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Summary

Current preclinical models used to evaluate novel therapies for improved healing include both in vitro
and in vivo methods. However, ethical concerns related to the use of animals as well as the poor phys-
iological translation between animal and human skin wound healing designate in vitro models as a
highly relevant and promising platforms for healing investigation. While current in vitro 3D skin models
recapitulate a mature tissue with healing properties, they still represent a simplification of the in vivo
conditions, where for example the inflammatory response originating after wound formation involves
the contribution of immune cells. Macrophages are among the main contributors to the inflammatory
response and regulate its course thanks to their plasticity. Therefore, their implementation into in vitro
skin could greatly increase the physiological relevance of the models. As no full-thickness immunocom-
petent skin model containing macrophages has been reported so far, the parameters necessary for a
successful triple co-culture of fibroblasts, keratinocytes and macrophages were here investigated. At
first, cell source and culture timed but also an implementation strategy for macrophages were deter-
mined. The implementation of macrophages into the skin model focused on the minimization of the
culture time to preserve immune cell viability and phenotype, as the environment has a major influ-
ence on cell polarization and cytokine production. To this end, incorporation of macrophagesin 3D gels
prior to the combination with skin models was selected to better mimic the in vivo environment. Em-
bedded in collagen hydrogels, macrophages displayed a homogeneous cell distribution within the gel,
preserving cell viability, their ability to respond to stimuli and their capability to migrate through the
matrix, which are all needed during the involvement of macrophages in the inflammatory response.
Once established how to introduce macrophages into skin models, different culture media were eval-
uated for their effects on primary fibroblasts, keratinocytes and macrophages, to identify a suitable
medium composition for the culture of immunocompetent skin. The present work confirmed that each
cell type requires a different supplement combination for maintaining functional features and showed
for the first time that media that promote and maintain a mature skin structure have negative effects
on primary macrophages. Skin differentiation media negatively affected macrophages in terms of via-
bility, morphology, ability to respond to pro- and anti-inflammatory stimuli and to migrate through a
collagen gel. The combination of wounded skin equivalents and macrophage-containing gels con-
firmed that culture medium inhibits macrophage participation in the inflammatory response that oc-
curs after wounding. The described macrophage inclusion method for immunocompetent skin creation
is a promising approach for generating more relevant skin models. Further optimization of the co-cul-
ture medium will potentially allow mimicking a physiological inflammatory response, enabling to eval-

uate the effects novel drugs designed for improved healing on improved in vitro models.
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Zusammenfassung

Aktuelle praklinische Modelle zur Bewertung neuartiger Therapien fir eine verbesserte Heilung um-
fassen sowohl in vitro als auch in vivo Methoden. Ethische Bedenken im Zusammenhang mit der Ver-
wendung von Tieren sowie die schlechte physiologische Ubersetzung zwischen tierischer und mensch-
licher Hautwundheilung bezeichnen In-vitro-Modelle jedoch als hochrelevante und vielversprechende
Plattformen fir die Heilungsforschung. Wahrend die aktuellen in vitro 3D-Hautmodelle ein reifes Ge-
webe mit heilenden Eigenschaften rekapitulieren, stellen sie dennoch eine Vereinfachung der in vivo-
Bedingungen dar, bei denen beispielsweise die nach der Wundbildung entstehende Entziindungsreak-
tion den Beitrag von Immunzellen beinhaltet. Makrophagen gehoéren zu den Hauptverursachern der
Entziindungsreaktion und regulieren ihren Verlauf durch ihre Plastizitat. Daher konnte ihre Implemen-
tierung in die in vitro Haut die physiologische Relevanz der Modelle deutlich erhéhen. Da bisher kein
volldickes, immunkompetentes Hautmodell mit Makrophagen berichtet wurde, wurden hier die flr
eine erfolgreiche Dreifach-Cokultur von Fibroblasten, Keratinozyten und Makrophagen notwendigen
Parameter untersucht. Zuerst wurden die Zellquelle und die Kultur zeitlich festgelegt, aber auch eine
Implementierungsstrategie flir Makrophagen festgelegt. Die Implementierung von Makrophagen in
das Hautmodell konzentrierte sich auf die Minimierung der Kultivierungszeit, um die Lebensfahigkeit
und den Phanotyp der Immunzellen zu erhalten, da die Umgebung einen groRen Einfluss auf die Zell-
polarisation und Zytokinproduktion hat. Zu diesem Zweck wurde die Integration von Makrophagen in
3D-Gelen vor der Kombination mit Hautmodellen ausgewahlt, um die in vivo-Umgebung besser nach-
ahmen zu kénnen. Eingebettet in Kollagenhydrogele zeigten Makrophagen eine homogene Zellvertei-
lung im Gel, die die Zelllebensfahigkeit bewahrt, auf Reize reagiert und durch die Matrix wandert, die
alle bei der Beteiligung von Makrophagen an der Entziindungsreaktion bendtigt werden. Nachdem
festgestellt worden war, wie Makrophagen in Hautmodelle eingefiihrt werden kénnen, wurden ver-
schiedene Kulturmedien hinsichtlich ihrer Auswirkungen auf Primarfibroblasten, Keratinozyten und
Makrophagen untersucht, um eine geeignete Medienzusammensetzung fiir die Kultur immunkompe-
tenter Haut zu identifizieren. Die vorliegende Arbeit bestatigte, dass jeder Zelltyp eine andere Supple-
mentkombination zur Aufrechterhaltung der Funktionsmerkmale bendtigt und zeigte erstmals, dass
Medien, die eine reife Hautstruktur fordern und aufrechterhalten, negative Auswirkungen auf die pri-
maren Makrophagen haben. Hautdifferenzierungsmedien wirkten sich negativ auf die Makrophagen
in Bezug auf Lebensfahigkeit, Morphologie, Fahigkeit, auf pro- und antiinflammatorische Reize zu rea-
gieren und durch ein Kollagengel zu wandern aus. Die Kombination aus verwundeten Hautdquivalen-
ten und makrophagenhaltigen Gelen bestatigte, dass das Kulturmedium die Teilnahme der Makro-

phage an der Entziindungsreaktion, die nach der Wunde auftritt, hemmt. Die beschriebene
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Makrophagen-Einschlussmethode zur immunkompetenten Hautbildung ist ein vielversprechender An-
satz zur Generierung relevanterer Hautmodelle. Eine weitere Optimierung des Co-Kulturmediums wird
es moglicherweise ermoglichen, eine physiologische Entziindungsreaktion nachzuahmen und die Aus-
wirkungen neuartiger Medikamente zur verbesserten Heilung auf verbesserte In-vitro-Modelle zu be-

