making it challenging to accurately assess HA size in
the scaffolds. The non-crosslinked and untreated scaffolds with HA showed higher
MWs in a range from 93 to 370 kDa. HA was not observed in the Col | scaffolds by
agarose gel electrophoresis.

3.2. Effect of Hyaluronan-Containing Scaffolds on

Macrophage Polarization

Since the immune response has an important role in wound healing, especially in
the phases of inflammation and remodeling, the effect of scaffold composition on
macrophages was evaluated. Chemically crosslinked scaffolds were used for the
biological analysis. MO macrophages were seeded in Col | scaffolds £ HA, while M1
or M2 macrophages were seeded in Col | scaffolds as controls. After 2 days, the cells
were analyzed by flow cytometry using the MFI of the cell surface markers (Figure 4).
The expression of CD80 in the MO macrophages was not significantly affected by
the presence of HA. The control M1-like cells in the scaffolds showed significantly
higher CD80 expression than the MO macrophages in both scaffold types
(Figure 4A). PDL-1 and HLA-DR were also not induced on the MO macrophages
by HA, while slightly higher, non-significant expression was seen for the M1-like
phenotype. The marker profile of the MO macrophages in scaffolds resembled the
M2-like control more than the M1-like control, especially for CD206 and MerTK
(Figure 4B). The expression of CD163 was low in the control with M2-like-induced
macrophages, with values similar to the M1-like-induced macrophages.
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Figure 4. Macrophage CD markers and cytokine expression levels after 48 h of culture on collagen
scaffolds. Flow cytometry for (A) M1-like markers for PDL1, HLA-DR and CD80 and (B) M2-like markers
for CD206, CD163 and MerTK. (C) Analysis of cytokine expression of IL12, IL6 and IL10 in culture
supernatant. Donors represented as follows: ® donor 1; m donor 2; 4 donor 3. Comparison between
groups analyzed using two-way ANOVA. ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.

Regarding cytokine expression, IL12 was statistically higher in the control with the
M1 macrophages, thereby confirming their M1 subtype. IL10 levels were notably
elevated in the MO macrophages cultured on the Col I+HA scaffolds (Figure 4C). IL-6
levels were similar for the scaffolds seeded with MO or M2 macrophages in Col [+HA
and Col |, respectively.

3.3. Effect of Hyaluronan on Different Fibroblast Types

Fibroblasts from different sources—adult, fetal and eschar—exhibit different
markers during wound healing. To investigate whether the use of HA influenced
the regenerative or fibrotic responses of these cells, fibroblasts were seeded on
chemically crosslinked scaffolds and characterized through histology and gene and
protein expression studies.

In H&E staining, slightly more fetal fibroblasts seem to be present on the scaffolds
after two weeks of culture, followed by the adult and eschar cells, which correlates
with the amount of isolated RNA (Supplementary Table S3) and growth rate in 2D
culture (Supplementary Figure 3). The adult and fetal cells showed slightly higher
migration in both scaffold types than the eschar cells, which mostly remained on
the surface (Figure 5). The fetal cells formed cellular aggregates, which may have
been due to their higher proliferation rate. Cellular morphology varied somewhat
between donors, regardless of the presence of HA. Overall, the fetal and adult
fibroblasts had a more roundish shape, while the eschar cells were more elongated
(Supplementary Figure S4). As histology only shows sections of the scaffolds, we
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used mRNA and protein expression to obtain more representative results from
larger specimens.

Adult Fetal Eschar

Col |

Col I+HA

300 pm
—

Figure 5. Cellular distribution in scaffolds after 14 days of culture with either adult, fetal or eschar
fibroblasts using H&E staining. Collagen stained in pink; cells stained in purple. Scale bar: 300 um.

The protein expression of a-SMA was evaluated as a marker for myofibroblast
presence. a-SMA expression was not affected by the addition of HA to the Col |
scaffolds (Figure 6 and Supplementary Figure S5), but it differed between fibroblast
types, although not significantly. High expression of a-SMA was observed for the fetal
and eschar cells, while the expression of a-SMA was very low or hardly detectable for
the adult dermal cells, except for donor 3 in the HA scaffolds (Figure 6A).

Figure 6. a-SMA protein expression after culturing different types of fibroblasts in scaffolds for
14 days. (A) Western blot results for a-SMA of human fibroblast donors 1-9. Molecular weight of a-SMA
(green): 42 kDa; GAPDH (red): 36 kDa. (B) a-SMA/GAPDH quantification of Western blot results.
Individual donors represented by different symbols as follows: ® donor 1/4/7; m donor 2/5/8; and
A donor 3/6/9.
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To corroborate the Western blot results at the mRNA level, RT-qPCR was performed
(Figure 7). The expression of ACTA2, which encodes the protein a-SMA, was more
affected by cell origin than by the presence of HA (Figure 7A), similarly to the
observed protein levels in Figure 6. The expression of a-SMA in the adult cells was
increased in Col I+HA, whereas its expression in the fetal and eschar cells was not
significantly affected by the presence of HA. ACTA2 expression in the Col | scaffolds
was increased in the eschar cells compared to the adult and fetal cells.

TGFB1 can induce the conversion of fibroblasts into myofibroblasts, leading to
fibrosis [23]. The expression of TGFB1 was slightly but significantly reduced in the
eschar cells when using HA in the scaffolds, as assessed by paired testing (Figure 7B).

Another gene related to myofibroblasts is COL10A1, which is regulated by
TGFB1 [24,25]. Among all the genes analyzed in this study, this gene showed the
highest expression in the eschar cells compared to the other cell types (Figure 7C). In
the presence of HA, COL10A1 expression was significantly reduced in the eschar cells.

Engrailed-1 (EN1) plays an important role in the reorganization of the
cytoskeleton [26,27]. Its expression is low during early pregnancy and during
wound regeneration but high when scarring occurs [28]. The expression of the EN1
gene was not affected by HA being added to the scaffolds (Figure 7D).

TGFB3 is highly expressed in fetal wounds and has been associated with skin
regeneration [29]. Surprisingly, its highest expression level was observed in the
eschar cells (Figure 7E), with no significant difference between the adult and
fetal cells. The expression of COL14A1, associated with embryogenesis and the
regulation of collagen fibrillogenesis, was similar between the adult, fetal and
eschar cells in both scaffold types (Figure 7F).
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Figure 7. Effect of hyaluronan in collagen scaffolds on mRNA expression by adult, fetal and eschar
fibroblasts after 14 days of culture. Normalized expression (AACq) of (A) alpha smooth muscle actin 2
(ACTA2), (B) transforming growth factor beta 1 (TGFB1), (C) type X collagen alpha 1 chain (COL10A1),
(D) engrailed-1 (EN1), (E) transforming growth factor beta 3 (TGFB3) and (F) type XIV collagen alpha 1
chain (COL14A1). Individual donors represented by different symbols: ® donor 1/4/7; m donor 2/5/;
A donor 3/6/9. AACq calculated using relative quantity of target gene normalized to quantities
of reference genes. Note: Comparison between groups analyzed using two-way ANOVA; paired
t tests applied for comparison between same donors. *= p < 0.05, ** = p < 0.01, *** = p < 0.001,
**%% = p < 0.0001.

4, Discussion

Hyaluronan (HA) is a component widely used in skin care products and in promising
dermal templates to treat burn injuries, such as Hyalomatrix’. Many studies have
focused on the effect of HA on a specific cell type, predominantly in the form of
hydrogels. In this study, we created porous collagen sponges biofunctionalized
with HA and showed their promising regenerative effect on macrophages and
fibroblasts of different origins.

The concentration of 0.05% HA for our collagen scaffolds was selected based
on the study by Uijtdewilligen et al. [3], where the highest incorporation of this
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glycosaminoglycan was obtained at this concentration. SEM images showed the
fluffy edges of the cross-section of the scaffolds, which might be some HA coating
the scaffold walls. Similar observations were made for chitosan [30] and silk [31]
scaffolds supplemented with HA. Immunostaining proved that HA was distributed
evenly in the scaffolds when mixed during its production. We achieved ~43 g
HA/mg scaffolds, which was twice of what has been reported [3]. Overall, the
incorporation of HA into the scaffold did not modify its crosslinking degree nor
its denaturation temperature, indicating a minimal indirect impact on mechanical
properties [32]. The largest effect came from the chemical crosslinking, which
resulted in a higher temperature being required to denature the collagen, as
observed in previous studies [19].

It is well known that fetal wounds are able to regenerate free of scars and that the
amount of HA in the extracellular matrix of the skin in mammals is higher during
the early embryonic life stage [33,34]. Here, we mimicked this aspect of the fetal
microenvironment by creating Col I+HA scaffolds and studied the subsequent
response of macrophages and fibroblasts, after confirming the incorporation of HA
in the collagen scaffolds.

The activation of specific macrophage phenotypes during different stages of
wound healing could make the difference between proper skin remodeling and
scarring [35]. We noticed that, upon seeding MO macrophages on our scaffolds
containing either Col | or Col I+HA, the macrophages started to resemble a
phenotype closer to M2-like macrophages (CD80'", CD206M9", CD163M" and
MerTK"9"), This phenotype, however, differed from the control macrophages that
were stimulated using IL4 and IL13 (M2-like cells) and seeded on Col | scaffolds. The
M2 control was more similar to an M2a subset of macrophages (CD80" ", CD206"",
CD163"" [36]), whereas macrophages collected from the scaffolds were more
similar to M2c-like macrophages (CD163"9", CD206"9") [37]. This was confirmed
by the increased IL10 production under conditions with HA, as M2c macrophages
secrete large amounts of IL10 [38]. Additionally, it is known that IL10 is essential in
regenerative wound healing in fetal tissue [39] and that it can elevate HA deposition
in the ECM of fetal fibroblasts [40].

Several studies have explored the effects of HA on macrophage activation, with
low-MW HA promoting pro-inflammatory and angiogenic responses, while high-
MW HA reduces inflammation and angiogenesis [41]. In our study, the HA within
crosslinked scaffolds (~100 kDa) exhibited a reduced MW after papain digestion, but
this was also seen after HA digestion alone. Interestingly, macrophage polarization
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in chemically crosslinked HA-collagen hydrogels is reportedly not significantly
affected by the MW of the HA [42]. We observed an M2c-like macrophage profile
in our Col I+HA scaffolds, and it is known that M2-like subtypes show significant
CD44 upregulation, enhancing responsiveness to HA [43,44]. In this context, M2c-
like macrophages contribute to wound healing by secreting IL10, which could
downregulate TGFB signaling, thereby inhibiting fibroblast-to-myofibroblast
differentiation and showing promise in reducing excessive scarring [45].

Histological images showed that the number of fibroblasts in the scaffolds was
somewhat higher for the fetal fibroblasts, followed by the adult and eschar cells,
regardless of whether they were seeded in Col | or Col I+HA scaffolds. This may be
related to a higher proliferation rate [42], as was seen during their expansion in
2D culture, and by the larger amounts of isolated RNA for fetal samples. Although
small fragments of HA (6-20 monosaccharides in length) could attract fibroblasts
to the wound site through CD44 signaling during the proliferation phase [46], we
did not see an increased migration when using Col I+HA scaffolds, which may be
due to the static culture in combination with the crosslinking of HA to collagen,
which could restrict the available binding sites.

Scarring is caused by a fibrotic response during wound healing and is characterized
by high a-SMA expression in fibroblasts [47]. Our findings revealed that fetal
fibroblasts produced more a-SMA than adult fibroblasts at the protein level when
cultured in collagen scaffolds, consistent with studies using these two cell types
on dermal templates (Novomaix) [48]. However, a-SMA expression was not affected
by the presence of HA. The eschar fibroblasts, which exhibited a myofibroblast-like
profile [13], showed an approximately two-fold increase in COLT10A1T mRNA levels
compared to the adult and fetal fibroblasts. This response was decreased in the
presence of HA. While ACTA2, EN1 and TGFB1 are regarded as fibrotic genes [26],
they play crucial roles in embryogenesis and skin wound healing [49-51]. COL10A1
may serve as a potential marker to identify scar-associated cells like eschar
fibroblasts [52,53], as its expression was notably higher in these cells. This could aid
in distinguishing fibroblasts involved in excessive scarring in order to develop new
strategies to reduce these cells, ultimately contributing to improved wound healing
and reduced scarring in patients.

Skin regeneration has been observed during fetal wound healing [54]. Therefore, we
investigated COL14A1 and TGFB3, as these genes have been related to regeneration
and embryogenesis [55]. However, we did not observe a high expression of these
genes in fetal cells, irrespective of the use of HA in scaffolds. Fibroblasts are
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mechanosensitive, which was shown by the reduced a-SMA expression when the
cells were exposed to a softer 3D environment compared to a 2D one in plastic [56].
It is possible that our fetal fibroblasts did not upregulate TGFB3 or COL14A1
expression because they were present in a 3D scaffold and not surrounded by a
fibrotic environment [57], which would otherwise activate fibrillogenesis [55].
Overall, the largest differences were related to fibroblast origin rather than the
incorporation of HA.

While our study provides valuable insights about the potential of HA to improve
wound healing, certain considerations might enhance the applicability of these
findings. We observed some variability in expression levels across cell donors in our
in vitro studies, although a consistent trend was noted in their expression profiles.
To address this, we recommend increasing the cell density to 200,000/cm? for
fibroblasts and macrophages, and expanding the number of donors to increase the
heterogeneity [58]. Since normal adult fibroblasts may not accurately reflect the
responses observed in a fibrotic environment, fibrotic cells like eschar fibroblasts or
wound models are better suited for such studies. For future experiments, it would
be interesting to seed M2-like and M1-like stimulated macrophages on Col I+HA to
observe if their phenotypes maintain or switch.

5. Conclusions

In conclusion, by chemical crosslinking we successfully incorporated HA into
collagen scaffolds, which may be used as a prototype for dermal substitutes
in the future. Our results demonstrated that Col I+HA scaffolds increased IL10
cytokine expression, a marker of M2c-like macrophages. Additionally, the scaffolds
containing HA reduced the expression of scarring-associated genes (TGFBT,
COL10A1) in primary eschar fibroblasts, further supporting their potential to
promote a reparative rather than fibrotic response.

Supplementary Materials: The following supporting information can be
downloaded at: https://www.mdpi.com/article/doi/s1, Figure S1: Representative
gating strategy to select CD45+ macrophages; Figure S2: Molecular weight of
hyaluronan decreased after digestion with papain and crosslinking with collagen
scaffolds using an agarose gel stained with Stains-All; Figure S3: Microscopic
images displaying higher proliferation of fetal fibroblasts in a tissue culture flask,
prior to seeding on the scaffolds; Figure S4: H&E staining of scaffolds after 14 days
of culture with fibroblasts of different origins; Figure S5: a-SMA protein expression
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after culturing different types of fibroblasts in scaffolds for 14 days; Table S1:
Antibody panels used to characterize macrophages by flow cytometry; Table S2:
Primer sequences for quantitative polymerase chain reaction; Table S3: RNA
quantification in fibroblasts seeded on scaffolds after 14 days of culturing.
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Figure S2. Molecular weight of hyaluronan decreased after digestion with papain and crosslinking
with collagen scaffolds using an agarose gel stained with Stains-All. Papain-digested scaffolds from
different batches were applied to the gel for the following conditions: crosslinked (X), non-crosslinked
(NX) and untreated (U) made by type | collagen (Col I) or type | collagen + hyaluronan (Col | +HA). HA
dissolved in demineralized water (HA/water) and digested in papain (HA/papain) were included as
controls. DNA ladders were used for the estimation of the molecular weight and converted from pair
base to polysaccharide kDa.
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Figure S4. H&E staining of scaffolds after 14 days of culture with fibroblasts of different origins. Adult
(donor 1, 2, 3), fetal (donor 4, 5, 6) and eschar (donor 7, 8, 9) fibroblasts were used. Scale bar is 20 um.
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Figure S5. a-SMA protein expression after culturing different types of fibroblasts in scaffolds for 14 days.
A) Western blot results for a-SMA of human fibroblast donors 1-9. Molecular weight of a- SMA (in
green) is 42 kDa and GAPDH (in red) is 36 kDa.
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Table S1. Antibody panels used to characterize macrophages by flow cytometry.

Panel 1

Label/fluorophore Surface marker Dilution Cat. No., Company
BV421 CD163 1:40 562643, BD Biosciences
FITC CD206 1:40 551135, BD Biosciences
APC CD80 1:20 305220, BioLegend
PeCy7 MerTK 1:50 367610, BioLegend
PerCP CD45 1:20 304026, BioLegend
Panel 2

Antibody Surface marker Dilution Description

PE PDL1 1:30 557924, BD Biosciences
BV510 HLA-DR 1:20 307646, BioLegend
PerCP CD45 1:20 304026, BioLegend

Note: Companies location BD Biosciences, Franklin Lakes, NJ, USA and BioLegend, San Diego, CA, USA.

Table S2. Primer sequences for quantitative polymerase chain reaction.

Gene Name Sequence
GAPDH Glyceraldehyde-3-phosphate 5'TGG GTG TGA ACC ATG AGA AG 3’
dehydrogenase 3'AGT TGT CAT GGATGA ACCTTGG 5’
YWHAZ Tyrosine 3-monooxygenase / 5'CATCTT GGA GGG TCGTCTCA 3’
Tryptophan 5-monooxygenase 3'ACTTTG CTCTCT GCTTGT GAA 5’
activation protein zeta
ACTA2 Alpha smooth muscle actin 2 5'CCG ACCGAATGC AGA AGGA 3’
3'ACA GAGTATTTG CGCTCC GAA 5’
EN1 Engrailed-1 5'TGA CTC GCA GCA GCCTCT CGT 3’
3'AAC GTGTGC AGT ACA CCCAGG C5’
TGFB1 Transforming growth factor beta 1 5'CGC GTG CTA ATG GTGGAAA 3’
3'TGT GTGTACTCT GCTTGA ACTTGT CA 5’
TGFB3 Transforming growth factor beta 3 5'CAATTACTGCTTCCGCAACTTG 3
3'GAT CCT GTC GGA AGT CAATGT AGA 5’
COL10A1 Type X collagen alpha 1 chain 5'GGG AGT GCC ATC ATC GAT CT 3'
3'CCATTT GACTCG GCATTG GG 5’
COL14A1 Type XIV collagen alpha 1 chain 5'TGT GGATGA CTTTGA CGC CT 3’

3'GTTGCT GATGCTGTTTCG CA 5’

Table S3. RNA quantification in fibroblasts seeded on scaffolds after 14 days of culturing.

Nucleic acid concentration (ng/pl) Adult Fetal Eschar
Col | 121£18 223+ 64 100 £ 37
Col I +HA 125+53 206 +40 126 £70
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Abstract

As a major dermal component of adult skin, type | collagen (Col 1) has been widely
used for skin substitutes, yet minimizing scarring remains a clinical challenge.
In contrast, fetal skin heals without scarring and contains high levels of type
Il collagen (Col 1lI), which decline with aging. To investigate the role of Col Ill in
wound healing, porous crosslinked sponges with different Col I/l ratios mimicking
three developmental stages were created. Atelocollagen enriched in Col Il was
successfully obtained from human placenta. Upon combining Col Ill atelocollagen
with Col | collagen fibrils in Col I + Il scaffolds, a high Col Ill concentration altered
pore morphology and reduced scaffold stiffness. In vitro, Col lll-containing scaffolds
downregulated fibrotic associated markers (ACTA2 and TGFB1) in human dermal
fibroblasts. MO macrophages cultured on these scaffolds exhibited surface marker
profiles consistent with an M2-like phenotype. In a rat full-thickness wound model,
Col Il led to lower deformation in the wound morphology, an epidermal thickness
resembling native skin, and faster scaffold degradation than untreated wounds
after 28 days. These findings highlight the potential of Col Ill to regulate wound
healing, offering promising implications for improving skin treatments, such as for
burn injuries.

Keywords: Collagen lll, fetal skin, macrophages, fibroblasts, scar, rat model
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1. Introduction

Collagen-based sponges are widely used in clinical settings for treating severe
burns, including third-degree injuries [1]. These skin substitutes primarily consist of
type | collagen (Col 1), the dominant protein in the dermis (~80%) [2]. Despite their
effectiveness, they do not prevent scarring, which is the typical outcome of the
wound healing process of deep wounds in adults [3]. In contrast, in the fetal stage
skin regeneration occurs before 24 weeks of gestation [4], with key differences in
among others the extracellular matrix (ECM), such as a higher occurrence of type lll
collagen (Col Ill) compared to adult skin [5].

In adults, Col Ill is the second most abundant collagen in the skin after Col | [6].
While exact values vary in the literature and among individuals, studies have
reported a Col I/l ratio in humans of 0.6:1 in a 15-week fetus, shifting to 1:1 at
24 weeks gestation and at birth, and increasing to 2-3:1 for adults [7-9]. Col IlI
plays an important role in early wound healing by forming a fine provisional
matrix during inflammatory-proliferative phases, which supports cell migration
to the wound site and the formation of granulation tissue [10, 11]. Subsequently,
it is gradually replaced by mature Col I, which provides increased tensile strength
to the skin. However, an excessive accumulation of dense, parallel fibers and an
imbalanced Col I/Ill ratio can negatively affect scar quality with reports of even
4:1 for hypertrophic scars [8, 12].

The interaction between cells and the ECM is essential for effective wound healing.
Matrix stiffness, in particular, plays a key regulatory role: fibroblasts sense mechanical
cues through focal adhesions like integrin a11B1, which promotes myofibroblast
activation, a cell type associated with scar formation [13]. These myofibroblasts
are characterized by a-smooth muscle actin (a-SMA) stress fibers and the release
of transforming growth factor beta 1 (TGFB1), contributing to fibrosis when they
persist in the wound environment [14, 15]. Macrophages are also influenced by
matrix mechanics; softer matrices tend to support a pro-healing M2-like phenotype,
whereas a stiffer matrix promotes the pro-inflammatory M1 subtype [16, 17]. Col IlI
contributes to lower ECM stiffness [18], probably because these fibrils are thinner and
more flexible than the thicker, more rigid fibrils of Col I [19].

Obtaining sufficient Col Ill for dermal template creation is challenging due to its
lower natural abundance compared to other ECM components. Placenta contains
a wide range of collagens such as type |, lll, IV, V and VI collagen [20], making it a
valuable source for Col Ill. Effective isolation requires precise methods to separate
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Col Il while minimizing contaminants. A critical step in this process is pepsin
digestion, which cleaves all collagen telopeptides to produce atelocollagen,
whose enhanced solubility facilitates downstream purification procedures [21].
Understanding the structural differences between Col | and Col Ill and their
properties further aids in selective extraction. Col | is a heterotrimer consisting
of two al(l) chains (139 kDa) and one a2(l) chain (129 kDa) (UniProtKB, P02452,
P08123), whereas Col Il is a homotrimer of al(lll) chains, each weighing 138 kDa
(UniProtKB, P02461). Their amino acid composition influences solubility, with both
collagens precipitating in acidic conditions at 0.7 M NaCl. However, Col Ill favorably
precipitates in neutral buffer at 1.8 M NaCl, enabling its selective separation during
purification [22].

Col lll has been incorporated into hydrogels for repairing wounds [23], but sponges
provide a more stable healing template for deep and extensive wounds. In this
study, Col Ill was isolated from human placenta and used to develop chemically
crosslinked porous scaffolds. Various Col I/l ratios were tested to mimic different
life stages: 1:2 (early fetal), 1:1 (newborn), and 3:1 (adult). The impact of Col Ill
atelocollagen and insoluble Col | fibrils in scaffolds was evaluated in vitro using
fibroblasts and macrophages and further analyzed in vivo using a Wistar rat model
with full-thickness excisional wounds.

2. Materials and methods

2.1 Col lll isolation and characterization

Placentas from uncomplicated pregnancies were obtained with informed consent
from women undergoing elective caesarean sections. Tissue was either processed
on the same day or stored at 4 °C for up to 24 h before processing. To obtain blood-
free basal placenta, the chorion and amniotic sac were removed using a scalpel.
The basal placenta was subsequently washed 6 times with 2 L of demineralized
water and rinsed with 25 mL of ACK buffer (0.1 mM EDTA, 10 mM KHCO;, 150 mM
NH,Cl, pH 7.2) into each artery. Peripheral blood vessels were injected with 150 mL
of ACK buffer, plus an additional injection of 300 mL into the basal tissue to
remove remaining erythrocytes. The basal tissue was homogenized using a blender
(MultiQuick 3 Vario, Braun, Neu-Isenburg, DE) and centrifuged at 7270 x g for 10 min
in 500 mL of ACK buffer. The pellet was washed 10 times with fresh buffer. Finally,
the pellet was snap-frozen in liquid nitrogen, and stored at -80 °C.
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All incubations were performed at 4 °C under constant agitation (Supplementary
Fig. 1). Blood-free basal placenta (200 g) was resuspended in 1 L of 0.25 M acetic
acid for 2 h, followed by the slow addition of 1 L of 4 M NaOH and incubation for 1
h. The solution was neutralized with 6 M HCI, filtered using 850 um sieves on top of
90 um sieves, and resuspended in NaCl buffer (1 M NaCl, 50 mM Tris, 20 mM EDTA,
pH 7.2) for sequential incubations of 2 h, overnight, and 4 h. After sieving, the sample
was washed five times with demineralized water until conductivity reached <50 uS
and left overnight. The isolate was resuspended in 1 L of 0.5 M acetic acid with 1 g
of pre-diluted porcine pepsin (P6887, Merck, Darmstadt, DE) for 6 h, followed by
an additional 1 g of pepsin and overnight incubation. After centrifugation (12,500
% g, 1 h), the supernatant was adjusted to 0.7 M NaCl using 3.6 M NaCl/0.5 M acetic
acid and stirred at 200 rpm for 6 h. The precipitate was collected by centrifugation
(12,500 x g, 1.5 h) and resuspended in 1 M NaCl/50 mM Tris (pH 8), homogenized,
and adjusted to 1.8 M NaCl. The solution was centrifuged (12,500 x g, 1 h), and
the pellet was dissolved in 750 mL of 0.5 M acetic acid overnight while stirring.
Filtration was performed using a 100 kDa MWCO membrane (Vivaflow 50 Crossflow
Cassette, Sartorius, Gottingen, DE) against three volumes of 0.5 M acetic acid using
a peristaltic pump at 20 ml/min. The solution was then adjusted to 0.7 M Nadl,
stirred overnight, and centrifuged (12,500 x g, 1 h). The final pellet was dissolved in
0.05 M acetic acid, dialyzed with a 100 kDa (131417, Biotech CE, Waltham, MA, USA)
membrane and the solution was changed 3 times. The final isolate was lyophilized
using a Lyoph-pride 03 freeze dryer (ilShin Biobase Europe, Ede, NL) and stored
at-20 °C.

Collagen purity was assessed using 8% SDS-PAGE run at 100V for 3 h. Samples were
diluted in sample reduction buffer [24] and boiled for 10 min. Bovine insoluble
type | collagen (isolated at Radboudumc) and bovine soluble type Il collagen
(001-001-105, Rockland, Limerick, PA, USA) were used as controls. Gels were
stained with Coomassie blue and imaged with Bio-Rad Molecular Imager Gel Doc
XR (Bio-Rad, Hercules) system on a White Light Conversion Screen in grayscale.
The intensities of the bands were used to calculate the al1/a2 ratio in the sample
to assess Col lll content for the construction of the scaffolds. The other gels were
transferred to nitrocellulose membranes (162-0112, Bio-Rad, Hercules, CA, USA)
for Western blotting and blocked with 2% bovine serum albumin (BSA) in PBST
(0.1% Tween-20 in PBS) overnight. Immunostaining was performed with anti-type |
collagen rabbit polyclonal antibodies (1:5000, ab34710, Abcam, Cambridge, UK) and
anti-type lll collagen mouse monoclonal antibodies (1:2500, ab6310, Abcam) for
1 h. Secondary antibodies included IRDye 680CW goat anti-rabbit IgG (1:15000,
926-32221, LI-COR, Lincoln, NE, USA) and IRDye 800CW goat anti-mouse IgG
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(1:10000, 926-32210, LI-COR). Blots were scanned using the Odyssey CLx imager (LI-
COR), and signal quantification was performed with Image Studio™ Version 5.0 (LI-COR).

For DNA and glycosaminoglycans (GAGs) quantification, lyophilized placenta and
Col lll isolate were enzymatically digested overnight at 65 °C using 2.5 U/ml papain
(P3125, Merck), 2 mM EDTA, 2 mM cysteine in 50 mM sodium phosphate (pH 6.5).
DNA content was measured using Hoechst 33258 fluorescence dye assay [25].
In short, papain digested samples were diluted in TEN buffer (10 mM Tris, T mM
EDTA, 100 mM NaCl in demineralized water, pH 7.4) and calf thymus DNA (D1501,
Merck) was used for calibration curve. Fluorescence was measured at 360/40 and
460/40 in the BioTek ELISA plate reader (ClarioSTAR, BMG Labtech, Offenburg, DE).
GAG content was determined using a dot blot colorimetric assay with Alcian blue
staining. A polyvinylidene fluoride (PVDF) membrane (0.45 um, Thermo Scientific,
Waltham, MA, USA) was activated by sequentially submerging in methanol, 30%
isopropanol, and 0.25% (w/v) cetylpyridinium chloride (CPC) in 30% isopropanol,
followed by two washes in PBS. The membrane was placed in a dot blot apparatus
with two wet filter papers at the base, and samples were spotted alongside a
chondroitin sulfate A (C8529, Sigma-Aldrich) as a GAG standard. The membrane was
incubated in 10x diluted Alcian blue solution for 30 min, as described by Clausen
etal. [26], then destained in demineralized water for 5 min. Imaging was performed
using a Molecular Imager Gel Doc XR system with a White Light Conversion Screen
in grayscale.

Protein content was quantified using the A205 method (Thermo Fisher) following
the manufacturer's instructions. Isolates were dissolved in 0.05 M acetic acid,
while placenta samples were prepared in 8 M urea with 10 mM Tris-HCI (pH 8).
Measurements were taken using a NanoDrop™ 2000 spectrophotometer (Thermos
Scientific, Rockford, IL, USA) at 205 nm, with appropriate negative controls.

Calculations of the Col Ill and Col | content were made based on the a1/a2 chains
intensities on the SDS-PAGE gel. Ratios of collagens in the isolate were also assessed
by mass spectrometry (MS). Pulverized placenta tissue (containing insoluble
collagens) and Col Ill isolate (containing soluble atelocollagens) were analyzed
at Radboud Technology Center for Mass Spectrometry (n=1). Data were analyzed
using the Peaks Studio X software (Ontario, CA).

2.2 Preparation and characterization of type I/lll collagen scaffolds
Four types of scaffolds were prepared using insoluble bovine type I collagen fibrils
and soluble atelocollagen type Il isolated from human placenta (Table 1). The
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incorporated Col Ill content was calculated assuming the preparation enriched in
Col Il contained only protein and that the intensity of the Col | a2 band on the
gel was 15%, which would mean that the Col | a1 band needs to comprise 30%
(Col I consists of two a1 and one a2 polypeptide), thus indicating 55% Col Ill in the
final product.. A 0.8% (w/v) collagen suspension in 0.25 M acetic acid was prepared
and allowed to dissolved overnight, homogenized, frozen at -20 °C for 4 h, and
lyophilized. For in vitro and in vivo testing, scaffolds were chemically crosslinked
(X) using 33 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and 6
mM N-hydroxysuccinimide (NHS) in 50 mM 2 morpholinoethane sulphonic acid
(MES) for 3 h. They were then washed in 0.1 M Na,HPO,, 1 M NacCl, 2 M NacCl, and
demineralized water, followed by freezing at -20 °C and lyophilization. Scaffolds

were cut into @ 12 mm disks and gamma sterilized (25 kGy, Steris, Ede, NL).
Untreated scaffolds (U) without crosslinking served as controls.

Table 1. Composition of collagen scaffolds.

# Condition Components Description

1 Col | Type | collagen Control

2 Col I/111 3:1 75% type | collagen + 25% type Ill collagen Mimics adult skin

3 Col I/1I'1:1 50% type | collagen + 50% type Ill collagen Mimics newborn skin
4 Col I/111'1:2 33% type | collagen + 67% type lll collagen Mimics fetal skin

The degree of crosslinking was determined by the loss of primary amine groups
after crosslinking using 2,4,6-trinitrobenzene sulfonic acid (TNBS). Glycine was
used for the calibration curve. Absorbances were measured at 420 nm using a
spectrophotometer (SpectraMax iD3, Austria). The morphology of the scaffolds was
analyzed using Scanning electron microscopy (SEM). Dry scaffolds were fixed on a
stub with double-sided carbon tape, sputtered with gold twice for 60 s (Scancoat
Six Sputter Coater, Edwards, Crawley, United Kingdom) and examined with a Zeiss
Sigma 300 Field Emission Scanning Electron microscope (Zeiss, Jena, DE) at an
accelerating voltage of 3 kV.

The distribution of Col Il in the scaffolds was assessed using indirect fluorescence
microscopy (IFA). Cryosections (7 pum) of frozen scaffolds in TissueTek O.C.T.
compound (Sakura Finetek, Alphen aan den Rijn, NL) were mounted on glass
slides and air-dried for 30 min. For IFA, sections were blocked with 2% BSA-PBST
and incubated for 1 h with anti-rabbit type | collagen polyclonal antibody (1:500,
ab34710) and anti-mouse type Ill collagen monoclonal antibody (1:100, ab6310).
After three 5-min PBST washes, secondary antibodies from Molecular Probes Inc.
(Eugene, OR, USA), goat anti-rabbit IgG Alexa Fluor 488 (1:500, A-11008) and goat
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anti-mouse 1gG Alexa Fluor 594 (1:500, A-11032), were applied for 1 h. Sections
were dehydrated in 100% ethanol and mounted in Mowiol (Merck, Darmstadt, DE).
Imaging was performed with the Zoe™ Fluorescent Cell Imager (Bio-Rad).

To measure the stiffness of the scaffolds, the compressive strength was measured in
a materials testing device (Bose Corp. ElectroForce Systems Group, MN, USA) with a
22 N load cell. Specimens were compressed at a displacement rate of 10 mm/min,
up to a maximum load of 15 N (or 132 kPa). 10 specimens were used per condition.
The compressive tests typically resulted in a non-linear stress-strain curve, with
an initial toe region with low stiffness, followed by increased stiffening due to
compaction of the porous scaffolds. A simplified compressive modulus of the
scaffolds representing the stiffness was calculated as the ratio of stress and strain at
a strain level of 95% strain, using the stress-strain graphs.

In vitro analysis of scaffolds using fibroblasts

Primary human dermal fibroblasts (3 donors) were cultured in Dulbecco’s modified
eagle medium (DMEM) supplemented with 1x GlutaMax, pen-strep, (all from Gibco,
Paisley, UK), 10 % fetal bovine serum (FBS, 205 HyClone™, Cytiva Life Sciences,
Marlborough, MA, USA) and maintained in a culture incubator at 37 °C with 5%
CO,. All donor cells were confirmed mycoplasma free as assessed by the Lonza
MycoAlert mycoplasma detection kit. Cells were harvested at passage 2 and seeded
onto scaffolds at passage 3. A total of 200,000 cells were seeded per pre-wetted
scaffold in a 24-well plate. Medium was refreshed on days 3 and 6. Samples were
collected at days 1 and 7 for PCR and WB analysis.

Cell viability was evaluated using alamarBlue assay (Invitrogen, Carlsbad, CA, USA).
The reagent was added in 1:10 diluted in culture medium to the scaffolds at days 1
and 7. After 4 h incubation, the supernatant was transferred to a 96 well-plate and
fluorescence was measured using a SpectraMax iD3 (Molecular Devices, San Jose,
CA, USA) with excitation/emission wavelengths of 530/590 nm.

For mRNA quantification, samples were collected in Trizol, frozen at -80 °C, or
processed for RNA isolation. Scaffolds were crushed with a pipette tip at room
temperature for 20 min, followed by centrifugation at 12,000 g for 10 min at 4 °C.
The supernatant was transferred to a new tube, and RNA was isolated using the
RNeasy Mini Kit (74106, Qiagen, Hilden, DE) with the RNase-Free DNase Set (79254,
Qiagen). RNA yield and purity were assessed at 260 nm using the NanoDrop 2000
spectrophotometer. ¢cDNA synthesis was performed using the iScript™ cDNA
Synthesis Kit (Bio-Rad) following the manufacturer’s protocol. Quantitative PCR was
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conducted with iQ™ SYBR® Green Supermix (Bio-Rad), for the primer sets: GAPDH
(5'TGG GTG TGA ACC ATG AGA AG 3'-3' AGT TGT CAT GGA TGA ACCTTG G 5'), ACTA2
(5" CCG ACC GAA TGC AGA AGG A 3’- 3" ACA GAG TAT TTG CGC TCC GAA 5), TGFB1
(5" CGC GTG CTA ATG GTG GAA A 3'- 3'TGT GTG TAC TCT GCT TGA ACT TGT CA 5')
and TGFB3 (5" CAATTA CTG CTT CCG CAA CTT G 3'- 3’ GAT CCT GTC GGA AGT CAA
TGT AGA 5') (Biolegio, Nijmegen, NL). Amplifications were performed in duplicate
on a CFX96 Touch Deep Well or CFX Connect Real-Time PCR Detection System
(Bio-Rad) under the following conditions: 3 min at 95 °C, followed by 40 cycles of
15 s at 95 °C and 30 s at 60 °C with plate reading, and a final melt curve analysis
(10 s, 65-95 °C). Gene expression fold changes were calculated using the 225

method relative to Col | at day 1. Data were processed using CFX Maestro™ Software
(Bio-Rad) and visualized as heatmap using GraphPad Prism.