werten.
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1. Introduction

1.1. Skin

1.1.1. Skin structure

Skin is the largest organ of the human body, accounting for 12-15% of the total weight and providing
the first line of defense from the external environment [1,2]. Structurally, skin is composed of three
layers: epidermis, dermis and hypodermis (figure 1). Epidermis is the outer layer, where keratinocytes
at different stages of differentiation organize themselves in a multi-layered architecture. The basal
layer or stratum germinativum is the bottom part of epidermis, laying on a basement membrane that
divides dermis from epidermis, where keratinocytes form a continuum of tight junctions to keep a
stable structure [3]. The anchorage of basal cells to the basement membrane occurs through hemi-
desmosomes, while the lateral connection within cells includes the formation of tight junctions, des-
mosomes and adherens junctions to form a tight structure [1,4]. In the basal layer, keratinocyte pre-
cursor cells are constantly dividing, with the process of differentiation encompassing a continuous
migration of basal keratinocytes towards the skin surface [2—4]. The process involves a change of mor-
phology from a cobblestone, rounded phenotype of dividing cells to a gradually flattened appearance
of non-dividing and anucleated corneocytes [4]. The intermediate layers of epidermis include the spi-
nous layer or stratum spinosum, overlying the basal layer, and the granular layer or stratum granu-
losum, located more externally. Stratum spinosum consists of 4-8 layers of cells [1], which are inter-
connected with disulfide bonds to form a tight structure, which is essential for providing mechanical
strength to the tissue [4]. Cells of the spinous layer have a variety of shapes, structures and subcellular
properties that depend on their location within the layer [2]. Suprabasal cells are smaller in size, poly-
hedral in shape and have a rounded nucleus, while the upper layers present bigger cells that contain
organelles in the cytoplasm called lamellar granules [2]. Those organelles contain a variety of mole-
cules including glycoproteins, lipids and acid hydrolases needed for providing impermeability to the
skin [2,4]. Likewise, stratum granulosum cells contain keratohyaline granules that produce the proteins
loricrin, filaggrin, involucrin and envoplakin, as well as transglutaminases that are required to crosslink
them. The association of all proteins provides structural support of the cell layer and also contributes
to the formation of an impermeable and tight layer that confers to skin its barrier function [1,4]. Within
the different layers, intermediate cytoskeleton filaments namely keratins provide mechanical stability
and integrity to the epithelium [1]. Different keratin genes are expressed in the different layers, with

keratins 5 and 14 specific for the basal layer and keratins 1 and 10 for the intermediate spinous layer



22  Introduction

[4]. The cornified layer or stratum corneum encompasses terminally differentiated cells that are lo-
cated on the outer side of the tissue, where 15-20 layers of flattened dead cells (corneocytes) release
all the molecules present in their granules, thereby providing protection from water, pathogens and
other molecules to the epidermis [1,4]. Desmosomes present to connect cells to each other through
all the epidermal layers are lost in the stratum corneum, causing the outer part of the epidermis to
shed and desquamate [5]. Notably, the processes of desquamation at the terminal layer and the cell
proliferation in the basal layer are balanced, generating a complete renewal of the epidermis approx-

imately every 28 days [6].
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Figure 1. Schematic cross-section of skin with its appendages. Reprinted from [3] with permission from
John Wiley and Sons.

Interposed in between the sub-layers of keratinocytes that represent 95% of the epidermal cell con-
tent, other resident cells are found in the epidermis [2,7]. Melanocytes are specialized cells residing in
the basal layer, occurring approximately in a 1:10 ratio with keratinocytes, and represent 5-10% of the
total number of epidermal cells in adults [1,8]. They are responsible for providing skin its characteristic
pigmentation thanks to the secretion of melanin, which is produced in melanosomes [9]. Merkel cells
are mechanoreceptors that belong to the sensory system, and are responsible for detection of differ-
ent stimuli as pain, temperature and touch by forming a complex with neurites [10]. They are located
in the basal layer of the epidermis, attached to basal keratinocytes with desmosomal junctions and
connected to nerves that reside in the dermis [1,2]. Epidermis is also home to immune cells, which
include dendritic cells (DCs), resident below the dermo-epidermal junction. Langerhans cells (LCs) are
found in all layers of skin, with a higher abundance in the stratum spinosum and granulosum, repre-

senting a total of 2-6% of all epidermal cells [1,2].

Dermis is the middle layer of skin tissue, consisting of a cellular part and an abundant extracellular

matrix (ECM) that is mainly secreted from the resident cells (fibroblasts). In adults, ECM is mostly com-
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posed of collagen types | and Il and elastic fibers, as well as other molecules such as the glycosamino-
glycans hyaluronic acids and chondroitin sulfates [1-3]. The different orientation and composition of
collagen fibers within the matrix allows to distinguish 2 dermal sublayers. The area closer to epidermis
is called papillary dermis, consisting of small and organized collagen fibers [1,11]. Here, a complex net-
work of capillaries is in charge of nourishing the above compartment. The name “papillary” refers to
the shape of the characteristic finger-like projections named papillae, which extend toward the epi-
dermis. In the reticular layer, located more deeply in the tissue, collagen and elastic fibers are denser
and tightly packed to provide the tissue with strength, elasticity and resistance to stress [1]. The retic-
ular layer is thicker than the papillary one, and contains sweat and sebaceous glands, hair follicles, and
blood vessels. Dermis is also home to immune cells, which include tissue-resident macrophages and
mast cells, the latest having the ability to also migrate in the epidermis through the basement mem-

brane [1].

Hypodermis, the deeper layer of skin, connects the tissue to the underlying muscles and bones [11].
Adipocytes represent one third of the adipose tissue, the rest being composed of blood vessels, nerves,
fibroblasts and adipocyte precursor cells [1]. The hypodermis provides thermal insulation to the body
and also represents an energy reserve thanks to its fat-rich composition [5]. Adipocytes exist in two
types, white and brown, with the first ones regulating energy balance and other physiological pro-

cesses, whereas the second ones are involved in heat production and regulation of body weight [1].

1.1.2. Skin functions

As the outermost organ of the body that is in constant contact with the external environment, skin
represents a physical and mechanical barrier to potentially harmful factors such as infections, injuries
and dehydration [11]. Skin functions are strictly associated with its structure and the most important
ones are provided by the epidermal composition and architecture. Keratinocyte tight aggregation in
each epidermal sublayer, together with the presence of a sealing matrix provided by lipids and proteins
secreted in the upper layers, has been defined as a “bricks and mortar” structure [4,12]. The tight and
impermeable epidermal organization provides skin with the protection against a series of external
agents. Acting as a physical barrier, epidermis prevents excessive water loss from the body [13]. In-
deed, loss of water from skin tissue is regulated by sweat glands, which are under the control of the
central nervous system [14]. The epidermis also protects the body from UV radiation thanks to the
presence of melanocytes, as the melanin they produce absorbs the majority of UV-B radiation that
could cause cellular damage [15,16]. As first line of defense against pathogens, skin also provides de-