Protein expression was analyzed through Western blotting in a 10% SDS-PAGE
gel. Primary antibody anti-a-SMA was used (1:2000, clone 1A4, A-2547, Merck)
in combination with anti-GAPDH (1:1000, clone 14C10, ID218, Cell Signaling
Technology). As secondary antibodies goat polyclonal anti-mouse IgG, IRDye
800CW conjugated (1:10,000, 926-32210, LI-COR) and goat anti-rabbit polyclonal
IgG antibodies, IRDye 680CW conjugated (1:15,000, 926-32221, LI-COR) were used
and read in the Odyssey CLx imager (LI-COR).

In vitro analysis of scaffolds using macrophages

Primary human monocytes (3 donors), isolated from buffy coats of healthy donors,
were differentiated to MO macrophages for six days with 50 ng/ml macrophage
colony-stimulating factor (M-CSF, 300-25, PeproTech in RPMI 1640 media with
10% FBS, 1% ultraglutamine and 1% antibiotic/antimycotic at 37 °C in 5% CO,.
As secondary controls for the cell surface markers, MO macrophages were further
polarized for 24 h into M1-like macrophages using 100 ng/ml lipopolysaccharides
(LPS, vac-3pelps, InvivoGen) and 20 ng/ml interferon-gamma (IFNy, 300-02,
PeproTech), or into M2-like macrophages using 20 ng/ml interleukin-4 (IL4, 170-
076-135) and 20 ng/ml interleukin-13 (IL13, 130-112-412) (both from Miltenyi
Biotech). On day 7, cells were harvested and 200,000 MO macrophages were seeded
on scaffolds and incubated for 48 h. The secondary controls M1-like and M2-like
differentiated macrophages were seeded on Col | scaffolds only.

Macrophages were enzymatically retrieved using 0.25 U/ml collagenase A (Roche,
Mannheim, DE) in a shaking water bath for 30 min at 37 °C. PBS containing EDTA was
added to the scaffolds and incubated for 30 min at 4 °C. Viable cells were detected
with eFluor 780-APC+Cy7 (1:2000, 65-0865-14, ThermoFisher). Cell surface markers
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from BD Biosciences (Franklin Lakes, NJ, USA) or BioLegend (San Diego, CA, USA)
included CD45 (1:20, 304026), CD80 (1:20, 305220), HLA-DR (1:20, 307646), CD206
(1:40, 551135), and CD163 (1:40, 562643). Mean fluorescence intensity (MFIl) was
measured using a BD FACSVerse Cell Analyzer (BD Biosciences) and analyzed with
FlowJo X (vX 0.7, Tree STAR, Ashland, OR, USA). Gating involved singlets, live CD45+
cells, and specific CD markers as presented in Avila-Martinez et al. (2025) [271].

Rat full-thickness skin wound model for in vivo evaluation

of scaffolds

Fifteen male Wistar rats (3 months old, 300-400 g, WI:WU Charles River) were used
to establish a full-thickness skin wound model. All procedures were approved by
the local Animal Experiments Committee. Rats were housed with ad libitum access
to booster food (Ssniff Spezialdidten, Soest, DE), and water with controlled amounts
of sunflower seeds, one day before surgery and 2 weeks post-surgery. Upon arrival,
they were labeled with an ear punch and handled for 1-2 weeks before surgery.

Rats were anesthetized with 1.5-2.5% isoflurane, and eye cream (Ophtosan®, AST
Farma, Oudewater, NL) was applied. Their backs were trimmed with a hair clipper,
and hair was further removed using Veet cream (Reckitt Benckiser, Slough, UK). Four
full-thickness wounds (@ 12 mm) were created on each rat’s back using a biopsy
punch (220701, SMI AG, St. Vith, BE) and curved scissors. Sterile scaffolds were
placed to fit the wound edges and secured with 6-8 resorbable sutures (100L6P,
Monocryl™ 4-0, Ethicon, Raritan, NJ, USA). Wounds were covered with a silicone
dressing (Mepilex Border Flex Lite, M6Inlycke, Gothenburg, SE), an elastic bandage
(PetFlex, Andover Healthcare, Portsmouth, NH, USA), and fixed with adhesive
plaster (Leukoplast®, Hamburg, DE). Post-operative analgesia (carprofen, 0.1 ml/100
g) was administered for three days.

Experimental design: Pilot experiments were conducted for 14 days (6 rats)
to refine surgical techniques and select conditions for the final experiment
(Supplementary Fig. 2). Treatments included untreated and Col | controls. The first
pilot tested Col I/1ll 1:2, while the second tested Col I/lll 1:1 and 3:1. For the final
experiment (9 rats, endpoint at day 28), Col I/lll 1:1 was selected. An additional
condition, not related to this study, was included. Treatment locations were
randomized (randomizator.org) to avoid repetition, with four wound sites (A-D)
assigned per rat.

Wound healing was monitored for the final experiment through digital photography
atdays 0, 7, 14, 21, and 28 during dressing changes. At day 28, rats were euthanized
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by CO, inhalation, and scaffolds with surrounding tissue were collected. Half of
the tissue was fixed in 4% paraformaldehyde (PFA) in phosphate buffer pH 7.4
overnight, then stored in 1% PFA prior to paraffin embedding. The other half was
embedded in TissueTek and frozen at -80 °C.

Macroscopic analysis: Wound contraction (%) was calculated using Equation 1,
while wound morphology was determined using Equation 2. A morphology value
closer to 1 indicates a more circular wound, suggesting less contraction. Two axes
were measured: the length was defined as the vertical distance along the head-
to-tail axis of the animal, and the width as the horizontal distance perpendicular

to this axis. Measurements were taken directly across the wound area, with the rat
positioned dorsally (back facing up).

Ao—An i

Wound contraction (%) = 100 Equation 1

length (cm)

Equation 2
width (cm)

Morphology (1) =
Where A, is the original wound area, and A _is the wound area at days 7, 14, 21, or 28.

Microscopic analysis: Paraffin-embedded sections (5 pm) were stained with
hematoxylin and eosin (H&E) or Masson’s trichrome blue to assess skin layers,
appendages, and scaffold remnants. For immunostaining, tissues were stained for
a-SMA (1:2000, clone 1A4, A-2547) to identify mature blood vessels and myofibroblasts,
and CD68 (1:200, MCA341R) to detect macrophages. Immunoreactivity was visualized
using AEC staining as follows. Paraffin-embedded sections were first deparaffinized
and incubated in 0.5% hydrogen peroxide (K44653709, Merck) for 1 h to block
endogenous peroxidase activity. After a 5-min rinse in demineralized water, antigen
retrieval was performed by boiling the sections for 10 min in citrate buffer (10 mM
tri-sodium citrate, pH 6.0), followed by cooling for 40 min. Sections were then rinsed
twice in demineralized water (2 x 2 min) and incubated for 30 min in blocking solution
(0.5% BSA in PBS containing 0.05% Triton X-100). Primary antibodies were applied for
45 min. Next, sections were incubated with biotinylated goat anti-mouse IgG (H+L)
secondary antibody (1:200, BA-9200, Vector Laboratories) for 45 min. The Elite® ABC
peroxidase kit (PK-6100) was applied for 1 h, followed by AEC substrate (SK-4205)
development for 5-8 min. Finally, sections were counterstained with hematoxylin
and mounted using VectorMount® (H-5501). Sections were scanned (3DHISTECH,
Budapest, HU) and visualized using CaseViewer 2.4.
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Epidermal thickness was measured three times at different locations using H&E
staining. Wound width was assessed at both the middle and upper parts of the
wound. Hair follicles and sebaceous glands were counted within and around the
wound area. Healed tissue was semi-quantitatively scored by two independent
evaluators (NA, RK) for myofibroblast presence, macrophage infiltration,
angiogenesis, and residual collagen using AEC and trichrome blue staining. Scores
ranged from 0 (absent) to 3 (abundant). Discrepancies between evaluators were
resolved through re-evaluation until a consensus was reached.

2.6 Statistical analysis

Data were analyzed statistically and visualized using GraphPad prism 10.4.1
(GraphPad Software, San Diego, CA, USA). Comparison between conditions were
calculated with one-way ANOVA, repeated measurements, with Tukey’s multiple
comparison test. When more than two groups per condition were evaluated (e.g.
days or sterilization), a two-way ANOVA with Tukey’s multiple comparison test was
used. A p-value of <0.05 (95% confidence interval) was considered statistically
significant. To assess inter-rater reliability in the histological scoring, the intraclass
correlation coefficient was calculated using IBM SPSS Statistics 29 (Armonk, NY,
USA). Values > 0.75 indicate substantial agreement.

3. Results

3.1 Col lll isolation and characterization

We developed and optimized a method to enrich Col Il in a preparation from
human basal blood-free placenta tissue, employing pepsin digestion and selective
salt precipitation, based on available protocols [22, 28, 29]. Hereafter, the term
"placenta" refers specifically to the blood-free basal placental tissue. The purity of
the isolated collagen was assessed using SDS-PAGE, followed by Coomassie blue
staining. Col Ill isolates from different batches consistently exhibited a prominent
band around 130 kDa (Fig. 1A), corresponding to the al chains (a1) in both
type | and Ill collagen. Western blot analysis (Fig. 1A) confirmed that this band
primarily represented Col I, as indicated by green immunostaining, while Col |
was detected in red. Additionally, B (two a chains) and y chains (three a chains)
were observed on the blot (Fig. 1A, Supplementary Fig. 3). The placenta-derived
bands appeared faint, likely because the insoluble collagen did not migrate into
the gel. Band quantification showed 85% al and 15% a2 chains. Given the 2:1
al:02 ratio of Col I, we estimate 30% of al chains belong to Col | and 55% to Col
Ill. From 100 g of wet placental tissue, 1.02 + 0.17 g of lyophilized isolated material
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was obtained. After isolation, DNA and GAG content were reduced 10-fold and 100-
fold, respectively compared to placenta (Fig. 1B). Due to insolubility of proteins in
placenta, protein quantification was only possible in the soluble isolates, which had
a mean protein concentration of 91%. MS analysis revealed that Col Ill a1l made up
40% of the detected collagenous proteins in the isolate, followed by Col I a1 (29%),
Col VI (21%), Col 1 a2 (6%) and Col IV a1 (4%) (Supplementary table 1). In contrast,
nine collagen types were identified in placenta, but Col Ill a1 and Col | a2 were
undetectable, while Col | a1 was present at only 2% likely due to the insolubility of
native collagen compared to the soluble atelocollagens in the isolate. Comparing
Col I'and Col Ill levels, Col lll a1 comprised 53% vs. 47% Col | (a1+a2). These results
support SDS-PAGE estimates, where Col Il represents ~55% of the isolate, the value
used for scaffold calculations.

Figure 1. Type Ill collagen purification analysis. A) Left image is a Coomassie-blue stained 8% SDS-
PAGE gel including protein marker (PM), three different Col lll isolates, placenta and controls (*) for Col
I and Col lll (bovine source). Right image corresponds to an immunoblot staining with Col Il in green
and Col | in red. The molecular weight of collagen chains is around 110, 130, 250 and >300 kDa for a2,
al, B and y respectively. Pre-stained protein marker is also visualized with these settings. Individual
channels for Western blotting show the specific stainings for each antibody (Supplementary Fig. 3).
B) Summarizing table of different quantification parameters from the isolate as mean + standard
deviation (SD).

3.2 Characterization of type I/lll collagen scaffolds

Scaffolds with different ratios of Col I/lll were constructed using insoluble Col |
(fibrils) and soluble Col Il (atelocollagen) and chemically crosslinked, with Col
[-only scaffolds serving as controls. Scanning electron microscopy revealed pore
compression with increasing Col Il content. Double immunostainings confirmed
successful Col Il integration, with overlapping Col I/lll observed in the 3:1
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condition, while scaffolds with higher Col lll content displayed collagen distribution
in distinct regions.

Figure 2. Scanning EM images and Col lll incorporation of scaffolds. A) Morphology of the pores was
visualized using scanning electron microscopy, B) Detection of Col | (green) and Col Ill (red) using
fluorescence immunostaining assay. Individual channels showed the specific staining for each
antibody (Supplementary Fig. 4). All images show cross-sections of scaffolds. Scale bar is 100 pm in
all images.

Figure 3. Mechanical behavior and crosslinking degree of different scaffolds. A) Percentage of amine
groups bound after crosslinking before and after sterilization (n=3). Shown is mean + standard deviation
(SD). Two-way ANOVA was used for comparison between groups of sterilization, ** = p < 0.01, **** = p <
0.0001. B) Stress-strain curves obtained after fitting the compression test data (n=10 scaffolds from three
independent batches) into one curve. Insert in the graph zooms in at the compressive stress at 90-100%
strain. C) Table depicting compression stress values (kPa) at 95% strain in compressive testing.
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Gamma irradiation was used to sterilize the scaffolds for in vitro and in vivo testing.
Since this method can introduce new crosslinks and cause chain scission [30],
the crosslinking degree was assessed before and after sterilization. The values
remained around 55-60% for all conditions except for Col I/1ll 1:2 condition before
sterilization (~45%), indicating that amine group content did not change due to
sterilization (Fig. 3A).

Given that scaffolds were made using Col | fibrils combined with atelocollagen,
weaker mechanical properties were expected with increasing Col Il content.
To evaluate this, compression assays were performed on sterilized, crosslinked

scaffolds. Compression resistance was highest in Col I-only scaffolds and decreased
with increasing Col Ill content (Fig. 3B). At 95% strain, stress values were similar
between Col I/l 3:1 and 1:1, showing a 20% reduction in strength compared to Col
I. However, in Col I/11l 1:2 scaffolds, strength was nearly halved (~44% reduction).

In vitro analysis of scaffolds using human fibroblasts

Fibroblasts, the predominant dermal cell type, are essential for wound healing [31].
To evaluate how scaffold composition affects cell viability, we performed alamar-
Blue assay on primary human dermal fibroblasts seeded on scaffolds. After 7 days
of culture, metabolic activity remained stable across all conditions, indicating that
Col Ill incorporation did not affect the metabolic activity (Fig. 4A).

To evaluate myofibroblast presence, a-SMA protein expression was analyzed via
Western blot, which remained below detection levels at both day 1 and day 7
across all scaffold conditions (Supplementary Fig. 5). Gene expression analysis was
conducted using RT-qPCR on days 1 and 7 (Fig. 4B-C). Although not significant due
to large donor variation, differences were found in ACTA2 and TGFB1 with trends per
donor. By day 7 after cell culture on scaffolds, the Col I-only scaffold exhibited the
highest ACTA2 (a-SMA) expression (2.3-fold change), with a progressive decrease as
Col Ill content increased, to 1.6, 1.4 and 1.3-fold, respectively (Fig. 4B). In the case of
TGFB1, a lower expression was observed by day 7 when Col lll was incorporated into
scaffolds (Fig. C). Significant differences were found for TGFB3 levels that showed
reduced expression for Col I/1ll 3:1 and 1:1 compared to Col I-only. Additionally, Col
I 'and Col I/Ill 3:1 showed significantly increased TGFB3 expression between day 1
and 7 (Fig. 5D).
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Figure 4. Effect of Col | and Col I/Ill scaffolds on primary human dermal fibroblasts. A) Cell viability
analyzed by alamarBlue assay, normalized to Col | Day 1. mRNA expression assessed by RT-qPCR and
compared to Col | D1. B) a-smooth muscle actin gene expression levels (ACTA2). C-D) Transforming
growth factor 31 (TGFB1) and 3 (TGFB3). Individual donors are represented by different symbols as
® donor 1, m donor 2 and, 4 donor 3. Two-way ANOVA was applied for comparison between groups. All
values are presented as (mean + SD). *= p < 0.05, ** =p < 0.01.

In vitro analysis of scaffolds using human macrophages

Type lll collagen is abundant in early granulation tissue, a stage where macrophages
typically transition from a pro-inflammatory (M1-like) to a pro-healing (M2-like)
phenotype [32, 33].

Macrophages were seeded in different scaffolds and analyzed by flowcytometry
after 48 h. Although limited by donor variability (n=3), we observed a reduction
in the MFI of CD80 in scaffolds incorporating Col | and Col Ill seeded with M0
macrophages (Fig. 5A), with the Col I/Ill 1:1 scaffold showing significantly less
expression of CD80 than MO in Col I. A non-significant decrease for HLA-DR was
observed in Col lll-containing scaffolds (MFI 0.5) compared to M1-like control (MFI
1.5). The decrease of these two markers, associated with M1-like macrophages,
suggests a shift away from the pro-inflammatory state. Notably, MO macrophages
seeded on the Col I/lll 1:2 condition exhibited elevated CD206 expression in
two out of three donors, reaching mean values (MFI 1.3) comparable to M2-like
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macrophages in Col | scaffolds (MFI 1.4). (Fig. 5C). In addition, Col | increased (non-
significantly) CD163 expression on MO compared to other conditions, while M0 in
Col Ill-containing scaffolds exhibited CD163 levels similar to secondary M1 and
M2-like controls, based on MFI (Fig. 5D). While these findings indicate that Col Il
may influence macrophage polarization, potentially favoring a transition toward
a regenerative phenotype, further studies with a large donor pool are needed to
confirm these observations.

Figure 5. Effect of Col Ill on cell-surface expression in primary human macrophages (3 donors) after 48
h of culture on collagen scaffolds. A-B) M1-like macrophage markers (CD80 and HLA-DR). C-D) M2-like
macrophage markers (CD206 and CD163). Macrophages seeded on Col /11l scaffolds were MO. Values
represent relative mean fluorescence intensity (MFI) normalized to the Col | + MO control (mean + SD).
Individual donors are represented by different symbols as ® donor 1, ®m donor 2 and, 4 donor 3. Scaffold
comparisons were analyzed using repeated measurements One way ANOVA with Tukey’s multiple
comparison test., *= p<0.05.
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Rat full-thickness skin wound model for in vivo evaluation

of scaffolds

To compare the wound healing efficiency, Col I and Col I/1ll scaffolds were implanted
in full-thickness wound in rats. Two pilot animal studies were conducted until
14 days post-surgery to determine the optimal Col I/1ll scaffold composition for the
final experiment. In the first pilot, four rats were assigned to different treatments:
no scaffold, Col | and Col I/1Il 1:2. Col I/lll 1:2 scaffolds, however, were too fragile
for proper handling, requiring replacement of the scaffold during surgery as
they tore easily during suturing. In the second pilot, two rats were used to test
Col I/l 1:1 and 3:1 scaffolds. Both performed similarly during suturing, consistent
with the results of mechanical testing (Fig. 3). The Col I/lll 1:1 condition was
selected for the final study, as it contained more Col lll. Results from the pilot
studies indicated that untreated wounds contracted more rapidly and exhibited a
less circular morphology (Supplementary Table 2).

For the final experiment, nine rats were scheduled for a 28-day full-thickness skin
implantation study. Two animals did not complete the study: one was found dead
in its cage on day 21, likely due to bandage-related distress, and another was
euthanized upon reaching a humane endpoint after significant weight loss and
signs of discomfort. The remaining seven animals completed the study as planned.
Macroscopic wound analysis was feasible only up to day 14 (n=9), as the scab
dried and remained attached, resulting in inaccurate measurements of wound size
and morphology beyond this time point (Fig. 6A). At day 14, wound contraction
was similar for 1:1 and Col I-only scaffolds, but significantly lower than untreated
wounds (Fig. 6B). Wounds treated with Col Ill-containing scaffolds significantly
exhibited a more circular morphology than Col | or untreated wounds (Fig. 6C).

Histological images from the pilot study (day 14) and the final experiment (days 21
and 28) provided insights into wound healing progression (Fig. 7). At day 14,
re-epithelialization was still ongoing in scaffold-treated wounds but already
complete in untreated wounds. Wounds showed significant cellular infiltration,
likely corresponding to the inflammatory-proliferative phase. The wound edges
in untreated conditions appeared more contracted, which explains complete re-
epithelialization. By day 21, re-epithelialization was nearly complete in scaffold-
treated wounds. In untreated wounds, some areas showed the formation of new
collagen fibers, indicating a transition toward the remodeling phase. In scaffold-
treated conditions, particularly Col I, healing remained within the proliferative
phase. By day 28, wound areas had reduced in size in both untreated and
Col I/1ll-treated conditions.
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Figure 6. Macroscopic evaluation of the skin healing time in untreated, Col | scaffold, and Col I/1ll scaffold
treated wounds. A) Representative photos of the wound. B) Wound contraction compared to day 0.
C) Morphology of the wound assessed by width-to-length ratio, where 1 indicates a symmetric circular
shape. Data shown as mean + SD (n = 9). Group comparisons were performed using two-way ANOVA
with Tukey’s multiple comparison test. * = p<0.05 ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
Scale baris 1 cm.

Figure 7. Histological evaluation during the wound healing process of different rats at day 14, 21 and
28. Masson’s trichrome blue staining shows mature connective tissue, such as collagen bundles, in
dark blue, whereas transitional connective tissue stains light blue and the red/pink/brown colors
indicate among others cytoplasm, red blood cells, and blood vessels. Scale bar is 3 mm.
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Figure 8. Histological analysis of wounds at day 28 (n=7 rats) for the different treatments. A) Samples
were scored from 0 (not present) to 3 (abundant) for myofibroblasts and mature blood vessels
identified by a-SMA staining in red/brown, macrophages infiltration assessed using CD68 staining in
red and collagen remnants in blue, visualized with Masson’s trichrome staining. Scale bar is 40 pm.
B) H&E staining was used to assess epidermal thickness, wound width beneath the basal epidermis, as
well as the mid wound width. Scale bar for epidermal image (left) is 40 pm and for overview of the
wound (right) 500 pm. Repeated measurements One-way ANOVA was used for comparison between
treatments with Tukey’s multiple comparison test, *= p<0.05 ** = p < 0.01.
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Immunostainings of the wounds revealed that scaffolds showed a significantly
higher presence of mature blood vessels and macrophages in Col I/l scaffolds, while
Col | also showed similar non-significant trends compared to untreated wounds
(Fig. 8A). Moderate presence of myofibroblasts was observed across all conditions
with no significant difference. These results indicate an ongoing transition between
the proliferative and remodeling phase in the Col I/lll condition. More scaffold
remnants were observed in Col | scaffolds, indicating that scaffold degradation
occurred more rapidly in the Col Il condition. Wounds and surrounding tissue were
histologically stained with H&E to measure the thickness of the epidermis and the
wound width (Fig. 8B). At day 28, the epidermis was thicker in Col | treated wounds
followed by Col Ill containing scaffolds and untreated wounds. The width of wounds
at the top and middle location in the dermis was larger for wounds with scaffolds
than untreated wounds, especially, the top width for Col I/1ll was significantly larger
compared to untreated wounds (4.0 against 1.7 mm).

4, Discussion

The ratio of type | and Il collagen (Col I/1ll) is a key factor in wound healing and
scar formation in adult mammals [12]. Scar-free healing models, including the
human fetus [34], axolotl, and Acomys [35], naturally exhibit higher Col Il levels,
suggesting a potential association between elevated Col Ill and enhanced
regenerative capacity. These observations emphasize the relevance of Col Il in
modulating ECM properties and influencing tissue remodeling outcomes. A major
challenge for scaffold construction, is obtaining sufficient Col Ill while minimizing
immunological risks.

Our isolate was highly enriched in Col Ill, with reduced DNA and GAG content
compared to raw placenta, minimizing the potential for immune responses. While
previous studies reported collagen yields of 0.20-0.55% from placenta [28, 36],
our modified protocol—featuring NaCl-based cleaning prior to pepsin digestion—
achieved a 1% vyield of atelocollagen. The sample was prepared at 1 mg/mL, and
protein concentration measured by NanoDrop A205 was 0.91 mg/mL, suggesting
~91% of the sample consisted of protein. This may be an underestimate, as
A205 primarily detects aromatic residues [37], which are present in collagen but
at relatively low levels. Gel and MS analyses confirmed Col Il as the dominant
collagen in the isolate, along with smaller amounts of Col I, IV and VI. Notably, MS
performed on rat placenta identified only 5% of all protein as Col Il [38]. Given that
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our scaffolds were designed to include both Col I and Col lll, the presence of Col I in
the isolate was acceptable and was accounted for in scaffold formulation.

To enhance structural stability, soluble atelocollagen was chemically crosslinked
with fibrillar Col I. Immunostaining confirmed its successful incorporation. In high
Col Il content, both collagens appeared interspersed, but at lower ratios, Col I
mainly overlapped Col I. Higher Col Ill content also altered pore morphology
from rounded to flattened edges, consistent with pore collapse seen in similar
compositions in gels [39]. Gamma sterilization increased crosslinking, especially
in Col I/l 1:2 scaffolds, likely due to degradation exposing reactive sites [40].
As expected, mechanical strength decreased with higher atelocollagen Col IlI,
reflecting its lower stiffness and lack of fibrillar reinforcement [19].

Col Ill supports wound healing by attracting fibroblasts, likely due to its role in
creating a more flexible and permissive ECM that facilitates cell migration and
tissue remodeling [32]. To evaluate the impact of Col Ill, fibroblasts were seeded
onto scaffolds with varying composition. Fibroblasts seeded on scaffolds did not
show aSMA expression at protein level, possibly due to insufficient mechanical
stimulation. Fibroblast-to-myofibroblast transition requires a Young’s modulus of at
least 5 kPa [41], while collagen scaffold prepared in our laboratory had reported
values of ~0.4 kPa [42]. At the mRNA level, scaffolds with Col Il content were
associated with lower ACTA2 and TGFB1 expression in a dose-dependent manner,
indicating a potential antifibrotic effect. A more suitable model for assessing fibrosis
reduction would involve pre-differentiated myofibroblasts with TGF@ stimulation
or the use of eschar fibroblasts [43].

Modulating macrophage polarization may help reduce scarring, as M1 macrophages
stimulate myofibroblast proliferation and transdifferentiation [44]. MO macrophages
seeded on Col | scaffolds exhibited a profile similar to M2-like control and Col llI-
containing scaffolds, except for a high expression of CD163, suggesting a shift towards
the M2c-like subtype [45]. In contrast, Col I/lll scaffolds induced a macrophage
profile characterized by CD206", CD163"°, CD80" and HLA-DR® resembling the M2a-
like subtype (IL-4, IL-13 stimulated). M2a macrophages exhibit anti-inflammatory
properties such as enhanced endocytic activity, promotion of matrix synthesis
and remodeling during healing [46, 47]. Consistently, a chronic endometriosis
model showed that Col lll solution skewed M1-like macrophages towards to M2
macrophages [48], supporting our findings.
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Col lll is primarily produced during the proliferative phase of wound healing, which
typically begins around day 3 post-injury and overlaps with the inflammatory
phase [49]. Macroscopic and histological analysis showed that untreated wounds
contracted more rapidly, explaining the fast re-epithelization. H&E images showed
wound width reduction from 12 mm to 1-2 mm in untreated and 2-4 mm in
scaffold-treated groups, confirming the macroscopic contraction analysis trends.
Meanwhile wounds treated with Col lll-containing scaffolds retained a rounder
shape compared to Col | or untreated conditions. Despite being mechanically
weaker, Col I scaffolds reduced contraction, likely by decreasing ECM tension and
preventing the mechanical cues that trigger pro-contractile signaling in cells [50].

While faster wound contraction shortens healing time, it often leads to increased
scar formation [51]. A notable observation in this study was the slower ECM
deposition in wounds treated with scaffolds. A delay in ECM deposition has been
linked to improved skin regeneration in species like axolotls [52]. In mammals such
as Acomys, Col lll plays a role in regulating matrix architecture after injury [53].

The presence of scaffolds influenced cellular responses and neovascularization.
Col IlIl has been shown to enhance endothelial cell proliferation and capillary
formation [54], aligning with the increased mature blood vessels observed in Col llI-
treated wounds. While myofibroblasts are essential for collagen remodeling, their
prolonged presence post-closure can lead to scarring [55]. Notably, Col lll has been
reported to reduce myofibroblast activation and persistence at 35 days post-injury
[53], suggesting a longer study could provide further insights. By day 28 post-injury,
macrophage presence is typically minimal, yet our results showed a moderate
presence in Col I/1ll scaffolds. Similarly, species with regenerative capacities exhibit
immune cell persistence during healing but lower initial inflammatory responses
[56]. To better understand macrophage subtypes during the inflammatory phase
and their role in Col lll-based healing, earlier time points, such as day 3, could be
analyzed using specific markers like iINOS and CD206 for M1 and M2 macrophages.

While the modified isolation protocol improved collagen vyield, complete
separation of Col | and Col Il was not achieved, likely due to overlapping solubility
profiles after pepsin digestion. Further purification via additional precipitation
or chromatography [57] could enhance specificity but would reduce yield and
require more time and material. During MS sample preparation, insoluble proteins
remained in the pellet limiting protein quantification to soluble fractions. Applying
improved extraction protocols for ECM proteins [58] could enable more accurate
protein analysis. In vitro, some variability in expression was observed across cell
donors, however, similar response patterns were observed across conditions.
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Expanding the number of donors could further strengthen reproducibility and
capture donor heterogeneity. In vivo, chemically crosslinked scaffolds were used,
which may have temporarily delayed contraction and subtly affected the host
response as they degraded and integrated into the tissue. While rats are widely
used for wound healing studies, their faster healing kinetics compared to humans
can affect long-term remodeling processes, such as matrix turnover or late-stage
scarring. Later time points (e.g., day 40) should be examined to better understand
Col llI's role in wound healing and remodeling.

5. Conclusion

In this study, we established an improved method to obtain a preparation enriched
in type Ill atelocollagen from human placenta. In vitro, Col Ill atelocollagen in
scaffolds downregulated scarring-related genes and promoted macrophage
polarization toward the M2a-like phenotype. In vivo, Col I/1ll 1:1 scaffolds promoted
a more balanced wound healing with moderate contraction, which may reduce
scarring. These findings highlight the potential of incorporating Col Ill into skin
substitutes for (burn) wound treatment.
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Supplementary material

Supplementary Figure 1. Concise diagram of the main steps for enriching Col Ill from human placenta.

Supplementary Figure 2. Timeline for rat experiments. A) Pilot study (6 rats) until day 14 and B) Final
experiment (9 rats) until day 28, including two deceased rats by day 21. C) Wound location on the back
of the rat used for randomization.
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Supplementary Figure 3. Immunostaining for collagen in blots via Western blotting in the two
analyzed channels. Left image was stained using anti-Col | in red (700 CW) and right image with anti-
Col lllin green (800 CW). PM is protein marker and Col I* and Col IlI* are standards from bovine origin.

Supplementary Figure 4. Images of prepared scaffolds stained with fluorescence immunostaining
assay for Col I in green and Col lll in red. Scale bar is 100 um.



Type lll collagen-containing scaffolds modulate skin wound healing | 133

N —
S T m - o
L S S B
- _ - _ —_— —_— —_ —_ [
S © © © 6 © © © o
kDa 8 8 §8 8 o o o & O
D1 D7

Supplementary Figure 5. a-SMA protein expression in human dermal fibroblasts after 7 days of
culture by western blotting. Fibroblasts cultured in 2D with TGF31 served as a control. Molecular
weight of a-SMA (in green) is 42 kDa and GAPDH (in red) is 36 kDa.
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Abstract

Optimal healing of full-thickness skin wounds remains a clinical challenge. While
current skin substitutes aid-burn wound management, there is still a need to
effectively minimize scarring. Therefore, we developed type | collagen scaffolds with
covalently bound ReGeneraTing Agent (RGTA") OTR4120 (OTR), a synthetic heparan
sulfate analog resistant to glycanase degradation (Col I+OTR). To further stimulate
skin regeneration, collagen scaffolds with and without OTR4120 were subsequently
loaded with sonic hedgehog (SHH), a key effector molecule in embryogenesis. The
presence of OTR4120 and SHH in scaffolds was biochemically and histologically
confirmed after crosslinking and sterilization. SHH was found deeper into collagen
scaffolds in the presence of OTR4120. Addition of SHH to scaffolds showed lower
expression of M1-like cell surface markers, while Col I1+OTR significantly enhanced
IL-10 production. The potential of OTR4120 in wound healing was further evaluated
in vivo using a rat full-thickness wound model over 28 days. By day 14, macroscopic
images revealed that OTR-treated wounds better maintained the original wound
shape. Histological analysis showed increased blood vessel formation, fewer
scaffold remnants, and more contiguous sebaceous glands in the granulation
tissue with Col 1+OTR scaffolds. This study demonstrates that OTR4120 could be a
promising addition to acellular skin substitutes for improving acute wound healing.
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1. Introduction

Deep and extensive injuries, such as burns, often lead to significant scarring,
which can cause contraction and mobility limitation to patients '. Full-thickness
skin wounds compromise the integrity of the epidermis and dermis, including
appendages, creating a need for skin replacement to avoid complications 2 Gold
standard treatment for this type of wound involves split thickness skin transplants 3.
However, this method not only creates an additional superficial wound in the
patient but can also lead to incomplete skin repair, often resulting in fibrotic tissue *.
Dermal templates, such as collagen scaffolds, can provide structural support for
dermal restoration during the wound healing process *¢.

Wound healing stages consist of overlapping phases: hemostasis, inflammation,

proliferation, and remodeling 7. Hemostasis initiates wound healing by rapidly
constricting blood vessels, forming a fibrin clot to stop bleeding, and releasing
signaling molecules that recruit immune cells 8 During inflammation, monocyte-
derived macrophages (MO0) arrive at the wound site and polarize towards M1 (pro-
inflammatory) macrophages to remove debris and pathogens, which are replaced
by M2 (pro-healing) macrophages that help resolve inflammation and signal the
start of proliferation ®''. During this phase, fibroblasts transform into myofibroblasts
and secrete extracellular matrix (ECM) components to form granulation tissue and
contract the wound, while endothelial cells promote angiogenesis to support tissue
growth % Fast wound contraction during the skin healing process usually leads to
scarring 3. Keratinocytes cover the wound and the provisional ECM is degraded to
allow tissue reconstruction ¥, while (myo)fibroblasts deposit type | collagen ™.

One way to improve the function of dermal templates is through biofunctiona-
lization with molecules present in the ECM. Several studies described incorporating
heparin in collagen scaffolds for its potential to bind growth factors, which can
enhance skin wound healing ' 7. However, after an injury the environment is
characterized by a catabolic activity leading to a rapid degradation of heparan
sulfate and other molecules ™. To tackle this, dextran-derived analogues, such
as ReGeneraTing Agents (RGTA") have been developed to mimic the structural
and functional properties of heparan sulfate but are resistant to degradation
by heparanases, chondroitinases, hyaluronidase and dextranase ' %, due to the
presence of $1-6 bonds between the monosaccharides instead of the natural
al1-4 glycosidic bonds in heparan sulfates ?'. We therefore decided to construct
collagen scaffolds with RGTA" OTR4120 (OTR) to evaluate its potential as a dermal
template in acute wounds.
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Effector molecules are essential for ECM signaling during wound healing 2. Sonic
hedgehog (SHH) is a key regulator in the hedgehog pathway that influences tissue
formation, hair follicle development, cell fate, and epidermal patterning during
embryogenesis 2. Higher SHH expression has been observed in embryonic mice
with regenerated wounds compared to older mice that developed scars 2* 2.
Sulfation of heparan sulfate is crucial for SHH binding, as a study demonstrated SHH
dimers assemble on heparin chains with three sulfate groups per disaccharide 2.
The formed complex enhances SHH bioavailability, a principle that can be applied in
scaffolds. Moreover, SHH has shown to act as a chemoattractant for macrophages in
vivo ¥.The incorporation of SHH and OTR4120 in collagen scaffolds may thus impact
macrophage polarization. Recently, our research group described an anti-fibrotic
effect of type | collagen scaffolds functionalized with OTR4120 in combination
with FGF2 in an in vitro model using fibroblasts %. In this study, we evaluate the
binding capacity of OTR4120 for SHH in collagen scaffolds, as well as its effect on
macrophages in vitro. The wound healing potential of OTR4120 bound to collagen
scaffolds is further evaluated in vivo using a rat full-thickness wound model.

2. Materials and methods

2.1 Scaffold construction and characterization

Porous collagen scaffolds (Col I) were prepared using 0.8 % (w/v) collagen fibrils in
0.25 M acetic acid, swollen overnight at 4 °C under constant agitation. The collagen
was isolated from bovine Achilles tendon obtained from a local slaughterhouse %°.
For collagen scaffolds with RGTA® OTR4120 (Col I+OTR), 0.025 (w/v) % of heparan
sulfate mimetic (OTR3, Paris, FR) 3° was added to the 0.8 % (w/v) collagen suspension.
The suspensions were homogenized and poured into standard suspension culture
plates (6-well format, Cellstar®, Greiner Bio-One, cat. no. 657185) at 4 mL per well
(corresponding to 960 mm? surface area per well). The plates were then frozen at
—20 °C before lyophilization using a Lyoph-pride 03 freeze dryer (ilShin BioBase
Europe, Ede, NL) creating untreated non-crosslinked scaffolds (U). Scaffolds for
characterization, in vitro and in vivo testing were chemically crosslinked (X) for
3 h applying 33 mM 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and
6 mM N-hydroxysuccinimide (NHS) in 50 mM 2-morpholinoethane sulphonic acid
(MES, pH 5.0) (Sigma-Aldrich, St. Louis, MO, USA) containing 40 % ethanol. Scaffolds
were washed with 0.1 M Na,HPO,, 1 M NaCl, 2 M NaCl and demineralized water, and
lyophilized. Finally, @ 12 mm scaffolds were gamma sterilized (Steris company, Ede, NL)
with a minimum dose of 25 kGy.
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Col I+OTR/SHH scaffolds were prepared by incubating dry Col I+OTR scaffolds in
3.5 pg/mL human sonic hedgehog C24ll (Lot. 5221207908, SHH, Miltenyi Biotec,
Teterow, DE) in phosphate buffered saline (PBS, pH 7.2) overnight. Scaffolds
without OTR4120 (Col I+SHH) were used as a control for characterization.
Scaffolds were washed 3 x 15 min in PBS to remove unbound SHH and processed
for further analysis. Samples for in vitro studies were used immediately. Samples
for characterization, including the supernatants from the washing steps, were
stored either in sample buffer (1.0 % w/v sodium dodecyl sulfate (SDS), 1.25 %
v/v 2-mercaptoethanol, 2.5 % v/v glycerol, and 0.04 % w/v bromophenol blue
in 31.25 mM Tris-HCI in Milli-Q water) at -20 °C or in Tissue-Tek O.C.T. compound
(Sakura Finetek, Alphen aan den Rijn, NL) at -80 °C.