fense to microbial invasion with different strategies. In addition to representing a physical barrier to
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pathogens penetration, different skin-resident cells both in dermis and epidermis elicit other mecha-
nisms of defense. Skin immunosurveillance is a process occurring constitutively, involving different cell
types in the regulation of tissue homeostasis both in health and disease. In the epidermis, keratino-
cytes secrete short anti-microbial peptides to protect the tissue from pathogen invasion [17,18]. In
case of infection, keratinocytes are also capable of secreting pro-inflammatory cytokines to attract
immune cells [19], therefore participating in the skin immune response. LCs mainly participate in tissue
homeostasis but can also take part in the adaptive immunity of the human body by processing foreign
antigens [19] and activating T cells [20]. DCs have different functions during the immune response,
which are correlated with the existence of different subtypes of DCs possessing diverse origins. Con-
ventional DCs derive from bone marrow precursors and regulate T cell responses [21], while monocyte-
derived DCs (mDCs) differentiate from extravasating blood Ly-6C" monocytes and perform immuno-
surveillance and antigen-presenting functions [22]. A third type of DCs namely plasmacytoid DCs can
be detected only in inflamed skin, contributing to viral infection responses [21] as well as wound repair
[23] and systemic inflammatory responses [24]. In similarity with mDCs, another population of cells
participating in skin immunity is represented by macrophages. The origin of skin-resident macrophages
is not conventionally assessed, and has been reported to derive both from extravasating Ly-6C" mon-
ocytes, as for mDCs, and from precursors originated pre-natally [22,25,26]. Differently from mDCs, the
main role of macrophages is not antigen-presentation during the adaptive response. Their function is
strictly correlated to the different subtypes of macrophages that exist, all originating from a naive phe-
notype that differentiates in the various subsets depending on the environmental cues [27]. Macro-
phages are involved both in the promotion and resolution of inflammation, existing both in a pro-
inflammatory, classically activated or M1 phenotype and an anti-inflammatory, alternatively activated
or M2, state [27-29]. The polarization to different subtypes depending on the stimuli is namely plas-
ticity, and allows macrophages to change their phenotype depending on the environment as well as
switching from one type to the other [27,29]. Mast cells are involved in allergic reactions [30] and also
participate in infection responses, promoting the migration of other immune cells through the degra-
dation of the ECM and the secretion of enzymes and cytokines that attract immune effectors [19,31].
T cells also participate in homeostasis by continuously migrating between skin lymph-nodes and pe-
ripheral tissue [19], however their number is highly increased during inflammation and infection, when
they manage the recruitment of other immune cells [32]. Additionally, also sweat glands participate in

the defense against pathogens, as the sweat they secrete also contains the antibiotic dermicidin [11].
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1.2. Skin wound healing

1.2.1. Normal wound healing

When skin integrity is interrupted, the tissue has a remarkable ability to repair the injured area. Wound
healing is a complex and multifactorial process that aims at restoring the structure and function of the
tissue. It consists of 4 continuous and overlapping phases namely hemostasis, inflammation, prolifer-
ation and remodeling [7,33]. Hemostasis occurs within minutes after injury and involves the aggrega-
tion of platelets and plasma proteins to form a clot, which acts as a provisional matrix to prevent ex-
cessive blood loss from the tissue [7]. The signals that trigger the aggregation derive from both injured
skin cells that release clotting factors and by the activation of thrombocytes occurring after contact
with collagen [34]. Blood clots consist of fibrin, fibronectin, vitronectin and thrombospondins, which
provide a temporary scaffold supporting cell migration and adhesion [33,35]. Hemostasis has a dura-
tion of hours and triggers the subsequent inflammatory phase [7,33,35]. Inflammation occurs 1 to
5 days after injury [7], and involves the participation of diverse cell types that trigger a complex signal-
ing system. After aggregation, platelets that have been activated degranulate, releasing growth factors
and chemokines that attract innate immune cells to the wound area [33,34]. Platelets together with
the recruited leukocytes in turn secrete molecules that promote inflammation (interleukin (IL)-1, tu-
mor necrosis factor a (TNF-a), IL-6), collagen synthesis (fibroblasts growth factor 2 (FGF-2), insulin-like
growth factor 1 (IGF-1), transforming growth factor B (TGF-B)), fibroblast-to-myofibroblast differenti-
ation (TGF-B), angiogenesis (vascular endothelial growth factor (VEGF), FGF-2, hypoxia-inducible factor
1 (HIF-1), TGF-B) and re-epithelialization (epidermal growth factor (EGF), FGF-2, IGF-1, TGF-B) [33,36].
Injured skin cells also participate in the recruitment of effector cells by releasing pro-inflammatory
mediators after damage. For example, skin-resident immune cells, normally contributing to immuno-
surveillance, have the ability to recognize specific patterns present on dying cells or foreign invading
organisms called danger-associated molecular patterns or pathogen-associated molecular patterns
[34,37,38]. At the beginning of the inflammatory phase, also called early phase, neutrophils represent
the most abundant cell type in the wound area, acting as first effectors of inflammation [33]. Following
the clearance of foreign particles and organisms, neutrophils are removed from the wound area
through incorporation into the eschar, which consists of dead tissue removed from the skin, or through
phagocytosis by macrophages [28]. In the late inflammatory phase, monocytes represent the most
abundant cell type in the wound area, guiding the inflammatory process from about 3 to 5 days after
injury [28,33]. The recruitment of monocytes is triggered by the cytokines released in the wound area,
that causes the extravasation of bone marrow-derived monocytes along the chemical gradient [39].

When in contact with the wound area milieu, monocytes undergo differentiation into macrophages,
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which then participate and regulate the healing response [28]. As recruitment occurs during the in-
flammatory phase, the presence of pro-inflammatory cytokines in the environment induces the classi-
cal activation of monocytes, which leads to the generation of pro-inflammatory M1 macrophages ap-
proximately 2 days after wound formation [28]. Macrophages are responsible for removing microbes
and foreign organisms from the area, both via phagocytosis and through secretion of molecules that
activate defensive antimicrobial mechanisms, including TNF-a, nitric oxide and IL-1 [40]. The resolution
of the inflammatory phase occurs when M1 macrophages undergo apoptosis or switch to the anti-
inflammatory M2 phenotype, which are involved in the secretion of anti-inflammatory signals that
promote tissue repair and regeneration [28,34,40]. The resolution of inflammation overlaps with the
beginning of the proliferative phase, occurring between day 3 and day 10 after wound formation [33].
The proliferative phase, also called granulation phase, involves the replenishment of the wounded area
via proliferation of the tissue-resident cells [28,33]. Different processes take place during granulation,
including cellular proliferation and migration, wound contraction and angiogenesis [7,28]. Depending
on the kind of injury, the completion of the proliferative process requires different time frames, as a
partial thickness wound involving only the epidermis has a different impact on tissue integrity when
compared to a full thickness wound involving also dermis and possibly hypodermis. From the wound
edges, keratinocytes migrate to cover the wounded area and restore the stratified structure necessary
for the skin barrier function, and at the same time fibroblasts are attracted to the wound bed to re-
plenish the dermis [33]. The chemotactic stimuli for these migratory processes are growth factors and
cytokines released from the injured cells located at the wound edge and from recruited platelets, neu-
trophils and macrophages [41], involving a myriad of different molecules such as bFGF, EGF, keratino-
cyte growth factor (KGF), IGF-1, nerve growth factor (NGF), platelet-derived growth factor (PDGF) and
TGF-B [7,33,36,41]. In normal skin, each keratinocyte is tightly bound to the adjacent cells, triggering
contact inhibition of signals involved in the regulation of membrane permeability. After wounding, the
mechanical detachment of cells interrupts cell-to-cell contact inhibition, leading to the re-activation of
the signals regulating membrane permeability [33]. The loosening of hemidesmosomes and desmo-
somes located between adjacent keratinocytes triggers membrane-associated kinases that increase
the permeability of surrounding cells to ions such as calcium [33]. Activated keratinocytes competi-
tively migrate along the fibrin matrix following a chemical gradient of cytokines [42,43] in a process
called “keratinocyte shuffling” [44] and this migratory process is continued until the wound area is
completely closed and migrating cells come into contact again. At the same time, also the surrounding
fibroblasts migrate along the fibrin network following the chemokine gradient. Under the stimulation
of cytokines as IFN-y and TGF-B, fibroblasts increase the secretion of collagen and other molecules
needed to restore the dermal matrix [33]. The process of replenishing the wound area is due to both