The extent of crosslinking was evaluated by measuring the residual primary amine

groups through 2,4,6-trinitrobenzene sulfonic acid (TNBS) assay *'. Glycine solutions
(0-80 pg/mL) prepared in 4 % NaHCO, were used for calibration, and absorbance
was measured at 420 nm using a SpectraMax iD3 plate reader (Molecular Devices,
CA, USA). Pore structure of the scaffolds was visualized using scanning electron
microscopy (SEM). In short, the cross-sectional side of scaffolds was attached to
carbon tape, coated with gold in an Edwards Scancoat Six Sputter Coater (Crawley,
UK) and imaged with a Zeiss Sigma 300 SEM (Jena, DE) at 3 kV.

The amount of OTR4120 bound to the scaffolds was determined by performing a
dot blot colorimetric assay with Alcian blue staining. Scaffolds were digested at
65 °C overnight using 2.5 U/ml papain (P3125, Merck, Darmstadt, DE) in 50 mM
sodium phosphate, 2 mM EDTA and cysteine (pH 6.5). The samples were spotted on a
polyvinylidene fluoride membrane (0.45 pm, Thermo Scientific, Waltham, MA, USA)
activated with 0.25 (w/v) % cetylpyridinium chloride (CPC) in methanol with 30 %
isopropanol alongside a serial dilution of OTR4120 starting from 500 ng. Alcian blue
staining solution contained 2.5 (w/v) % Alcian blue (Sigma) in de-staining solution
(40 mM guanidinium chloride, 1.8 mM H,SO, and 0.025 v/v % Triton-X-100 in
50 % aqueous ethanol). Membranes were stained for 30 min in Alcian blue solution,
following 5 min incubation in de-staining solution and 5 min in demineralized
water 32, Membranes were imaged with Molecular Imager Gel Doc XR system (Bio-
Rad) on a White Light Conversion Screen (Bio-Rad, Hercules, CA, USA) in grayscale.
The OTR4120 content of the samples was measured as pg OTR4120/mg collagen.

2.2 SHH quantification and localization
The amount of SHH bound to the scaffolds was measured using Western blotting.
Samples and SHH for calibration curve in sample buffer were boiled for 10 min.
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Samples including a Protein Ladder (PageRuler™ Plus, Thermo Scientific) were run
on a 12 % SDS-PAGE gel for 1.5 h at 100 V. Proteins on the gel were blotted onto
a nitrocellulose membrane (0.2 um, Bio-Rad) at 100 V for 1 h in blotting buffer
(25 mM Tris, 40 mM glycine, in 20 % aqueous methanol with 0.4 % SDS). Membranes
were blocked with 2 % bovine serum albumin (BSA) in PBST (0.1 % Tween-20
in PBS) overnight at 4 °C under constant agitation. Immunostaining was performed
by incubating the membrane with rabbit anti-human SHH (1:5000, sc-9024 Santa
Cruz Biotechnology, Dallas, TX, USA) for 1 h, followed by goat-anti rabbit IRDye
680 CW conjugated (1:5000, 929-32221, Li-COR Biotechnology, Lincoln, NE, USA) for
1 h. Blots were washed with PBST for 3 x 5 min between antibody incubations. Blots
were scanned using the Odyssey CLx imager (Li-COR) and the signal was quantified
using Image Studio™Version 6.0 (LI-COR).

The distribution of OTR4120 and SHH was visualized using indirect fluorescence
microscopy. 7 um cryosections of scaffold cross sections were blocked with
2 % BSA in PBST for 30 min. All antibodies were diluted in blocking solution
(BSA-PBST) and left for incubation 1 h followed by washes of PBST 3 x 5 min
between labelling steps. Three antibodies were used to stain OTR4120; primary
single chain antibody HS4C3V with a VSV tag (1:10 periplasmic fraction, produced
in house), secondary mouse anti-VSV P5D4 hybridoma supernatant (1:10, produced
in house) 33, tertiary goat anti-mouse IgG (H+L) Alexa 488 conjugated (1:500,
A-11001, Molecular Probes Inc). To visualize SHH, anti-rabbit SHH (1:100, Santa Cruz)
was used, followed by secondary goat anti-rabbit IgG (H+L) Alexa 594 conjugated
(1:500, A-11012, Molecular probes Inc). Slides were fixated in absolute ethanol and
mounted with Mowiol 4-88 (Merck). Images were taken using ZOE Fluorescence
Cell Imager (Bio-Rad).

2.3 In vitro analysis with human macrophages

Primary human monocytes were isolated from peripheral blood mononuclear cells
of healthy donors (3 donors), using magnetic activated beads, CD14*(130-050-201,
Miltenyi Biotech, Teterow, DE). Each donor was tested in an independent experiment
performed at separate times. Informed consent was given in accordance with the
Declaration of Helsinki and Dutch national and Sanquin internal ethic boards.
Monocytes were stimulated with 50 ng/ml macrophage colony-stimulating factor
(M-CSF, PeproTech by Thermo Scientific, Waltham, MA, USA) for 6 days to obtain MO
macrophages. As controls, MO macrophages were stimulated for 24 h with 100 ng/ml
lipopolysaccharides (LPS, vac-3pelps, InvivoGen, San Diego, CA, USA) with 20 ng/ml
interferon gamma (IFNy, PeproTech) to polarize them to M1-like macrophages or
with 20 ng/ml interleukin 4 (IL4, 170-076-135) + 20 ng/ml interleukin 13 (IL13, 130-
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112-412) to polarize them to M2-like macrophages (both from Miltenyi Biotech). On
day 7, cells were harvested with a cell scraper using 2 mM EDTA in PBS. 200,000 MO
macrophages were seeded onto crosslinked collagen-based scaffolds, which
included the following experimental conditions: Col | (control), Col I+OTR, and Col
[+OTR/SHH. As additional controls, Col | scaffolds were also seeded with either M1-
or M2-like macrophages that were pre-differentiated. Macrophages were cultured
on scaffolds for 48 h in RPMI 1640 medium containing 10 % foetal bovine serum
(FBS, Gibco), 1 % ultraglutamine and 1 % antibiotic/antimycotic with their respective
stimulators (M0O: /; M1: LPS+ IFNy; M2: IL4 + IL13) during the differentiation process
and without these factors during scaffold culture.

Cell phenotype was evaluated using flow cytometry. Macrophages were
enzymatically retrieved from the scaffolds using 0.25 U/ml collagenase A (Roche,
Mannheim, DE) in a shaking water bath for 30 min at at 37 °C. PBS containing EDTA
was added to the scaffolds and incubated for 30 min at 4 °C. Isolated cells were
labelled with eFluor 780-APC-Cy7 (1:2000, 65-0865-14, ThermoFisher, Carlsbad,
CA, USA) to detect viable cells. For cell surface labelling, antibodies were used
from either BD Biosciences (Franklin Lakes, NJ, USA) or BioLegend (San Diego, CA,
USA) and corresponded to CD45 (1:20, 304026), CD80 (1:20, 305220), PD-L1 (1:30,
557924), HLA-DR (1:20, 307646), CD206 (1:40, 551135), CD163 (1:40, 562643) and
MerTK (1:50, 367610). Mean fluorescence intensity (MFI) was measured with BD
FACSVerse Cell Analyzer flow cytometer (BD BioSciences) and calculated using
FlowJo X (vX 0.7, Tree STAR, Ashland, OR, USA). Gating strategy consisted of spotting
singlet live cells, CD45%cells, and a specific CD marker.

Cytokine concentrations in supernatants were quantified using ELISA kits for IL-12
(88-7126), IL-6 (88-7066), and IL-10 (88-7106) (Invitrogen, ThermoFisher, Vienna, AT),
following manufacturer’s instructions. Absorbances were recorded at 450 nm using
the iMark™ Microplate Absorbance Reader (Bio-Rad, Basel, CH).

2.4 In vivo analysis with rats

All procedures were performed according to the Institute of Laboratory Animal
Research guide for Laboratory Animals. The study was approved by the Ethics
Committee of the Radboud University Nijmegen DEC 2023-0016 under the project
license AVD10300202317189. A powered analysis based on a similar approach by
Nillesen et al. 2011 '® was performed, taking into account the wound contraction
percentage between untreated and collagen-based substitute, calculating a
relevant detectable contrast of 20 %. This resulted in a sample size of 9 rats for a
power of 80 % and alpha= 0.05 (two sided). Nine Wistar rats (male, 3 months old,
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weight 300-400 g, WI (WU), Charles River) were purchased and housed with two
rats per cage. They were fed with pellets, sunflower seeds, booster food (Ssniff
Spezialdidten, Soest, DE) and water ad libitum. The rats were labelled by ear punch
upon arrival and were handled and trained for a period of 1-2 weeks before surgery.

The experimental design consisted of the following treatment groups: untreated
wound, Col | scaffold, and Col I+OTR scaffold. Note that the experiment contained
another collagen-based condition not related to this study. The treatment location
was randomized using randomizator.org to avoid repetitions of sets. Spots were
assigned A-D on the back of the rats and treatments 1-4 were allocated in a different
order. Rats were sacrificed at day 28 after implantation (Supplementary Fig. 1).

Rats were anesthetized with isoflurane 1.5-2.5 %. Eye cream (Ophtosan®, AST Farma,
Oudewater, NL) was applied on their eyes. Their backs were trimmed using a hair
clipper and hair removed by applying Veet cream (Reckitt Benckiser, Slough, UK).
Four full-thickness wounds of @ 12 mm were made on the back of each rat, between
the shoulders and hind legs using a biopsy punch (220701, SMI AG, St. Vith, BE) and
curved scissors. Sterile scaffolds were placed on the wounds in such a way they
fitted exactly and touched the wound edge. The scaffolds were kept in place using
6-8 resorbable sutures (100L6P, Monocryl™ 4-0, Ethicon, Raritan, NJ, USA). Wounds
were covered with a silicone dressing (Mepilex Border Flex Lite, 581277, Molnlycke,
Gothenburg, SE), elastic bandage (PetFlex 10009403914, Andover healthcare,
Portsmouth, NH, USA), and adhesive plaster (250, Leukoplast’, Hamburg, DE).
Post-operative analgesia was given after surgery and for the next three days with
0.1 ml/100 g body weight injections of carprofen (5 mg/ml, Rimadyl, Capelle a/d
IJssel, NL). Wound dressing and bandaging were replaced when needed, generally
1-3 times per week.

Digital photos of the wounds were taken at days 0, 7, 14, 21 and 28 post surgery,
plus when dressings and bandages were changed. Rats were sacrificed on day 28
by CO, inhalation and scaffolds with surrounding tissue were harvested. Half of the
tissue was stored in 4 % paraformaldehyde (PFA) in PBS overnight and replaced
with 1% PFA in PBS thereafter. The other half was snap-frozen in liquid N,, stored in
TissueTek and frozen at -80 °C.

2.4.1 Morphology and wound contraction analysis

Macroscopic images were processed in FIJI 1.53t (ImageJ software, Bethesda, MD,
USA) and calibrated using the photographed ruler in each photo to obtain the
width, length and wound area by manually tracing the wound edge (n< 9). The



Potential of heparan sulfate mimetics integrated into collagen scaffolds for enhanced skin wound healing | 145

morphology was evaluated according to the ratio observed between the width and
length of the wound (Supplementary Fig. 2). A morphology closer to 1 represents a
rounder wound, which is an indication for less contraction. The formula used was:

width (cm)
Morphology (1) = length (cm)
Wound contraction was evaluated by determination of the remaining wound area
using the photographs at the different timepoints (7, 14, 21, and 28 days) compared
to day 0 (i.e. 100 % of the wound area) per condition. The formula used to calculate
the wound contraction was:

Ai — Ax
Wound contraction (%) = yTHE 100 %

where: Ai = Initial wound area at day 0; Ax= Wound area at the timepoint (i.e. day 7,
14, 21, or 28).

2.4.2 Microscopical analysis

Histological analysis: PFA fixed samples were embedded in paraffin and sections of
5 pm thickness were cut. Sections were stained with hematoxylin and eosin (H&E)
or Masson’s trichome blue and scanned with a whole-slide scanner (3DHISTECH,
Budapest, HU). CaseViewer 2.4 software was used to analyze the histological
sections and immunostainings. The stainings were used to visualize skin layers,
appendages and scaffold remnants.

Immunohistochemistry: Samples were stained for alpha smooth muscle actin
(a-SMA, 1:2000, clone 1A4, A-2547, Merck) to visualize myofibroblasts and mature
blood vessels and for cluster of differentiation 68 (CD68, 1:200, MCA341R, AbD
Serotec) to study macrophages. Sections were deparaffinized and incubated
with 0.5 % hydrogen peroxide (K44653709, Merck) for 1 h. After washing with
demineralized water for 5 min, the samples were incubated for 10 min in boiling
citrate buffer (10 mM tri-sodium citrate, pH 6.0). After cooling for 40 min, sections
were rinsed in demineralized water for 2 x 2 min and incubated with blocking
solution (0.5 % BSA in PBS + 0.05% Triton X-100) for 30 min. All antibodies used
in this methodology and ABC kit were diluted in blocking solution and washed
with PBS 2 x 5 min. Primary antibodies were incubated for 45 min. From this point,
reagents were from Vector Laboratories (Newark, CA, USA). Secondary antibody
goat anti-mouse IgG (H+L) biotinylated (1:200, BA-9200) was incubated for 45 min.
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Elite® ABC kit, peroxidase (PK-6100) was applied for 1 h. AEC substrate Kkit,
peroxidase (SK-4205) was incubated for 5-8 min. Sections were counterstained with
haematoxylin and mounted using VectorMount® (H-5501).

Quantitative measurements: Using H&E, the epidermal thickness at both the wound
and unwounded healthy skin was measured at three different areas. The wound
area was marked by the presence of granulation tissue. The number of hair follicles
and sebaceous glands were counted within the wound and in the adjacent area.
The histological wound deformation was calculated by dividing the width of the
middle of the wound by the width of the wound just below the epidermis.

Width from the middle dermis (um)
Width from the top dermis (um)

Deformation (1) =

Semi-quantitative scoring: The healed tissue was semi-quantitatively scored by two
independent individuals (NA, RK) for presence of myofibroblasts, macrophages,
angiogenesis and residual collagen based on AEC and trichrome blue staining.
Scores were assigned from 0 (not present) to 1, 2 or 3 (low, medium, high abundance,
respectively). If differences occurred between observers (when intraclass correlation
coefficient, ICC < 0.75), slides were re-evaluated to obtain consensus.

2.5 Statistical analysis

Data were analyzed and visualized using GraphPad prism 10.4.1. Scaffolds
characterization and histological analysis from rat tissues were evaluated using
one-way ANOVA with Tukey's multiple comparisons test. For in vitro studies and
macroscopical analyses of in vivo studies, two-way ANOVA with Tukey’s multiple
comparison test was performed. Type | error was set at 5 % (i.e. a= 0.05). IBM SPSS
statistics 29 (Armonk, NY, USA) was used to determine the ICC to evaluate if the
reliability was good (> 0.75) or excellent (> 0.9) between scorers in the histology
section (Supplementary Table 1).

3. Results

3.1 Effect of sterilization and crosslinking on OTR4120 bound to
collagen scaffolds

Porous scaffolds were prepared containing type | collagen (Col I) or type | collagen
with 0.025 % OTR4120 (Col I+OTR). Scanning electron microscopy images revealed
that crosslinked Col I+OTR scaffolds showed more compressed pores than Col |, but
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pore morphology was similar in both untreated (non-crosslinked) scaffolds (Fig. 1A
and Supplementary Fig. 3). For in vitro and in vivo studies, scaffolds were sterilized
by gamma radiation. Then, the amount of free amine groups was used to calculate
the crosslinking degree (i.e. ~62 %), which did not change after sterilization (Fig. 1B).
The amount of bound OTR4120 to collagen scaffolds remained constant with
24 + 5 pug OTR4120/mg collagen scaffold in crosslinked scaffolds before and
after sterilization, showing that gamma sterilization did not affect the amount of
OTR4120 bound to scaffolds after crosslinking. However, the OTR4120 amount
slightly increased in untreated Col I+OTR after sterilization (Fig. 1B).

A) Crosslinked (X) Untreated (U)
| |
Col [+OTR ! Col |
L. l { ‘ W,

~ Col +OTR '

-—
Scatfold type (oot scaftold (ug OTRe120/mg scffo
Sterilized No Yes No Yes

X Coal | 659 75110 - -

U Cal | 198 + 43* 211 +15* - -

X Col 1+OTR 65+13 74+ 11 245 24+7

U Col I+OTR 187 + 24* 208 £22* 264 36+5

Figure 1. Effect of crosslinking and gamma sterilization of scaffolds. A) Representative images of the
pore morphology in cross-section of crosslinked (X) and untreated (U) collagen scaffolds using
scanning electron microscopy. Scale bar is 200 um. B) Table displaying the characteristics of Col |
scaffolds with and without OTR4120, before and after sterilization. “-" represents below detection
limits. N= 3 (mean + SD). Two-way ANOVA followed by Tukey’s multiple comparison test was performed
for primary amine groups. *Significant reduction in primary amine group content was observed in
crosslinked scaffolds compared to their non-crosslinked counterparts (p < 0.001).

3.2 Presence of OTR4120 and SHH in collagen-based scaffolds

OTR4120 is a heparan sulfate mimetic capable of binding heparin binding sites
of proteins such as effector molecules and, to a lesser extent, collagen. SHH has
positively charged amino acid residues that interact with OTR4120. Col | and Col
[+OTR scaffolds captured similar amounts of SHH, as quantified by Western blotting
(Fig. 2A-B). Col | contained 0.15 £ 0.10 ug SHH/mg scaffold and Col I1+OTR captured
0.13 + 0.20 pg/mg. After consecutive washes, the SHH was not detected in the
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wash solutions (Supplementary Fig. 4). The distribution of OTR4120 and SHH in
the scaffolds was visualized using immunofluorescence assays. The antibody for
heparan sulfate cross-reacts with OTR4120. Staining for heparan sulfate showed an
even localization of OTR4120 in the whole scaffold of Col I+OTR, while there was no
staining in the Col | scaffold. SHH bound to both types of scaffolds but was concentrated
at the edge of Col | scaffolds. SHH penetrated deeper inside the Col I1+OTR scaffold
showing some overlap in the merged image of OTR4120 and SHH (Fig. 2C).

Figure 2. SHH bound to Col | and Col I+OTR scaffolds after incubation with 3.5 pg SHH/ml overnight.
A) SHH detection using western blotting. Positive bands are stained in red around 19 kDa. The image
shows the calibration curve, Col | and Col I+OTR scaffolds from three different batches. B) Quantification
of SHH bound to scaffolds from bands on Western blots (n= 3) gave no significant differences.
C) Detection of OTR4120 (green) and SHH (red) using immunostaining. OTR4120 was identified with
single chain antibody HS4C3 against heparan sulfate. SHH was concentrated at the edge of the Col |
scaffold while it showed a deeper penetration in OTR-containing scaffolds. Dashed line indicates the
outer edge of the scaffold. Scale bar is 100 pm.

3.3 In vitro analysis with human macrophages

Since incorporation of OTR4120 and SHH in collagen scaffolds may affect the
macrophage phenotype, we seeded M0 macrophages to evaluate whether scaffold
components would convert the cells towards an M1 (pro-inflammatory) or M2 (pro-
healing) subtype, Flow cytometry was used to measure the cell surface markers.
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Figure 3. Effect of OTR4120 and/or SHH in collagen scaffolds on primary human macrophages. Type |
collagen scaffolds with MO macrophages were used as control. As secondary controls, Col | with either
M1 or M2 macrophages were included. Mean fluorescence intensity (MFl) was measured by flow
cytometry for A) M1 associated markers and B) M2 associated markers. C) Cytokine concentrations in
the supernatants. Every donor is represented with a different symbol. Data are represented as mean *
SD (n=3). p < 0.05, ** p < 0.01, ***p<0.001, and ****p<0.0001
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Additional controls included M1-like and M2-like macrophages, which were seeded
on Col | scaffolds to analyze the cell surface markers on non-functionalized scaffolds.

OTR4120 and SHH appeared to modulate macrophage polarization by slightly
reducing certain pro-inflammatory markers and modestly enhancing anti-
inflammatory cytokine production. The three conditions, Col I, Col I+OTR and
Col 1+OTR/SHH, tended to show lower expression of CD markers associated with
pro-inflammatory phenotypes, such as CD80, HLA-DR, and PD-L1 (Fig. 3A), than
the M1-like macrophages control. In contrast, M2-associated markers showed no
significant differences across scaffold conditions seeded with MO macrophages
(Fig. 3B), although CD163 expression was significantly higher in control and slightly
elevated in OTR (p= 0.26) and SHH (p= 0.25) compared to the M2-like control.
Cytokine analysis of culture supernatants (Fig. 3G-I) revealed reduced IL12 levels
in all M0-seeded scaffold conditions—Col | (p= 0.11), OTR (p= 0.10), and SHH
(p=0.08)—relative to M1-like macrophages. IL10 was significantly higher (~30-fold)
in the Col I+OTR condition compared to all conditions, while the 10-fold increase
in OTR/SHH was not statistically significant (p= 0.22). These findings suggest a
trend toward an anti-inflammatory profile, particularly with OTR treatment, though
variability between donors limits definitive conclusions.

3.4 OTR4120 in Col I scaffolds enhance wound healing

Col I and Col I+OTR scaffolds were implanted in full thickness wounds in rats. To
compare the wound healing efficiency, untreated wounds were used as controls
for scaffold treatment, while Col | was used as a control to assess the effect
of incorporation of OTR4120. After surgery, rats experienced weight loss and
discomfort from bandaging. To improve well-being, adjustments were made,
including substituting the elastic band (Petflex) to a softer cotton material
(2310057, Kruidvat, NL). Despite these efforts, two rats died during the third
postoperative week, one was found dead in its cage, likely due to bandage-related
distress, and another was euthanized at a humane endpoint following marked
weight loss and signs of discomfort. The remaining seven animals completed the
28-day study period.

Macroscopic photos of the wound area were taken at day 0, 7, 14, 21, and 28, but
accurate wound measurements could not be performed after day 14 due to scab
formation (Fig. 4A).To avoid disrupting the underlying neo-epidermis and granulation
tissue, scabs were left intact, as they typically detached only after 5 weeks in this full-
thickness wound model, consistent with previous observations in a similar study
with porous collagen biomaterials that followed healing up to 56 days®4. On day 14,
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Figure 4. Wound contraction and morphology assessment in rats. 12 mm wounds were created on the
back of the rats and left untreated or treated with Col | or Col I+OTR scaffolds. A) Representative
macroscopical images of the wounds, from day 0 to day 28. Scale bar is 1 cm. B) Wound contraction at
day 7 and day 14 compared to day 0. C) Wound morphology assessment using the width to length
ratio of the wound., where 1 represents a symmetric circular shape. Note that circular patterns visible
in Col I and Col I+OTR groups result from the texture of the wound dressing. These superficial imprints
persist in the scabs due to drying but did not interfere with the underlying healing process. Values are
represented as the mean £ SD (n=9). Comparison between groups was analyzed using 2-way ANOVA.
* <001, **p <0.001, *** p < 0.0001.
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wounds treated with scaffolds presented less wound contraction at day 7 with 17 %
in Col | and Col I+OTR compared to 40 % in the untreated group. This difference
increased by day 14 where the untreated wounds had contracted more than 78 %
in contrast to the treated scaffolds with 24 % and 26 % for Col | and Col 1+OTR,
respectively (Fig. 4B). These trends suggest that scaffold-treated wounds exhibit
more gradual contraction. The morphology of wounds during closing may impact the
development of scars. The full-thickness wounds created on the back of the rats were
a round circle of 12 mm diameter at day 0 with a width/length of ~1. On day 14, the
untreated wounds tended to become oval shaped with a width/length ratio close to
0.36 in comparison to 0.65 in Col land 0.71 in Col I+OTR (Fig. 4Q).

The full wound areas with surrounding healthy skin were taken at day 28 and
analyzed using (immuno) histochemistry. H&E staining of cross-sections of day 28
reflected our macroscopic observations of a significant contraction from untreated
condition followed by collagen scaffolds with and without OTR4120. Granulation
tissue formed an hourglass shape, which was most pronounced in untreated
wounds as observed with the dotted line, indicating a higher wound deformation
compared to scaffold conditions (Fig. 5A-B). The epidermis was significantly thicker
in Col I followed by Col [+OTR with untreated condition featuring a similar thickness
to unwounded skin (Fig. 5C). The wound area was larger in Col | condition compared
to untreated wounds, probably due to the reduced skin contraction (Fig. 5D).

To evaluate the degradation of scaffolds, residual collagen material was scored.
Collagen scaffold remnants can be easily differentiated from native collagen due to
their thicker collagen bundles and intense blue staining using Masson'’s trichrome
blue (Fig. 6A). By day 28, there were still some remnants in Col | condition, followed
by OTR4120-containing scaffolds but with a mean score of less than 1. We semi
quantitatively scored myofibroblasts, macrophages and blood vessels within the
granulation tissue to evaluate whether the different conditions influenced cell
recruitment and/or proliferation. No significant differences were found in the
number of myofibroblasts (Fig. 6B). An overview with a-SMA staining showed
that myofibroblasts had migrated to the wound area from the bottom and the
wound edges (Supplementary Fig. 5). Treatment with OTR-containing scaffolds was
associated with an increased number of macrophages (Fig. 6C). Scaffold treatments
also appeared to increase angiogenesis compared to the untreated wounds (Fig. 6D).
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Figure 5. Histological analysis of wound areas on day 28. A) H&E staining of representative tissue
sections. The dotted line is the interface between granulation tissue and unwounded skin, whereas
the yellow arrow indicates the middle width of the dermis in the wound. Left images depict the
complete tissue sample, while images on the right are an enlargement of the epidermal layer on the
wound. Scale bar for skin overview is 2 mm and for epidermis 60 um. B) Microscopical wound
deformation calculated as a comparison between the length of the wound between the middle and
top of the dermis. Values closer to 0 represent a higher deformation. C) Epidermal thickness above the
granulation tissue. D) Wound area in the longitudinal plane visible by granulation tissue and delimited
by dotted lines on histology. Data represent mean + SD (n= 7). One-way ANOVA with Tukey’s multiple
comparison test was used for statistical analysis. * p < 0.05, *** p < 0.001, **** p < 0.0001.

Appendages such as hair follicles and sebaceous glands appeared next to the
wound margins (approximately 300 um away from the margin) (Fig. 7A). The density
of hair follicles per area remained similar in all conditions (Fig. 7B). In contrast,
Col I+OTR slightly increased the content of sebaceous glands at the wound edge
compared to untreated wounds (Fig. 7C).
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Figure 6. Histological analysis of day 28 tissue samples of various treatments. The top row shows
histological examples, and the bottom row presents the semi-quantitative scoring. A) Remaining
collagen scaffold visualized using trichrome blue. OTR-containing scaffold showed more degradation,
B) Myofibroblasts stained for alpha-smooth muscle actin (a-SMA) visualized as elongated cells with
blue nuclei. C) Macrophages stained with CD68 marker, Col I+OTR showed higher numbers. D) Blood
vessels were identified using a-SMA staining for mature blood vessels. More angiogenesis was seen for
scaffold-treated wounds. Arrows depict examples of the corresponding parameter. Sections were
scored for these aspects from 0 (not present) to 3 (abundant). Data are represented as mean + SD
(n=7). Scale bars are 40 um. * p < 0.05, ** p < 0.01.

Figure 7. Quantitative histological analysis of appendages in healed skin. A) Representative
histological image showing hair follicles (HF, yellow arrow) and sebaceous glands (SG, gray arrow) in
the transitional wound area visualized with Masson’s trichrome blue staining. B-C) Quantification of
hair follicles (B) and sebaceous glands (C) in the adjacent wound area (<300 pm). Scale bar is 100 pm.
*p <0.05, **p<0.0T1.
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4. Discussion

Scarring remains a significant clinical challenge, often leading to morbidity and
impaired skin regeneration. Therefore, there is a pressing need for advanced
biomaterials capable of promoting effective skin healing. In this study, we created
innovative collagen scaffolds containing RGTA" OTR4120, a heparan sulfate mimetic
molecule proven to improve wound healing in liquid format, such as CACIPLIQ20" *°.

In order to use skin substitutes in vivo, scaffolds were chemically crosslinked and
sterilized by gamma irradiation. This sterilization step did not affect the crosslinking
degree nor the amount of OTR4120 retained on crosslinked scaffolds, as OTR4120
was already covalently bound prior to sterilization. Interestingly, untreated (non-
crosslinked) Col 1+OTR scaffolds showed a slightly higher signal for OTR4120 after
sterilization compared to their non-sterilized counterparts. Gamma rays can induce

free radical formation and chemical modifications even in freezedried scaffolds,
including chain scission or formation of new covalent bonds through oxidative
pathways 3¢, These alterations may facilitate more efficient papain digestion by
breaking collagen chains and increasing the release of embedded OTR4120. In
contrast, chemically crosslinked scaffolds are more resistant to such changes, and
the amount of retained OTR4120 remained consistent before and after sterilization.

We also tested the capability of OTR4120 to bind the effector molecule SHH, which
is a promising effector molecule for skin regeneration. It is upregulated during
embryonic development promoting nerve growth 3°, epidermal development %
and hair follicle morphogenesis . OTR4120 has been reported to bind heparin
binding growth factors such as FGF, VEGF, TGFf 2. In our study, collagen scaffolds
with and without OTR4120 bound similar amounts of the heparin-binding growth
factor SHH (0.13-0.15 pg SHH/mg scaffold). Similarly, another study on Col I1+OTR
showed similar amount of FGF-2 binding compared to Col | but revealed a more
gradual release of FGF2 in OTR-containing scaffolds 2. A slower release of SHH may
benefit later stages of wound healing, such as re-epithelization and stimulation
of hair follicle neogenesis. Immunostainings showed that SHH penetrated deeper
in Col 1+OTR scaffolds, while concentrating at the edges in Col I. A previous study
using collagen-heparin scaffolds incubated with 10 pg/ml SHH (nearly three times
our 3.5 ug/ml) also found SHH primarily at the edges .

To assess the effect of OTR4120 and SHH on immune cells, in vitro testing was
performed by culturing MO macrophages on collagen scaffolds. Overall, it seems
that collagen scaffolds seeded with MO macrophages promote a macrophage
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phenotype more akin to M2-like than M1-like phenotypes. Although not statistically
significant, Col I+OTR/SHH treatment consistently showed lower mean expression
of M1-associated markers, indicating a trend toward reduced pro-inflammatory
macrophage activation. This aligns with previous reports where SHH reduced
M1-related markers in macrophage cultures #'. The largest effect of OTR4120 was
observed in the expression of IL10 being nearly 30 times higher in two donors
compared to Col I. IL10 is mainly produced by the M2c-like phenotype 2, and can
reduce inflammation, inhibits the transformation of fibroblasts into myofibroblasts
and increases collagen reorganization #*, resulting in skin repair with less scarring.

To study the effect of OTR4120 in acute deep wounds, collagen scaffolds with
incorporated OTR4120 were applied on full-thickness wounds in a rat model over
28 days. By day 14, scaffold-treated wounds showed less macroscopic contraction
compared to untreated wounds. A rapid contraction often leads to fibrosis and scar
formation, a hallmark of mammalian healing but less pronounced in rodents “. In
contrast, species capable of scarless regeneration, such as axolotls, exhibit delayed
contraction and ECM deposition . While we did not assess biomechanical properties
of the scaffolds in this study, similar crosslinked type | collagen scaffolds had a
Young’'s modulus of approximately 0.4 kPa “, which is considerably lower than the
~5 kPa threshold reported to induce fibroblast-to-myofibroblast transition *,
suggesting that our scaffolds are relatively soft and unlikely to mechanically restrain
the wound or hold it open. In addition, Col I+OTR scaffolds helped preserve a more
rounded wound shape, which may suggest a more uniform healing that could lead
to less scar formation *°. Although round wounds were initially created to evenly
distribute mechanical forces, untreated wounds contracted faster and formed an
oval shape. Histological analysis revealed that untreated wounds, despite faster
macroscopic contraction, exhibited greater deformation, indicating less coordinated
healing and a higher risk of contractures. In contrast, scaffold-treated wounds
showed slower, more organized closure with reduced deformation, supporting
a more controlled healing process and potentially minimizing scarring °" 2, Re-
epithelialization was complete across all conditions, but OTR-treated wounds showed
a trend toward an epidermal thickness closer to native skin and with a slightly smaller
wound area in the longitudinal section than Col | alone, which may be the result of a
less rigid skin > and improved wound healing.

Immunostaining revealed that scaffolds delayed ECM deposition, with more
presence of granular tissue and slightly elevated levels of myofibroblasts and
macrophages than in untreated wounds. Porous scaffolds facilitated cell infiltration
from wound edges and deeper layers. Particularly, OTR-treated wounds displayed
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a higher macrophage presence as evidenced by CD68 staining, which might be
related to the faster scaffold degradation (Fig. 6A & B). In contrast, a previous study
in a fetal sheep model using collagen-heparin scaffolds with growth factors found
more residual scaffold and lower macrophage presence (scoring <1, scale 0-3) 7. This
suggests that OTR4120 influences macrophage recruitment in adult rats, leading
to accelerated scaffold degradation. A higher number of blood vessels was seen
in scaffold-treated wounds, aligning with the proliferative phase . While OTR4120
did not affect hair follicle abundance, it increased the number of sebaceous glands
in the adjacent wound area. Given OTR4120 ability to bind heparin-binding effector
molecules **, it may interact with local growth factors, such as WNT, SHH, BMP and
FGF *5, which are involved in sebaceous gland development *’.

A limitation of this study is that the Col I+OTR/SHH scaffold and OTR4120 alone
were not evaluated in vivo. In vitro studies with SHH were limited to macrophages,

thereby missing potential interactions with other relevant cells such as dermal
papilla cells, neurons, and epidermal cells. Future research should explore these
interactions to better understand SHH broader potential in skin regeneration.
Additionally, the animal model presents limitations, as rats possess a panniculus
carnosus layer which produces rapid wound contraction which is absent in human
skin 8 Unlike general practice in humans and larger animal studies, we did not
apply split-thickness skin graft in these rodents, as this is highly challenging,
limiting the ability to fully replicate skin treatments in humans. Pigs, with ECM skin
more similar to human skin and comparable healing times, could be considered as
an alternative animal model for future preclinical studies “°.

In conclusion, we successfully constructed chemically crosslinked porous collagen
scaffolds with bound RGTA® OTR4120, which remained stable after gamma
sterilization. These scaffolds retained the ability to bind the effector molecule
SHH and showed a trend toward a pro-healing M2-like macrophage phenotype
in culture. In a rat full-thickness wound model, collagen-OTR scaffolds modestly
influenced wound healing dynamics by supporting ECM remodeling, maintaining
improved wound morphology, and moderating epidermal thickness, which may
contribute to reduce fibrosis and improve skin regeneration outcomes. This study
provides preliminary evidence that OTR4120 could be a promising addition to
acellular skin substitutes for improving acute wound healing.
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Supplementary Material

Supplementary Figure 1. Experimental design for the full-thickness wound model in rats. A) Location
of wounds on the back of the rat. B) Treatment conditions for the wounds including untreated, type |
collagen (Col 1), type | collagen with RGTA® OTR4120 (Col I+OTR) and a treatment using collagen-base
scaffolds not related with this study (X). The treatment location was randomized using randomizator.
org to avoid repetitions of sets. C) Timeline of the experiment from arrival of the animals until sample
collection. Digital photos of the wounds were taken on day 0, 7, 14, 21 and 28. Created in BioRender.
Avila, N. (2025) https://BioRender.com/g85v9nc.

Supplementary Figure 2. Representative lines for the wound measurement process. In blue is the
width, in black is the length and in green line is the outline of the wound area performed by manually
tracing the wound edge.
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Supplementary Figure 3. Morphology of collagen scaffolds via scanning electron microscopy.
Crosslinked and untreated collagen scaffold with and without OTR4120. Images include the cross-
section, pan-side and air-side of the scaffolds. Note: U Col I+OTR air-side (red dot) was taken at a higher
magnification (see scale bar). Scale bars are 200 pm.

Supplementary Figure 4. Sonic hedgehog (SHH) detection using western blotting. Left image shows
a dilution range for the calibration curve using SHH from 500.0 to 15.6 ng, and Col | and Col I+OTR
scaffolds incubated with (3.5 pg/ml) SHH. A faint band around 45 kDa corresponds to the SHH
precursor, while, at 19 kDa, the mature form of N-SHH is visualized. The center image shows the results
of supernatants from the scaffold incubation and the first wash with PBS. The right image shows the
supernatants from the second and third washing steps. Note that the same order of Col | and Col
I+OTR scaffolds was used for the center and right image as in the left one. A positive control of 62.5 ng
SHH is included in the middle and right images. SHH staining is in red.
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Supplementary Figure 5. Myofibroblast localization into the wound. Yellows arrows point at cells
stained for alpha-smooth muscle actin (a-SMA). Scale baris 1 mm.