proliferation of fibroblasts and increased secretion of collagen, and the balance between the two is
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fundamental to promote a normal healing process [45]. Collagen secretion starts 3 days after injury
and continues for approximately 3 weeks [41]. During the proliferative phase, it is fundamental for all
cells involved to receive enough supplements for proliferation and migration. As full thickness wounds
cause damage to blood vessels, the blood supply to the affected tissue area needs to be restored.
Angiogenesis occurs at a high rate during proliferation, and begins with capillary sprouting following
chemical gradients of growth factors such as VEGF present in the wound area, mainly released from
keratinocytes and macrophages [36,46,47]. The binding of growth factors to surrounding endothelial
cells activates a cascade of pathways that results in the ability of cells to secrete enzymes for dissolving
the basal lamina and the surrounding tissue, resulting in their ability to migrate into the wound [33].
Through this process, the activated endothelial cells are able to sprout into the wound area and restore
the blood supply to the injured tissue. The initial sprout formation in turn triggers the recruitment of
pericytes and smooth muscle cells, which stabilize the structure and allow its differentiation into ar-
teries and venules [33]. In the time frame between the proliferative phase and the last phase of wound
healing, the transitional tissue present in the injured area acquires a characteristic composition and
appearance. The high cell density including fibroblasts, macrophages and granulocytes, together with
the presence of capillaries and newly synthetized collagen filaments is identified as granulation tissue
[33]. Granulation tissue is detected until the number of fibroblasts is reduced, which occurs through
the differentiation of cells to a myofibroblast phenotype through TGF-B stimulation, and consecutive
apoptosis [48]. As myofibroblasts are highly contractile cells, their abundance in the wound area causes
contraction of the wound to help the edges to get in proximity, which lasts until the tissue is repaired
[48,49]. Remodeling is the last phase of wound healing, beginning around 21 days after injury and
lasting up to 1-2 years, depending on the kind and extent of injury [7,33]. Since the dermal matrix
secreted by fibroblasts during the proliferative phase is only provisional, remodeling is fundamental to
provide a more organized and stable structure to the healed skin. As cellular components undergo
apoptosis at the end of the proliferative phase, remodeling is characterized by the absence of cellular
elements [7,50]. Because cellular components diminish, also the newly formed vasculature regresses
due to the scarce nutrient demand, and the scar redness fades [28]. The main event during remodeling
is the replacement of collagen Il with collagen I, occurring through the production of matrix metallo-
proteinases (MMPs) by myofibroblasts and results in a more oriented structure that offers higher ten-

sile strength [7].
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1.2.2. Nonhealing wounds

Healing is a complex process engaging many cell types having diverse functions, and involves the co-
ordination of numerous processes to promote the restoration of tissue function. As all events that
occur during the different healing phases require a precise sequence of actions, there are many ways
for the healing process to go wrong. Impaired healing occurs at different degrees, and in the worst-
case scenario results in the occurrence of chronic wounds. The incidence of nonhealing wound is poorly
defined, as no standard definition of “chronic wound” exists [51], however lack of healing within 4-6
weeks is normally a sign of chronic wound occurrence [35,41]. As the majority of nonhealing wounds
is correlated with conditions more common in older individuals [51-53], the current social state that
outlines an increasingly aging society all over the world [54] suggests a progressive increase of the
clinical occurrence of nonhealing wounds in the future [55]. Single events or a combination of factors
might lead to the development of nonhealing wounds, including both systemic and local elements [7].
Systemic factors comprise age [52,53], nutrition state and concurrence of other conditions such as
diabetes mellitus or vascular insufficiency, but also local elements such as pressure or friction of the
wound area as well as the number of performed surgeries may affect healing progression [7,51,56].
Despite differences in etiology at the molecular level [35], some common features shared by chronic
wounds include a constant inflammatory state, infection and biofilm formation, as well as the inability
of the tissue to respond to the repair mechanisms, with wounds remaining stalled into the inflamma-
tory phase (figure 2) [35]. In chronic wounds, fibroblasts are less responsive to PDGF and TGF-B [57,58],
and resident cells proliferate less and have a morphology resembling senescent cells [51,57]. A con-
stant influx of immune cells is encouraged by the continuous presence of pro-inflammatory cytokines,
proteases and reactive oxygen species in the wound area, in turn leading to the continuous destruction
of the newly synthetized ECM [35]. Simultaneously, pro-inflammatory cytokines affect the macro-
phages present in the area, maintaining their polarization state in a constant pro-inflammatory phe-
notype. As a result, neutrophils are not cleared from the area [59], and macrophages are unable to
switch their phenotype to an anti-inflammatory state, which is essential for the promotion of tissue
repair and for restoring tissue homeostasis [40,51]. Despite the high occurrence rates of chronic
wounds in the clinics [35,51], many questions on the underlying mechanisms remain unsolved [33],

which ultimately translates into a lack of effective therapies [56].
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Figure 2. Schematic visualization of the cellular and molecular mechanisms occurring in nonhealing
wounds. Adapted from [56] and reprinted with permission from The American Association for the Ad-
vancement of Science.

1.2.3. Current treatments

The current methods employed in the clinics for the treatment of nonhealing wounds are various, as
there is no standardized procedure for categorizing and treating the defects. Clinical classification and
investigation of nonhealing wounds is highly dependent on clinicians, whose knowledge influences the
choice of the treatment [51,56]. Therapies in use include the application of negative pressure, electri-
cal stimulation, ultrasound, compression, hyperbaric oxygen, corticosteroids, cryotherapy, silicone gel
sheeting, laser, cell-based therapies, application of wound dressings and local treatment with growth
factors such as VEGF or PDGF [7,51,56]. However, in most of the cases, chronic wounds do not respond
to the treatment, even when a combination of therapeutic approaches is employed [56]. The lack of
tissue response reflects the scarcity of knowledge on the mechanisms involved in impaired healing,
with therapies that do not take into account the coexistence of other pathologies and the possibility
of a multifactorial failure in the healing process [56]. The exploration of novel, more functional thera-
pies is therefore crucial for the effective treatment of chronic wounds, however the current preclinical
platforms for assessing the efficacy of newly developed approaches are poorly mimicking the clinical

settings [56].



30 Introduction

1.3. Current skin wound models

The first in vitro skin equivalent was reported in 1981 by Bell et al. [60], and since then several 3D skin
models have been described in literature, serving different applications as reviewed by Groeber et al.
[61]. While some skin models have been validated for the in vitro evaluation of corrosion and irritation
[61], currently no standardized skin wound model has been established, resulting in the existence of

different platforms where healing is preclinically evaluated.

1.3.1. In vivo models

Wound healing research has for a long time relied on animal models, as a complex biologic environ-
ment is required to evaluate the factors participating in such an elaborated process. Tissue repair pro-
cesses are highly conserved mechanisms common to all multicellular organisms, therefore the use of
experimentally tractable models intends to favorably translate to human clinical applications [56]. The
choice of animal models depends on diverse factors, including costs, ease of handling, availability and
physiological similarities to humans [56]. Mice represent the main model for wound healing investiga-
tion, as they are economical, easy to handle and relatively simple to manipulate genetically [56]. The
application of mice in wound healing research has allowed the investigation of incisional and excisional
wounds, diabetic wounds, scar formation and burn wounds, however it presented a limited advance-
ment in understanding human wound healing [62]. The poor translation of mice skin research to hu-
mans relates to the differences in anatomical and physiological characteristics between the two. In-
deed, mice wounds close primarily by contraction [41], which led to the development of a standardized
methodology that prevents this process by incorporating a splint around the wound [63]. Even though
this method limits the contraction of the wound, it does not guarantee that healing occurs by re-epi-
thelialization and then contraction, as it occurs in human skin. Therefore, a careful interpretation of
such studies is required. In addition to the different healing mechanisms, also the structure of skin
tissue itself presents differences, with mice skin having more hair and being thinner when compared
to the human one [41,64]. Another difference between mice and human skin relates to the immune
cell populations that reside in the tissue. Human epidermis is prevalently populated by LCs and T cells,
while in mice a special population of T cells that is not present in humans is the predominant immune
epidermal cell population [64], translating in the poor reflection of human disease in murine models
[65].