Supplementary Table 1. Interclass Correlation Coefficient (ICC) for histological scoring

Parameter Myofibroblasts Macrophages Blood vessels Scaffold remnant

Interclass correlation 1.000 0.927 0.832 0.804
(average measures)
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Despite significant advances in biomaterials and cell culture technologies, skin
tissue engineering continues to face major challenges. Effective dermal substitutes
must go beyond mimicking the mechanical strength and barrier function of native
skin, they must also support critical processes such as vascularization, immune
modulation, and the regeneration of skin appendages [1]. Clinical limitations remain
substantial, including the scarcity of autologous donor sites, and risks of immune
rejection in allogeneic or xenogeneic grafts [2]. As a result, many current skin
substitutes yield suboptimal outcomes, often resulting in (hypertrophic) scarring,
contractures, and the absence of skin appendages [3, 4]. In particular, contractures
in joint regions can severely limit patient mobility [5]. Clinical evidence has shown
that prompt and effective burn wound treatment can significantly improve healing
outcomes [6]. Acellular biomaterials offer a distinct advantage in this context due
to their immediate availability and off-the-shelf application [7].

This thesis draws inspiration from regenerative species such as Acomys, axolotls,
and fetal mammalian models, which exhibit scarless healing and rapid tissue
regeneration. These models have highlighted unique extracellular matrix (ECM)
signatures that contrast sharply with those observed in typical adult wound healing
[8]. By leveraging these regenerative cues, we aimed to identify and integrate key
ECM components into engineered skin constructs to promote improved healing in
patients with full-thickness injuries, such as burns. A critical aspect of this approach
lies in selecting appropriate wound models for evaluation, as this directly influences
the accurate assessment of the efficacy and functional performance of skin
substitutes. In the following discussion, we reflect on the challenges encountered
in this study and propose future strategies that may further advance the field of
skin regeneration.

A new era of ECM skin substitute design

The field of regenerative medicine has steadily evolved over the past century, with
continuous innovations in materials and biologics [9]. A significant paradigm shift
has been the transition from using inert scaffolds to designing bioactive materials
that actively shape the wound environment. Natural biomaterials, particularly
type | collagen (Col 1), have long been favored for skin scaffolds due to their
biocompatibility [10]. However, skin is a complex organ regulated by a diverse array
of ECM components, collectively known as the matrisome [11]. The composition
and ratio of these components are now recognized as key regulators of wound
healing and its ultimate outcome.
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Although the mechanisms underlying scarless healing in regenerative species
remain incompletely understood, advanced molecular tools such as transcriptomics,
proteomics, and single-cell sequencing have helped identify unique matrisome
components [12, 13] that could inform the design of next-generation biomaterials
as discussed in the Chapter 2. Within the collagen family, types Ill, XII, and XIV
are notably upregulated during wound healing in species such as Acomys and
fetal mammals [14, 15]. Despite their potential, collagens like types Xl and XIV
are difficult to source in large quantities [16], making recombinant engineering
an attractive, though costly, alternative. Apart from being abundantly present in
the skin of regenerative species, type Il collagen (Col Ill) also plays an important
role in adult human wound healing and its ratio between Col I/Ill changes with
aging [17]. In Chapter 4 we observed the potential of Col lll combined with Col |
scaffolds in wound healing modulation, correlating with previous studies where it
was demonstrated that Col lll regulates matrix architecture and mechanosensing
compared to Col lll deficient knockdown mice [18].

Other extracellular matrix components, such as fibronectin, laminin, tenascin,
hyaluronan, and heparan sulfate, are also enriched during regenerative wound
healing. For instance, early fibronectin deposition in fetal rabbit wounds is thought
to promote fibroblast attachment and accelerate closure [19], while tenascin has
been shown to enhance collagen fibrillogenesis and fibroblast migration [20, 21]. In
this thesis (Chapters 3 and 5), the regenerative potential of the glycosaminoglycan
hyaluronan and of a heparan sulfate mimetic in wound healing applications were
explored. Effector molecules, which influence cellular signaling and behavior, are an
emerging focus in regenerative strategies. Members of the TGF-f3 family, particularly
TGF-B1 (pro-fibrotic) and TGF-f33 (anti-fibrotic), play opposing rolesinscarring[22,23].
However, TGF-3 is overexpressed in systemic sclerosis, a rare disease involving
fibrosis in the skin, and treatment with an anti-TGF-33 antibody has been shown to
inhibit fibrosis in affected skin biopsies [24]. Similarly, VEGF, which increases during
fetal development, enhances angiogenesis and re-epithelialization [25]. Fibroblast
growth factors (FGFs), especially FGF2 (anti-fibrotic) and FGF7 (crucial for hair
follicle development), are also more highly expressed in fetal fibroblasts [26, 27].
Recently, sonic hedgehog (SHH), upregulated in embryonic mice skin [28], has
gained attention for its association with epidermal development, innervation, and
hair follicle morphogenesis [29, 30].

This raises an important question for adult skin replacement: should we attempt
to recreate fetal skin? The short answer is no. Adult human skin has evolved
superior barrier function by structural, compositional and functional differences
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[31]. However, temporarily mimicking key features of fetal or regenerative ECM
composition could improve healing without compromising adult skin integrity.
In this thesis, we identified and incorporated selected components related to a
regenerative matrix, including Col I, HA, as well as SHH delivered in combination
with the heparan sulfate mimetic OTR4120, into engineered dermal substitutes.
Their individual performances were evaluated across Chapters 3, 4, and 5. Future
studies should explore combinations of these constituents to determine whether
synergistic effects could further promote wound healing and reduce scarring.

Aneffectiveenhancementtothescaffoldsdevelopedin Chapters3and5couldbethe
incorporation of gradients of glycosaminoglycans (GAGs) and bioactive molecules.In
native skin, GAGs like HA and heparan sulfate are distributed non-uniformly [32, 33],
helping to localize and stabilize signaling molecules such as SHH, FGF, and VEGF,
which are essential for morphogenesis and wound healing [34]. For instance,
SHH-driven hair follicle regeneration depends on its spatial presentation [35],
which could be mimicked using GAG gradients. Techniques like 3D bioprinting
or layer-by-layer assembly enable the fabrication of such gradients in the desired
shape [36]. However, challenges include gradient stability, reproducibility, and
added complexity in regulatory approval [37]. Despite these, spatially patterned
scaffolds hold strong potential to improve regeneration and functional outcomes
in skin substitutes.

Once these materials are integrated into porous scaffolds, mechanical
characterization becomes essential. Properties such as tensile strength, stiffness,
and elasticity are critical for clinical translation, as they influence integration and
durability [38]. We examined how the inclusion of atelocollagen enriched with Col
Il impacts the mechanical stiffness of scaffolds in Chapter 4. While tensile testing
is widely used, it was not feasible due to limited Col Ill availability and the large
sample dimensions required. Techniques like atomic force microscopy and nano-
indentation, though informative, are better suited for dense, flat samples and
less reflective of the compliance in porous, hydrated scaffolds [39, 40]. Instead,
compressive testing of small cylindrical samples was used to assess formulation
differences. While such measurements provide important mechanical benchmarks,
their clinical relevance also lies in predicting how scaffolds withstand manipulation,
absorb exudate, and maintain structure in vivo [38]. Emerging techniques like
Brillouin light spectroscopy could further link mechanical properties to biological
outcomes [41].
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Our focus was on collagen-based sponges for treating full-thickness wounds such as
severe burns. These scaffolds are designed to provide structural support while also
modulating the biological environment. However, other fabrication methods such
as electrospinning and hydrogels are gaining traction. For instance, electrospinning
yields ECM-like nanofibrous scaffolds that enhance cell adhesion [42], and hydrogels
create moist, bioactive environments suitable for growth factor delivery [43].
Regardless of the technique, the selection of ECM-based raw materials remains
central, as demonstrated in this thesis with Col Ill, HA, and OTR4120. Although
materials like CACIPLIQ20® [44] and Hyalo4® [45] (topical format) are already used
for chronic wounds, and Col lll injections show promise in aesthetic applications [46],
our approach aims to translate these bioactive cues into robust scaffold systems for
complex wound environments. The integration of such cues into porous templates
may extend their utility beyond current formats, offering new therapeutic avenues.

Creating a pro-regenerative ECM is only one of many steps towards engineering
fully functional skin. Functional skin substitutes must replicate not just the skin’s

barrier role but also its full biological complexity, including vascularization,
innervation, and appendages like hair follicles and sweat glands. Incorporation
of proto-follicles, organoids, vascular cells, and neural elements has shown
promise in recapitulating skin physiology [47-49]. Advances in skin organoid and
tissue engineering technologies have enabled the generation of skin-like tissues
containing multiple appendages that better replicate the natural state [50].
However, integrating vascular endothelial cells for rapid neovascularization remains
a significant challenge due to issues like scaffold-host integration, cell survival,
and the coordination of angiogenic signaling [51, 52]. Similarly, the inclusion of
neural components to restore sensory function and modulate wound healing
is in early stages, requiring precise spatial organization and functional synapse
formation. Stem cell technologies, particularly the use of induced pluripotent stem
cells (iPSCs), offer the potential for generating patient-specific constructs, but
limitations related to extended culture time, genomic stability, and safety concerns
must be addressed before clinical translation [53, 54]. Moving forward, combining
pro-regenerative ECM design with vascular, neural, and appendageal integration
may finally allow us to engineer full-thickness skin that not only closes wounds but
also restores complete function.



172 | Chapter 6

Advancing wound healing models and non-invasive evaluation

In vitro modeling: strengths and limitations

Accurately modeling the biological response of cells to biomaterials is central
to wound healing research. In this thesis, we prioritized in vitro testing using
primary human cells to better mimic physiological conditions [55]. This included
macrophages derived from monocytes and fibroblasts from different origins,
including, adult and fetal dermis from healthy skin and eschar tissue from
burn patients. While primary cells offer higher biological relevance, their use is
challenged by donor variability due to sex, age, or other patient characteristics in
addition to limited availability. Studies suggest that the application of cells from at
least 4-10 donors improves reproducibility and reduces outlier bias, especially in
transcriptomic and functional scaffold analyses [56-58].

Single-cell-type assays have provided insights into specific responses. For instance,
adult fibroblasts cultured on our scaffolds did not transition into myofibroblasts,
likely due to the scaffolds' lower stiffness and absence of TGF-B1 stimulation.
In contrast, eschar-derived fibroblasts showed increased fibrotic sensitivity,
making them a more representative model for burn wound response as observed
in Chapter 3 [58, 59]. To assess immune interaction, we measured macrophage
polarization via flow cytometry, which revealed scaffold influence on the M1/M2
balance, a key differentiator between fetal, adult, and burn healing environments as
described in Chapter 1. However, overlapping surface markers between macrophage
subtypes posed evaluation challenges. T-cell suppression assays could complement
these findings by offering functional insights, as they measure the ability of scaffold-
conditioned macrophages to inhibit T-cell proliferation, a hallmark of M2-like, anti-
inflammatory activity [60].

Given that wound healing involves intricate cell-cell communication, co-culture
systems (e.g., fibroblasts with macrophages or keratinocytes) are promising for
replicating intercellular dynamics, though media compatibility remains a hurdle.
Recently, a study demonstrated that acute contact with macrophages can activate
fibroblasts, which might lead to fibrosis [61]. Moreover, expanding to additional
skin cell types such as dermal papilla cells may allow exploration of effector
molecules such as SHH incorporation in scaffolds. For example, SHH activates early
hair follicle markers such as Gli1 [62], which may stimulate hair growth, a vital
aspect of complete skin repair. Lastly, ex vivo skin biopsy models serve as a valuable
intermediate between in vitro and in vivo, maintaining native architecture and
physiological relevance [63].
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Pre-clinical testing and non-invasive tools

Preclinical models are essential for assessing the safety, efficacy, and biological
behavior of skin substitutes before progressing to human clinical trials [64].
Traditional animal models, such as rodents and pigs, have long been used because
of their ability to simulate key features of human wound healing, including
inflammation, re-epithelialization, and scarring [65]. In this thesis we utilized a
full-thickness Wistar rat wound model to evaluate scaffold performance in wound
healing as observed in Chapter 4 and 5. While this model provides valuable
insight into wound contraction and inflammation, rodents heal primarily through
contraction due to the panniculus carnosus, a mechanism that differs significantly
from the re-epithelialization process observed in humans [66]. Therefore, large
animal models such as pigs, which closely mimic the human skin structure and
healing dynamics, are more appropriate for advanced preclinical validation [67].
As ethical concerns and regulations evolve, including frameworks like the FDA
Modernization Act 2.0, there is a growing push toward replacing or reducing animal
testing through models such as organ-on-a-chip [68], which aligns with the 3Rs

(Replacement, Reduction, and Refinement) principles.

Advancements in tissue engineering have led to the development of skin-on-a-chip
systems, which aim to replicate the complex structure and function of human skin
in a controlled microenvironment. These microfluidic devices incorporate multiple
layers of skin cells, including epidermal, dermal, and vascular components, to
simulate physiological conditions more accurately than traditional in vitro models
[69]. In the context of this thesis, these models present exciting opportunities for
future work, especially for testing immune responses, innervation, and advanced
healing features like appendage regeneration, allowing for more accurate
functional evaluation of scaffold components such as HA, Col Ill and OTR4120.
Although still under development and not yet fully standardized, skin-on-a-chip
systems offer a scalable, ethically favorable alternative to animal testing [70], and
their utility will likely increase as regulatory acceptance grows.

Assessment of skin substitute performance relies on both invasive and non-
invasive techniques. In this study, histological methods, including H&E and
Masson's trichrome staining, were used to evaluate tissue integration, scaffold
degradation, fibrotic response, and inflammation as presented in Chapter 4 and 5.
At the molecular level, tools like RT-PCR and kinase activity assays (e.g. peptide-
based signaling arrays) provide deeper insight into regenerative pathways [71].
Mass spectrometry offers precise identification of biomarkers involved in healing
and fibrosis and, when properly configured, can also provide quantitative or semi-
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quantitative data. However, its application is limited by high cost, complexity, and
the need for invasive tissue sampling [72]. Non-invasive tools are increasingly
valuable for real-time and longitudinal evaluation. Techniques such as optical
coherence tomography (OCT), high-frequency ultrasound (including strain imaging
and shear wave elastography), and laser Doppler imaging allow visualization
of tissue architecture and perfusion without disturbing the wound site [73, 74].
For scar assessment, tools like POSAS, the Vancouver Scar Scale, cutometers
(elasticity), mexameters (pigmentation), and 3D surface scanners provide objective,
reproducible data to track healing progression without compromising the wound
site [75, 76].

Translational medicine considerations and clinical outlook

The clinical translation of skin substitutes involves navigating complex regulatory,
manufacturing, and therapeutic challenges. Medical devices indicated for use on
wounds such as burns or chronic ulcers, must meet stringent safety and efficacy
standards defined by agencies like the FDA and EMA [77, 78]. Skin scaffolds
intended for deep dermal or full-thickness wounds are typically classified as
Class Il or lll medical devices, depending on their material origin and level of host
interaction [79]. The scaffolds developed in this thesis, based on bovine-derived
Col |, fall under Class lll, requiring rigorous validation for biocompatibility, sterility,
and performance [80]. Accordingly, we developed standard operating procedures
(SOPs) for scaffold fabrication and addressed batch-to-batch variability by
producing multiple batches of scaffolds to ensure reproducibility. While our focus
was on biological validation, regulatory compliance also extends to sourcing,
traceability, and the incorporation of bioactive agents [81]. Molecules such as
SHH, despite their regenerative potential, face regulatory barriers due to risks of
tumorigenicity and challenges in dose control [82]. Alternatives like the clinically
approved heparan sulfate mimetic compound OTR4120, used in this thesis, offer a
safer approach by stabilizing endogenous factors without regulatory complications.

From a clinical perspective, personalized medicine is emerging as a transformative
approach in regenerative therapies. Skin substitute strategies can be tailored
based on wound characteristics, such as burn depth, infection status, and patient-
specific immune responses [83]. In this thesis, we highlighted variability in cellular
responses among primary dermal fibroblasts from different donors, underlining
the necessity of including cells from multiple individual donors in in vitro studies.
This variability has direct implications for clinical translation, as wound healing
outcomes differ markedly between pediatric, adult, and burn patients as presented
in Chapter 1. Personalized scaffolds, potentially incorporating patient-derived cells
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or effector biomolecules (e.g., SHH, FGF2, IGF1), represent the next step in achieving
more desirable outcomes. However, personalization increases complexity in
manufacturing and clinical trial design, necessitating flexible clinical designs such
as adaptive protocols—which allow for modifications based on interim results—
and stratified trials, which group patients by biomarkers or wound type to better
assess efficacy [84].

Future clinical translation of skin substitutes depends on multidisciplinary
collaborations of researchers, clinicians, entrepreneurs, among others. While
scaffold-based therapies are promising, their long-term outcomes, including
fibrosis, vascularization, and scar quality, require thorough evaluation through
high-resolution imaging, histological analysis, and validated patient-reported
outcome measures [85]. Despite promising results in preclinical and early
clinical settings, high cost of production, including biomaterial sourcing, process
standardization, and scalability for scaffold-based therapies remains a major
barrier for widespread implementation [86]. Although a detailed comparison is

beyond this scope, many advanced skin substitutes fail to reach the market due
to manufacturing complexity or lack of cost-effectiveness compared to existing
treatments [1]. Therefore, engaging key stakeholders early, i.e., clinicians who apply
these technologies, patients who receive them, and researchers who refine them,
should be accompanied by early assessments of technical feasibility, manufacturing
scalability, and economic viability to ensure the solutions meet real-world
needs. Additionally, as regulatory frameworks gradually evolve to accommodate
regenerative products, the integration of robust in vitro platforms, patient-specific
data, and ethical, cost-effective preclinical models will be central to advancing the
next generation of skin substitutes.

Concluding remarks

This thesis establishes a foundation for developing smarter, bioactive skin
substitutes by integrating regenerative extracellular matrix components inspired by
fetal healing and regenerative species. Building on these insights, future research
should focus on optimizing scaffold design to better address key challenges such as
immune modulation, vascularization, and appendage regeneration. By combining
advanced biomaterials with emerging technologies, there is strong potential to
create the next generation of customizable skin substitutes, ultimately moving
closer to the goal of functional and scarless skin regeneration.
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Summary

The development of skin substitutes capable of fully restoring the structure,
function, and aesthetic qualities of human skin, especially after severe injuries such
as burns, remains a significant challenge in regenerative medicine. One key insight
from regenerative biology is that species capable of scarless healing often exhibit
a distinct extracellular matrix (ECM) composition during wound repair, compared
to non-regenerative species. This thesis focuses on the ECM not only as a structural
scaffold but as a dynamic reservoir of biochemical cues that guide cellular behavior
and tissue regeneration. Through the incorporation of regeneration-associated
ECM components such as type lll collagen (Col Ill), hyaluronan (HA), and sonic
hedgehog (SHH) stabilized using the glycan mimetic OTR4120, a series of acellular
bioactive dermal scaffolds were developed with the aim of promoting scarless
skin regeneration.