Large animal models such as pigs have a closer similarity to humans with regard to skin anatomy and
physiology [62]. Pigs have a relatively thick epidermis, a similar dermal composition and structure, a
comparable distribution of immunohistochemical skin markers and hairs being more similar to

humans than the rodent’s fur [62]. Furthermore, the size of pigs is more comparable to humans and
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thus allows for bigger wound implementation compared to rodents [41]. Porcine models have been
employed for the investigation of chronic, diabetic and burn wounds as well as hypertrophic scar for-
mation, also enabling the evaluation of various substances and procedures aiming at wound healing
improvement [62]. The downside of the porcine model is however, besides ethical concerns, the bigger
size and a longer lifespan that translates in high maintenance costs, more difficult surgical procedures

and housing concerns [51].

1.3.2. In vitro models

The ethical concerns related to the use of animals for research purposes has led to an increased inter-
est in in vitro models for studying skin wound healing. A number of in vitro assays and methods to
investigate the molecular mechanisms involved in healing and for assessing novel treatments for im-
proved healing have been developed [66,67]. As the lack of cell migration is a limiting event in wound
closure, healing assessment has been extensively analyzed through the evaluation of the migration
ability of skin cells [66,67]. The most classical wound healing assays consist of removing parts of a
confluent cell monolayer to mimic the injury that occurs during wounding, which is then followed by
microscopic documentation of cell migration into the gap and quantification of wound closure [68].
Two-dimensional (2D) healing assays provide the analysis of cell migration after implementation of
different etiologies of wounds [66]. Of these, mechanical wounding with sharp objects is the most
common, known as scratch wound assay [69]. As an alternative, wounds can be created by stamping,
causing the destruction of the cell monolayer by applying pressure [66]. To replicate the thermo-me-
chanical damage found in some kinds of wounds, electrical wounding and thermal wounding have
been developed. Electrical wounding involves the culture of cells on top of an electrode, and following
application of an elevated current pulse, cells undergo electroporation and death [70,71]. Thermal
wounds are generated by applying high temperatures on the cell monolayer causing its disruption, and
can be highly reproducible when optical wounding methods as lasers are used [66]. Using time lapse
microscopy to monitor cell migration into the wounded area, those methods allow to monitor and
quantify the wound closure rate over time in an easy and intuitive manner. Furthermore, supplemen-
tation of drugs to the culture medium allows to study the effects of different compounds on cell mi-
gration in a simple setting, identifying promising candidates for improved migration of cells during
wound healing [67]. The use of in vitro three-dimensional (3D) skin models for wound healing research
represents a higher level of complexity, and reflects an increasing research focus since the first skin
model was established in 1981 by Bell et al. [60]. Up to the present, several 3D skin models have been
described in literature, with a variety of applications and culture protocols [31]. The in vitro generation
of skin models firstly consists of seeding fibroblasts in a scaffold, using special hanging inserts as

Transwell®, Snapwell™ or CellCrown™ systems as culture vessels. The scaffolds used for culture include
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components with different origins, from biologically derived materials like collagen or decellularized
sections of organs, to synthetic materials such as electrospun polycaprolactone or polylactic-co-gly-
colic acid [72]. Despite a number of materials and fabrication methods have been described to serve
as scaffolds for skin culture [72], the use of collagen still represents the most popular material for skin
tissue engineering due to its abundance in in vivo ECM [73]. The main advantage of using a biological
material as collagen is the presence of cell-binding specific motifs that enhance cell attachment and
spreading in the matrix. However, biological materials are mainly of animal origin, introducing cross-
species variables. Additionally, the mechanical stability of, for example, collagen hydrogels is rather
low. Synthetic materials, on the other hand, can provide great mechanical stability with the drawback
of lacking the natural signals that promote cell adhesion and survival [31,61]. Once fibroblasts have
spread in the scaffold and started to secrete their own matrix, keratinocytes are seeded on top of the
gel and cultured until a confluent layer has formed. Thereafter, skin equivalents are maintained with
air-lift culture, a technique that mimics the in vivo situation, where nutrients are provided to the model
from the bottom of the dermis, through the cell culture insert membrane, while the epidermis is left
exposed to air (figure 3). Alternative terminologies for this specific culture technique are air-liquid in-
terface or air-liquid interphase. Skin equivalents can be generated by employing either cell lines or
primary cells, with the latter one normally being isolated from donor skin samples [31]. While both
approaches have demonstrated the ability to form of a mature epidermal structure, only few cell lines
have been shown to achieve a fully differentiated epidermis so far [61,74,75].
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Figure 3. Schematic illustration of the different steps conventionally used to culture in vitro skin equiv-
alents. Initially, fibroblasts are embedded in a collagen hydrogel and cultured for 7 days to generate a
dermal compartment. Then, keratinocytes are seeded on top of the gel and cultured in submerged
conditions for 5 days, to promote the formation of a confluent layer of cells on the surface. Afterwards,
the cultures are exposed to air-lift culture for 14 days to promote the formation of a mature epidermis.

Regarding the application of such models to wound healing investigation, both epidermal and dermo-
epidermal models, also referred to as full thickness skin models (FTSMs), have been employed for eval-
uating wound closure rates, with a prevalent use of FTSMs. Different kinds of wounds have been im-
plemented in such in vitro models. Incisional wounds have been created by the use of scalpel

blades [76—78] or skin meshers [76] and were reported to reproduce the dynamic healing response as
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it occurs in vivo [76,77], providing evidence that fibroblasts participate and facilitate wound closure
[78]. Excisional wounds have been implemented in skin models mainly employing biopsy punches of
different diameters [79-82], obtaining full thickness wounds that affect both dermis and epidermis.
To limit the introduction of human error and reducing sample manipulation during the wounding pro-
cess, a fully automated wounding device has also been described, which aims at generating more re-
producible wounds [83]. The implementation of excisional full thickness wound has been used for the
evaluation of the re-epithelialization process [79,81], as well as for the investigation of novel wound
healing therapies by injecting materials into the wound area [80] or by applying substances topically
on top of the injured skin [82]. A different kind of wound etiology has been reproduced in vitro by
creating cold or burn wounds. For this, a metal bar is placed in liquid nitrogen or in an oven for cooling
or heating, and then is applied on the tissue for a specified amount of time [75,78,82,84]. The applica-
tion of cold and burn wounds to skin equivalents also predominantly aims at studying re-epithelializa-
tion [78] or evaluating novel therapies for wound treatment [82,84]. A method used to implement
thermal wounds under more reproducible settings is represented by the use of lasers. Different kinds
of lasers have been exploited, allowing the creation of both full thickness [82,85] or partial-thickness

wounds, with the latter one affecting only the epidermal layer [86].

To preserve the complex structure of skin and simulate a wound healing environment more similar to
the in vivo one, human ex vivo models have also been used [87]. Explanted portions of skin tissue
normally obtained from reduction surgeries can be maintained in culture for short periods of time,
allowing the implementation of wounds on a more complex environment where paracrine signaling

between different cell types is preserved [88].

1.3.3. Limitations of current skin wound models and
future directions

Gaining more insight into the mechanisms that regulate the process of wound healing and identifying
novel treatments for improving care of nonhealing wounds have been pushing forward the develop-
ment of in vivo, in vitro and ex vivo models. The use of animals for preclinical research has represented
for decades the standard method, contributing to a major advancement in human biology understand-
ing [89]. However, the emerging of alternative methods has initiated a debate on the use of animals
for research purposes. The 3Rs principle was introduced for the first time in 1959, describing the need
for a more responsible and ethical use of animals for research purposes [90]. The 3Rs stand for Re-
placement, Reduction and Refinement, inviting the scientific community to use alternative methods
to animal experimentation, when possible, and if not, to employ fewer animals and minimize the stress

and pain inflicted. A successful step towards the reduction of animal use was obtained in 2009 in the



34 Introduction

European Union (EU), with the issue of a ban forbidding the use of animals for testing finished cosmet-
ics products [91]. In 2010, the EU released another document to guarantee the protection of animals
used for scientific purposes [92]. In parallel to the ethical concerns that have been increasingly under-
lining the need for more conscious methods to perform research, animal models also present other
downsides, as previously described. While a specific model might mimic one desired aspect of the
human condition and allow a comprehensive understanding, there is no animal model completely
matching the human physiology [89]. The presence of concurrent clinical conditions normally detected
in humans is another non-reproducible aspect in animal models [89]. This represents a big shortcoming
for wound healing research, as defective healing is primarily observed in patients with a complicated
clinical picture, with concurrent pathological conditions that might influence wound healing [41]. The
data obtained from animal experiments also carries translational concerns, as the anatomical and

physiological analogies may not be enough to draw valid conclusions at a preclinical level [89].

The use of ex vivo skin has enabled to evaluate wound healing in human-derived tissue, which pos-
sesses all the native structures of human skin, including an intact basement membrane [88]. However,
limited availability of skin explants represents a shortcoming in the use of ex vivo skin, which together

with the lack of immune cells and blood supply restrict their use to very limited applications [88].

Since the establishment of the 3Rs principles [93] and the ban on animal testing [91], the development
and use of alternative in vitro platforms has greatly increased. Preclinical screening of novel substances
for improved healing can be assessed with 2D assays as well as with more complex 3D skin wound
models. Despite 2D assays represent fast and cost-efficient methods to evaluate the migration ability
of skin cells, they do not take into account cell-cell crosstalk or the presence of a native 3D cellular
environment. Indeed, it is well known that 2D cultures fail to represent the complex in vivo conditions
[94], which is particularly relevant when investigating wound healing, as this is a result of several pro-
cesses involving different cell types and phases [94]. The implementation of a more physiologically
relevant environment is provided by the use of in vitro 3D models. Wound healing is a combination of
different events that overlap, and 3D epidermal wound models aim at recapitulating the re-epitheliali-
zation occurring after injury, which is one of the key elements of wound closure. Epidermal models are
intuitive, as they allow a simple evaluation of wound closure by imaging techniques. However, as re-
epithelialization only represents one of the events occurring during healing, they only provide a partial
picture of how healing is progressing. Furthermore, the crosstalk between fibroblasts and keratino-
cytes can affect re-epithelialization [95,96], as both cell types release cytokines that for example at-
tract immune cells to regulate the inflammatory response [96]. FTSMs represent more closely what
happens in vivo, as they encompass a dermal compartment with fibroblasts and a fully differentiated
epidermis on top, preserving the paracrine signaling between cells. 3D in vitro skin models depict one

of the most advanced and promising tool to evaluate novel wound healing therapies, as their similarity
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with human skin have already granted the acceptance of FTSMs as validated platforms to evaluate
irritation, corrosion and sensitization of chemicals, as well as for assessing UV exposure [97], bacterial
adhesion [98] and penetration/permeability studies [99]. However, to date no in vitro wound healing
system has been validated by the Organization for Economic Co-operation and Development. The ap-
plication of FTSMs to wound healing investigation has succeeded in reproducing the healing process
in vitro, demonstrating the contribution of both fibroblasts and keratinocytes to healing [78], allowing
the detection of pro-inflammatory cytokines secreted after wounding [75,76,81,85] and tracking re-
epithelialization with end-point analyses [75,77,79-81,86,87]. Furthermore, wounded FTSMs demon-
strated to be suitable platforms to evaluate the effects of novel therapies aiming at enhancing wound
healing [82,84]. However, a limitation to the advancement of skin models as validated preclinical plat-
forms for wound healing investigation is the heterogeneity of culture conditions, representing a hurdle
for skin models reproducibility and consequently for the creation of a standardized model. The in vitro
3D skin wound models described so far are characterized by variable implementation methods, choice
of immune cell source, as well as heterogeneous culture parameters and wounding techniques. Pri-
mary cells or cell lines have been used, as well as biologically derived or synthetic scaffolds, different
culture times and a wide range of media employed for generating in vitro skin [31]. Even though efforts
have been made towards the standardization of the methods in use [83,100], the lack of common
guidelines precludes the classification of 3D skin wound models as validated platforms for evaluating
novel drugs and materials developed for improved healing. There is the need for more common pro-
cedures, allowing more reproducible models and more comparable results between groups, to achieve
a broader use of in vitro skin models for wound healing assessment. In vitro FTSMs also represent a
valuable tool to investigate skin pathophysiology. The in vitro mimicking of impaired conditions has
been described by using biopsies of diseased patients as cell source, and skin models recapitulating
certain aspects of chronic wounds [101] and hypertrophic scars [102] were generated. Engineered cell
lines mimicking nonhealing wound conditions have been also reported [103], paving the way for in
vitro investigation of diseased conditions without the need of patient-derived material. Similarly, the
in vitro replication of skin cancer has been achieved by employing carcinoma cell lines, which have
succeeded in recreating the altered conditions occurring in vivo, unraveling some of the mechanisms
involved in tumor invasion [104-106]. However, in particular when evaluating wound healing disor-
ders, the co-culture of fibroblasts and keratinocytes only reproduces a fraction of the conditions coex-
isting in chronic wounds. Even though two cell types have shown to support the formation of a fully
mature tissue model and maintain the cross-talk occurring during healing, the preclinical evaluation of