In Chapter 1, a general introduction is given of the skin anatomy, the differences
between fetal, adult and burn wound healing, and current therapeutic approaches
for burn care. In addition, the overall outline and aim of this thesis is presented.

Chapter 2 explores the regenerative capabilities of two animal models: the axolotl,
an amphibian capable of regrowing complex structures, and Acomys, a mammal that
can regenerate full-thickness skin wounds without scarring. By comparing available
transcriptomic and proteomics datasets from skin and blastema, we identified
ECM components highly expressed during regeneration. These components were
categorized within the matrisome, core matrisome (collagens, ECM glycoproteins,
proteoglycans) and matrisome-associated framework (ECM regulators, secreted
factors, and ECM-affiliated proteins). The findings generated a list of promising
pro-regenerative ECM molecules to be integrated into future biomaterial design
(peroxidasin homolog, tenascin C, and laminin, among others), emphasizing a
rational and biologically informed approach.

In Chapter 3, we explored the regenerative role of HA, which is abundantly present
in fetal skin and known for its ability to support cell migration and matrix hydration.
We created porous type | collagen-based dermal scaffolds incorporating HA and
evaluated their biological effect in vitro using primary human fibroblasts derived
from fetal, adult, and eschar tissues, as well as macrophages. The inclusion of HA
induced a pro-regenerative M2c-like macrophage phenotype and modulated
fibrotic gene expression, particularly in eschar fibroblasts, where markers such
as Col10al were significantly downregulated. These findings support HA’s use
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as a promising therapeutic component in regenerative scaffolds for treating
severe wounds.

Different ratios of Col I/lll in human skin as observed from fetal to newborn to
adult stages were reproduced in scaffolds and studied in Chapter 4. Atelocollagen
enriched with Col Il was isolated from human placenta and incorporated into
fibrillar Col | scaffolds. In vitro, these scaffolds decreased expression of fibrosis
related genes ACTA2 and TGFB1 in fibroblasts and supported M2a macrophage
polarization. In vivo, Col lll-incorporated scaffolds improved wound healing
compared to untreated wounds by promoting vascularization, reducing
contraction, and guiding a more organized wound closure, effects consistent with a
less fibrotic, more regenerative response.

In Chapter 5, we evaluated the use of OTR4120, a heparan sulfate mimetic
marketed as a ReGeneraTing Agent (RGTA®), for its ability to improve wound
healing when covalently bound to scaffolds. This OTR4120-containing scaffold
was successfully functionalized with SHH, an effector molecule important for skin
morphogenesis. In vitro, macrophages exposed to these scaffolds secreted higher
levels of IL-10, indicating a shift toward a pro-healing response of M2c-like subtype.
In vivo, OTR4120-containing scaffolds improved ECM remodeling, supported
more organized wound closure, with an epidermal thickness closer to native skin,
suggesting reduced fibrosis and improved healing dynamics.

Finally, Chapter 6 places the findings of this thesis in a broader context, highlighting
future directions for the development of acellular ECM-based scaffolds. It discusses
strategies to integrate skin appendages, advancements in manufacturing techniques,
the use of emerging wound healing models for preclinical testing, and the key
challenges related to the clinical translation and regulatory approval of skin substitutes.

Overall, this thesis presents a biomaterial-based approach using rationally selected
regenerative ECM components to design acellular dermal scaffolds that foster
scarless wound healing. These strategies lay the groundwork for next-generation
skin substitutes with potential for clinical impact in regenerative medicine.
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Samenvatting

De ontwikkeling van huidsubstituten die in staat zijn de structuur, functie en
esthetische eigenschappen van menselijke huid volledig te herstellen, met name
na ernstige verwondingen zoals brandwonden, blijft een aanzienlijke uitdaging
binnen de regeneratieve geneeskunde. Een belangrijk inzicht uit de regeneratieve
biologie is dat organismen die in staat zijn tot littekenvrije genezing vaak een
typische samenstelling van de extracellulaire matrix (ECM) vertonen tijdens
wondherstel, vergeleken met niet-regeneratieve soorten. Dit proefschrift richt
zich op de ECM, niet alleen als structurele scaffold, maar ook als een dynamisch
reservoir van biochemische signalen die cellulair gedrag en weefselregeneratie
kunnen sturen. Door componenten van de ECM die geassocieerd worden met
regeneratie, zoals type Ill collageen (Col Ill), hyaluronan (HA) en sonic hedgehog
(SHH) gestabiliseerd met behulp van het glycan-mimeticum OTR4120, te integreren
in collageenscaffolds ontwikkelden we een reeks acellulaire, bioactieve dermale
scaffolds met als doel littekenvrij huidherstel te bevorderen.

In Hoofdstuk 1 wordt een algemene inleiding gegeven over de anatomie van de
huid, de verschillen tussen foetaal en, volwassen herstel na brandwonden, en de
huidige therapeutische benaderingen voor brandwondenzorg. Daarnaast wordt de
algemene opzet en het doel van dit proefschrift gepresenteerd.

Hoofdstuk 2 onderzoekt de regeneratieve capaciteiten van twee diermodellen:
de axolotl, een amfibie dat complexe structuren kan herstellen, en Acomys, een
zoogdier dat een zoogdier dat diepe huidwonden volledig en zonder littekens
kan regenereren. Door beschikbare datasets van transcriptomics en proteomics
van huid en blastema’s te vergelijken, identificeerden we ECM-componenten
die sterk tot expressie komen tijdens regeneratie. Deze componenten werden
gecategoriseerd binnen het kern-matrisoom (collagenen, ECM-glycoproteinen,
proteoglycanen) en het matrisoom-geassocieerd raamwerk (ECM-regulatoren,
uitgescheiden factoren en ECM-verwante eiwitten). De bevindingen leverden een
lijst op van veelbelovende pro-regeneratieve ECM-moleculen welke geintegreerd
kunnen worden in toekomstige biomateriaalontwerpen (zoals peroxidasine-
homoloog, tenascine C, laminine), wat een rationele en biologisch onderbouwde
benadering benadrukt.

In Hoofdstuk 3 onderzochten we de regeneratieve rol van HA, dat overvloedig
aanwezig is in foetale huid en bekend staat om zijn vermogen om celmigratie en
matrixhydratatie te ondersteunen. We creéerden poreuze dermale scaffolds op basis
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van collageen type | (Col I) met toevoeging van HA en evalueerden hun biologische
effect in vitro met behulp van primaire menselijke fibroblasten afkomstig van foetale
of volwassen huid, en van escharweefsel, evenals met macrofagen. De toevoeging
van HA bevorderde een pro-regeneratief macrofaagfenotype (gelijkend op M2c) en
moduleerde fibrotische genexpressie, met name in escharfibroblasten, waar expressie
van markers zoals Col10a1 significant afnamen. Deze bevindingen ondersteunen het
gebruik van HA als een veelbelovende therapeutische component in regeneratieve
scaffolds voor de behandeling van ernstige wonden.

De verschillende verhoudingen van Col I/lll tijdens de ontwikkeling van de
menselijke huid, zoals waargenomen in foetale, neonatale en volwassen stadia,
werden nagebootst in scaffolds en bestudeerd in Hoofdstuk 4. Atelocollageen
verrijkt met Col Il werd geisoleerd uit menselijke placenta en geincorporeerd in
fibrillaire Col I-scaffolds. In vitro verminderden deze scaffolds de expressie van de
fibrose-gerelateerde genen ACTA2 en TGFB1 in fibroblasten en ondersteunden ze
polarisatie van macrofagen richting M2a. In vivo verbeterden met Col Ill verrijkte
scaffolds de wondgenezing in vergelijking met onbehandelde wonden door het

bevorderen van vascularisatie, het verminderen van contractie en het sturen van
een meer georganiseerde wondsluiting, effecten die consistent zijn met een minder
fibrotische en meer regeneratieve respons.

In Hoofdstuk 5 evalueerden we het gebruik van OTR4120, een heparansulfaat
variant dat op de markt wordt gebracht als ReGeneraTing Agent (RGTA®),
vanwege het vermogen om wondgenezing te verbeteren, wanneer deze stof
covalent gebonden is aan scaffolds. Deze OTR4120-bevattende scaffolds werden
succesvol gefunctionaliseerd met SHH, een effectormolecuul dat belangrijk is voor
huidmorfogenese. Macrofagen die in vitro aan deze scaffolds werden blootgesteld
produceerden meer IL-10, wat wijst op een verschuiving naar een pro-helende
M2c-achtige respons. In vivo verbeterden OTR4120-bevattende scaffolds de ECM-
remodellering, ondersteunden een meer georganiseerde wondsluiting en zorgden
voor een epidermale dikte die beter overeenkomt met die van de oorspronkelijke
huid, hetgeen wijst op verminderde fibrose en verbeterde genezingsdynamiek.

Tot slot plaatst Hoofdstuk 6 de bevindingen van dit proefschrift in een bredere
context, waarbij toekomstige richtingen voor de ontwikkeling van acellulaire
ECM-gebaseerde scaffolds worden belicht. Er werden strategieén besproken om
huidadnexen te integreren, maar ook de vooruitgang in technieken voor fabricage,
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het gebruik van nieuwe wondgenezingsmodellen voor preklinische testen, en
de belangrijkste uitdagingen met betrekking tot de klinische vertaling en de
regelgeving voor goedkeuring van huidsubstituten kwamen ter sprake.

Al met al presenteert dit proefschrift een op biomaterialen gebaseerde benadering
om littekenvrije wondgenezing te bevorderen, waarbij rationeel geselecteerde
regeneratieve ECM-componenten werden gebruikt om acellulaire dermale scaffolds
te ontwerpen en te vervaardigen. Deze strategieén leggen de basis voor de nieuwe
huidsubstituten van de toekomst met potentieel voor klinische toepassing in de
regeneratieve geneeskunde.
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Resumen

El desarrollo de sustitutos de piel capaces de restaurar completamente la estructura,
funciony cualidades estéticas de la piel humana, especialmente después de lesiones
graves como las quemaduras, sigue siendo un desafio significativo en la medicina
regenerativa. Un hallazgo clave de la biologia regenerativa es que las especies
capaces de curar sin formar cicatrices suelen presentar una composicién distinta
de la matriz extracelular (ECM por sus siglas en inglés) durante la reparacién tisular,
en comparaciéon con las especies no regenerativas. Esta tesis se centra en la ECM no
solo como un andamiaje estructural, sino como un reservorio dindmico de sefales
bioquimicas que guian el comportamiento celular y la regeneracién del tejido. A
través de la incorporacion de componentes de la ECM asociados a la regeneracién,
como el coldgeno tipo Ill (Col 1l1), el hialuronano (HA) y el sonic hedgehog (SHH),
estabilizados mediante el mimético de glicanos OTR4120, una serie de andamios
dérmicos acelulares y bioactivos fueron desarrollados con el objetivo de promover
una regeneracion en la piel libre de cicatrices.

En el Capitulo 1 se presenta una introduccion general a la anatomia de la piel, las
diferencias entre la curaciéon de heridas fetal, adulta y en quemaduras, asi como
las estrategias terapéuticas actuales en el tratamiento de quemaduras. Ademas, se
expone la estructura general y el objetivo de esta tesis.

El Capitulo 2 explora las capacidades regenerativas de dos modelos animales: el
ajolote, un anfibio capaz de regenerar estructuras complejas, y Acomys, un mamifero
que puede regenerar heridas cutaneas de espesor completo sin formar cicatrices. Al
comparar conjuntos de datos transcriptomicos y protedémicos disponibles de piel y
de blastema, identificamos componentes de la ECM altamente expresados durante
la regeneracién. Estos componentes fueron clasificados dentro del matrisoma,
el matrisoma central (coldgenos, glicoproteinas de la ECM, proteoglicanos) y
el marco asociado al matrisoma (reguladores de la ECM, factores secretados y
proteinas asociadas a la ECM). Los resultados generaron una lista de moléculas pro-
regenerativas prometedoras de la ECM para ser incorporadas en futuros disefios
de biomateriales (por ejemplo, homélogo de peroxidasina, tenascina C, laminina,
entre otras), destacando un enfoque racional e informado biolégicamente.

En el Capitulo 3 exploramos el papel regenerativo del HA, abundante en la piel fetal
y conocido por su capacidad para favorecer la migracion celular y la hidratacién
de la matriz. Se disefnaron andamios dérmicos porosos a base de coldgeno tipo |
(Col 1) con incorporacion de HA, y se evalud su efecto bioldgico in vitro utilizando
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fibroblastos humanos primarios derivados de tejidos fetales, adultos y de escara
(costra necrética profunda), asi como macréfagos. La inclusiéon de HA indujo
un fenotipo de macréfago tipo M2c pro-regenerativo y moduld la expresiéon de
genes fibréticos, particularmente en fibroblastos provenientes de escara, donde
marcadores como Col10a1 se vieron significativamente reducidos. Estos resultados
respaldan el uso del HA como un componente terapéutico prometedor en
andamios regenerativos para el tratamiento de heridas graves.

En el Capitulo 4 se estudiaron diferentes proporciones de Col I/Ill en la piel
humana, observadas desde etapas fetales hasta recién nacidos y adultos,
reproduciéndolas en andamios. El atelocolageno enriquecido con Col lll fue aislado
de placenta humana e incorporado en andamios de Col | fibrilar. In vitro, estos
andamios redujeron la expresién de genes relacionados con la fibrosis como ACTA2
y TGFB1 en fibroblastos y promovieron la polarizacion de macréfagos M2a. In vivo,
los andamios con Col Il mejoraron la curacién de heridas en comparacién con
heridas no tratadas, al favorecer la vascularizacién, reducir la contraccién y guiar un
cierre mas organizado de la herida, efectos consistentes con una respuesta menos

fibrética y mas regenerativa.

En el Capitulo 5 se evalué el uso de OTR4120, un mimético de heparan sulfato
comercializado como ReGeneraTing Agent (RGTA®), por su capacidad para mejorar
la cicatrizacion cuando se une covalentemente a andamios. Este andamio que
contiene OTR4120 fue funcionalizado con SHH, una molécula efectora importante
en la morfogénesis cutanea. In vitro, los macréfagos expuestos a estos andamios
secretaron mayores niveles de IL-10, lo que indicando un cambio hacia un
fenotipo M2c pro-regenerativo. In vivo, los andamios con OTR4120 mejoraron la
remodelacion de la ECM, promovieron un cierre mas organizado de la herida y con
un grosor epidérmico mas similar al de la piel original/nativa, lo que sugiere una
menor fibrosis y una mejor dindmica de curacién.

Finalmente, el Capitulo 6 contextualiza los hallazgos de esta tesis dentro de un
marco mas amplio, destacando futuras direcciones para el desarrollo de andamios
acelulares basados en ECM. Se discuten estrategias para la integracion de anexos
cutdneos, avances en técnicas de fabricacion, el uso de modelos emergentes
de curacién de heridas para ensayos preclinicos y los principales retos en la
transferencia clinica y la aprobacion regulatoria de sustitutos de piel.
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En conjunto, esta tesis presenta un enfoque basado en biomateriales utilizando
componentes regenerativos de la ECM seleccionados racionalmente para disefar
andamios dérmicos acelulares que fomenten una curacién de heridas libre de
cicatrices. Estas estrategias establecen las bases para la proxima generacion de
sustitutos de piel con potencial impacto clinico en medicina regenerativa.
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Research Data Management

Ethics and privacy

All experiments were conducted in accordance with the Declaration of Helsinki.
The use of human placenta was approved by the institutional medical ethics
committee (CMO Arnhem/Nijmegen, File 2022-13523), and the study is registered
at clinicaltrials.gov (NCT02438631, PIANO2 version 6). Research involving human
primary fibroblasts was assessed by the Medical Ethics Review Committee and
determined not to fall under the Medical Research Involving Human Subjects
Act. Adult fibroblasts were isolated from skin samples of patients undergoing
elective surgery at the Department of Plastic and Reconstructive Surgery, Red
Cross Hospital (Beverwijk, NL). Eschar samples were collected during debridement
procedures between post-burn days 13 and 19. Fetal fibroblasts were derived
from skin tissue following pregnancy termination (gestational weeks 16-22),
with informed consent obtained at the Center for Contraception, Abortion, and
Sexuality (CASA, Leiden and The Hague, NL). The use of anonymized residual tissue
followed the national ethical opt-out protocol (https://www.coreon.org/, accessed
23 November 2020) and institutional privacy regulations. Experiments involving
blood-derived human cells were approved by the local ethics committee, with data
protection following the Standard Operating Procedures of the Sanquin Blood Bank,
compliant with national and international guidelines. Animal experiments were
performed according to the Institute of Laboratory Animal Research guidelines and
approved by the Radboud University Nijmegen Ethics Committee (DEC 2023-0016;
license AVD10300202317189).

Data collection and storage

For Chapter 2, data generated from pre-existing datasets in literature was
published Open Access (CC BY-NC license) and are available as Supplementary
Information at DOI: 10.1039/d3bm00835e. For Chapters 3-5, raw and processed
data were systematically recorded in laboratory notebooks, and digital platforms
such as LabGuru and iVentionLES (Central Animal Facility). Data were securely
stored on the department server (H:\ drive), with access restricted to authorized
personnel. Data supporting these chapters originated from laboratory-based cell
culture experiments (Chapter 3-5) and animal studies (Chapter 4-5). All processed
datasets and explanatory documentation (e.g., readme files), were archived in the
Data Sharing Collection (DSC)* of the Radboud Data Repository (RDR) with their
respective chapter.
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Data Sharing

Data generated and analyzed for this thesis are shared according to FAIR principles
(Findable, Accessible, Interoperable, and Reusable) within the RDR for long-term
access. Metadata, datasets, and sample processing descriptions are structured
following RDR guidelines to ensure future reusability. After publication in open-
access scientific journals the data will be published with open or restricted access.
Data files are stored in standard formats (e.g., txt, docx, pdf, csv, xlsx, tif, png). The
following table lists the DOIs where the datasets supporting each research chapter
are available on the RDR.

*The table below details where the data and research documentation for each chapter can be found on
the Radboud Data Repository (RDR). All data archived as a Data Sharing Collection remain available for at
least 10 years after termination of the studies.

Chapter DSC DSC access level DSC license

3 10.34973/643p-rq10 Open CC-BY-NC-4.0

4 10.34973/xmss-yd16 Restricted RUMC-RA-DUA-1.0
5 10.34973/5trg-d996 Restricted RUMC-RA-DUA-1.0

DSC = Data Sharing Collection
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