novel therapies would acquire higher impact and significance with an improved physiological setup.
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The lack of the accessory structures such as vasculature or an immune system limits skin models use
for investigating more complex processes [31]. Advanced physiologically relevant models should in-
clude more appendices to the in vitro structure. However, the more variables are introduced the less
control over the parameters can be achieved. Depending on the application and on the process under
investigation, diverse appendages have been implemented into skin models. The incorporation of mel-
anocytes allowed to investigate skin response to UV radiation [100] and melanoma progression [107].
Successful implementation of LCs was also described [108], enabling to elucidate the mechanisms of
LCs recruitment into the epidermis [109] and providing an advanced platform to evaluate skin sensiti-
zation into immunocompetent models [110]. Co-culture of both LCs and DCs within skin equivalents
provided an insight into immune cells role in UV radiation [111], while DCs incorporation generated
immunocompetent skin responsive to sensitizer application [112]. Co-culture of T cells in skin equiva-
lents revealed a protective role of fibroblasts upon fungal infection [113], while incorporation of en-
dothelial cells resulted in the generation of a vascularized skin equivalent [114]. When wound healing
is under investigation, of all cellular components involved in the process macrophages represent the
one cell type persisting in the wound area during all phases. Either skin-resident or recruited from
blood circulating precursors, their contribution to healing is crucial and a dysregulation of their func-
tion results in unsuccessful resolution of inflammation. Therefore, the incorporation of macrophages
is the most influential and relevant for investigation of novel healing therapies. During wound healing,
macrophages acquire a diverse set of phenotypes, each contributing to the process with different func-
tions. The dualistic roles and functions of macrophages represent a challenge when aiming at imple-
menting them into 3D skin models. An effort to include macrophages into in vitro skin cultures has
been described by Linde et al. [106] and Bechetoille et al. [115]. In both reports, the immune cells were
included in the dermis as a co-culture with fibroblasts and then stimulated with lipopolysaccharide
(LPS) [115] or first seeded with a tumoral epidermis and then stimulated with IL-4 [106]. Although the
models demonstrated the survival of cells until 1 week [115] and 3 weeks [106] after seeding, the lack
of epidermis [115] or the presence of a diseased epidermis [106] limits the relevance of the models.
Indeed, skin response to injury is the result of synergistic signaling between dermis and epidermis
[116—-118], thus the lack of one of the components [115] or the presence of a tumor [106] affect the
signals triggered by skin tissue. RAW.264.7 macrophages were also co-cultured with skin by seeding
immune cells on the bottom of a well and placing mature skin equivalents in Transwell® inserts on top
[119]. While this system allowed to investigate the cross-talk between immune cells and tissue, the
composite 2D-3D environment does not reflect the signaling that occurs in vivo, and in addition a com-
bination of primary cells and a cell line was employed. Indeed, it is well known that primary cells are
physiologically more relevant compared to cell lines, exhibiting a faster and more intense response to

infection [120]. The high sensitivity that macrophages have towards the surrounding environment
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translates in the challenge of creating and maintaining in vitro culture conditions that allow the physi-
ological cross-talk between cells and the preservation of the desired differentiated phenotype [31]. It
is fundamental to precisely regulate the microenvironment where immune cells are introduced, as
even small variations may affect cell fate and behavior. The identification of suitable conditions for
immunocompetent skin culture is at the base of the successful incorporation of functional cells into
skin wound models, having as final goal the evaluation of healing in a physiologically relevant preclin-
ical setting. This extends to the identification of a suitable inclusion strategy preserving immune cell
viability and to the selection of the appropriate culture conditions to grant both skin tissue maturation
and the support of the physiological immune response of macrophages. The incorporation of macro-
phages into immunocompetent skin models would greatly enhance the relevance of wound healing
investigation. The successful generation of a triple co-culture could potentially provide improved skin
equivalents required to assess novel therapies for impaired healing, increasing the impact that preclin-

ical models have in the transition from the bench to the bedside.
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2. Aim of the thesis

The need for more relevant preclinical models to investigate the effects of novel wound healing ther-
apies is prompting the development of advanced 3D in vitro models. To date, no in vitro skin model
combines the incorporation of immune cells with wound implementation. The aim of this study was to
identify the suitable conditions for the implementation of macrophages into 3D skin wound

models.

To achieve this, first a suitable cell source, scaffold, medium and culture time to generate in vitro skin
models with a structure comparable to human skin were identified. The development of fully differen-
tiated skin equivalents focused on limiting the contraction of the model for improved
reproducibility.

Preserving the main focus on generating a reproducible process, the implementation of full thickness
wounds in the 3D skin models was then investigated. While evaluating different wounding techniques,
diverse healing assessment methods were explored, to determine the most relevant for in vitro drug
evaluation. The healing process analysis was applied to the identification of a suitable drug carrier
system for in situ drug delivery. Fibrin was selected and evaluated for its effects on wound closure and

the inflammatory response.

To achieve the culture of functional immunocompetent models, first a strategy to implement macro-
phages into skin equivalents was identified. Cell isolation and culture parameters were then set, with
the aim of obtaining primary human macrophages capable to polarize to pro- and anti-inflammatory
phenotypes in vitro. Cell functionality was assessed both in 2D and 3D cultures, as the identified im-
plementation method included macrophage embedding in 3D collagen hydrogels. As immunocompe-
tent skin models consist of a complex, triple co-culture, a special focus on the identification of a suita-
ble culture medium promoting both skin maturation and immune cell functionality was set.
Combination of macrophages and wounded skin equivalents was ultimately investigated, assessing the

immune response occurring after wound formation in presence of the immune cells.
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3. Materials

3.1. Chemical and reagents

Chemical/solution Supplier Catalog no
Accutase® Sigma-Aldrich A6964
Acetic acid Sigma-Aldrich 695092
L-ascorbic acid-2-phosphate sesquimagnesium salt hy-  Sigma-Aldrich A8960
drate
Bovine serum albumin (BSA) Sigma-Aldrich 9048-46-8
Calcein AM Sigma-Aldrich 17783
Calcium chloride dihydrate (CaCl;*2 H,0) Merck 10035-04-8
Calcium pantethonate European Pharmacopoeia  C0400000
Reference Standard
L-Carnitine Sigma-Aldrich C0283
Casyton OLS OMNI Life Science 5651808
CellTiter 96® AQueous One Solution Cell Proliferation Promega G3582
Assay (MTS)
Chondroitin sulphate A sodium salt Sigma-Aldrich 9082-07-9
Citric acid monohydrate Sigma-Aldrich C7129
Collagen solution from bovine skin Sigma-Aldrich C4243
Collagen solution from rat tail Sigma-Aldrich C3867
Wiirzburg University
3,3'-Diaminobenzidine (DAB) + substrate chromogen Dako K3468
system
Digitonin Sigma-Aldrich D5628
Dimethyl sulfoxide (DMSO) Sigma-Aldrich 67-68-5
ELISA stop solution for TMB Abcam Ab171529
Eosin in alcoholic solution Sigma-Aldrich HT1101132
Ethanol (EtOH) Sigma-Aldrich 64-17-5
Fluka
Ethidium homodimer Sigma-Aldrich 46043
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)  Sigma-Aldrich 25952-53-8
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Ethylenediaminetetraacetic acid (EDTA)

Fetal bovine serum (FBS)

FibriCol® purified bovine collagen solution 10 mg/mL
Fibrinogen from human plasma

Fibronectin

Formalin, buffered solution 10%

Keratinocyte growth factor (KGF)

L-Glutamine solution

Glutaraldehyde solution 25%

Granulocyte-macrophage colony-stimulating factor
(GM-CSF)

Goat serum

Harris HTX hematoxylin
Heparin

Hydrochloric acid (HCI)
Hydrocortisone
N-hydroxysuccinimide (NHS)
Insulin from porcine pancreas
Interferon-y (IFN-y)
Interleukin 4 (IL-4)
DL-Isoproterenol hydrochloride
Lipopolysaccharide (LPS)
Lymphoprep™

Macrophage colony-stimulating factor (M-CSF), recom-

binant human

2-Mercaptoethanol

Paraformaldehyde (PFA)
Penicillin-Streptomycin-Neomycin solution stabilized
Pepsin stabilized solution

Phosphate buffered saline (PBS)

2-Propanol
PureCol® type | bovine collagen solution 3 mg/mL

Rose Bengal

Sigma-Aldrich

Sigma-Aldrich

Advanced Biomatrix

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich
Histolab

Roth
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Miltenyi Biotec
Miltenyi Biotec
Sigma-Aldrich

Sigma-Aldrich

Stemcell Technologies

Gibco

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Biosystems

Sigma-Aldrich

Biochrom GmbH
Fisher Chemical

Advanced Biomatrix

Sigma-Aldrich

E7889
F9665
5133
F3879
F2006
HT501128
K1757
G7513
111-30-8
G5035

017k8414
01800

7647-01-0
HO888
6066-82-6
15523
130-096-484
130-093-922
15627

L7770

07811

PHC9501

63689
30525-89-4
P4083
pss060

D8537
L182-50

67-30-0
5005
198250
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Roti®-Histokitt Il Roth T160.2
L-Serine Sigma-Aldrich S4311
Sodium hydroxide (NaOH) Sigma-Aldrich 1310-73-2
Thrombin from human plasma Sigma-Aldrich T4393
Tris(hydroxymethyl)aminomethane (TRIS) Sigma-Aldrich 77-86-1
Trisodium citrate dihydrate Sigma-Aldrich $1804
Triton™ X-100 Sigma-Aldrich 9002-93-1
TrypLE™ Express Gibco 12605-028
Trypsin/EDTA, 2.5% Gibco 1509-046
Tween-20 Sigma-Aldrich 9005-64-5

3.2. Buffers and solutions

Description

Composition

10x DMEM

Antibody dilution solution for IHC

L-Ascorbic acid-2-phosphate stock
solution

Blocking solution for IHC
Blood stabilizing solution

Calcium chloride solution

Calcium pantethonate stock solution
L-Carnitine stock solution
L-Carnitine working solution

Citrate buffer

Citric acid stock solution

Collagen-chondroitin-4-sulphate
solution

DAB working solution

Digitonin working solution

D5648 medium from Sigma-Aldrich dissolved in 100 mL ddH-0,
filter sterile

5% goat serum in 0.3% Triton-X-100-in-PBS

50 mg/mL in ddH,0, stored as single use aliquots at -20°C

10% goat serum in 0.3% Triton-X-100-in-PBS
2% FBS + 1mM EDTA in PBS

50 mM of calcium chloride dihydrate in ddH,0O, filter sterile, sto-
red at 4°C

20 mg/mL in ddH,0, stored at 4°C
0.1 M solution in ddH20, stored as single use aliquots at -20°C
100 puM solution in ddH,0, stored as single use aliquots at -20°C

For 150 mL: 3 mL of citric acid solution and 13.7 mL of trisodium
citrate dihydrate solution in 133 mL ddH,0. pH adjusted to 6.

21 g of citric acid monohydrate in 100 mL ddH;0, stored at 4°C

5 w/v% collagen | and 0.05 w/v% chondroitin sulphate in 0.05 M
acetic acid

1 drop of DAB in each mL of buffer
0.1% digitonin in PBS
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DMEM 10x solution

EDC crosslinking solution

ELISA capture antibody solution
ELISA coating buffer

ELISA diluent

ELISA wash buffer

Fibrinogen working solution

Fibronectin stock solution
Fibronectin working solution
Formalin, buffered, working solution
GM-CSF stock solution

Heparin

Hydrocortisone stock solution

IFN-y stock solution

IL-4 stock solution

Insulin stock solution

DL-Isoproterenol hydrochloride stock
solution

KGF stock solution

Live/dead staining solution

LPS stock solution

Lysis buffer for RNA isolation
MACS buffer

M-CSF stock solution

MTS staining solution

PFA working solution

Rose Bengal stock solution
Rose Bengal working solution
L-Serine stock solution

Thrombin stock solution

Dissolve D5648 in 100 mL ddH,0, filter sterile

5 mM of EDC and 5 mM of NHS in ddH,0

Capture antibody diluted 1:250 in ELISA coating buffer
Coating buffer diluted 1:10 in ddH,0

ELISASPOT concentrated diluted 1:5 in ddH,0

0.05% Tween-20 in PBS

Dissolved in TBS by incubation at 37°C for 1 hour. Concentration
measured with NanoDrop and adjusted to 10 mg/mL with TBS

1 mg/mL in ddH>O0, stored as single use aliquots at -80°C

50 pg/mL in ddH,0, stored as single use aliquots at -20°C
Dilute to a concentration of 4% in ddH,0

10 pg/mL in ddH,0, stored as single use aliquots at -80°C

100 IU/mL in PBS

1 mM solution in ddH;0, stored as single use aliquots at -20°C
0.1 mg/mL PBS, stored as single use aliquots at -80°C

0.1 mg/mL PBS, stored as single use aliquots at -80°C

5 mg/mLin 5 mM HCl in ddH-0, stored as single use aliquots at -
20°C

1 mM solution in ddH;0, stored as single use aliquots at -20°C

10 pug/mL in PBS, stored as single use aliquots at -80°C

1 uM Calcein AM and 1 uM Ethidium homodimer in RPMI phe-
nol-free medium

1 mg/mL in PBS, stored as single use aliquots at -80°C

1 L of 2-Mercaptoethanol each mL of RLT Buffer solution
0.5% FBS + 2mM EDTA in PBS

100 pg/mL in ddH;0, stored as single use aliquots at -80°C
1:10 solution in phenol-free RPMI medium

4% PFA in PBS

1% in PBS

1:10 dilution of the stock in PBS

2.5 M solution in ddH0, stored as single use aliquots at -20°C

20 1IU/mL in 0.1% BSA-in- ddH,O, stored at -20°C



Thrombin working solution
Tris-buffered solution (TBS)

Trisodium citrate dihydrate stock
solution

3.3. Cells

Cell type
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10 IU/mL, obtained by diluting the stock solution 1:1 in calcium
chloride solution right before use

50 mM Tris-Cl and 150 mM NacCl in ddH-0, pH adjusted to 7.6

Dissolve 29.4g of trisodium citrate dihydrate in 100 mL ddH-0,
store at 4°C

Source and description

Primary dermal fibroblasts (HDF)

Primary keratinocytes (HEK)

Human juvenile Caucasian single donor, isolated from foreskin

CELLnTEC Advanced Cell Systems AG

Human juvenile Caucasian single donor, isolated from foreskin

CELLNTEC Advanced Cell Systems AG

3.4. Cell culture media
Description Basal medium Supplements Supplier
Cryo medium CRYO Defined, Animal Component No supplements CELLNTEC

3:1 keratinocyte
seeding

Skin differentiation
medium 2

Free Freezing Medium CnT-CRYO-50

3 parts DMEM D5546, 1 part F-12
Ham’s N4888

3 parts DMEM D5546, 1 part F-12
Ham’s N4888

5% FCS

1% PSN

2 ng/mL KGF

1 uM hydrocortisone
1 uM isoproterenol

0.1 uM insulin

1.25% FCS

1% PSN

2 ng/mL KGF

1 uM hydrocortisone
1 uM isoproterenol
0.1 uM insulin

0.1 uM L-carnitine
0.01 M L-serine

50 pg/mL ascorbic acid-2-
phosphate
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DMEM D5546
low glucose
F-12 Ham’s N4888

Skin differentiation CnT-Prime Airlift, Full Thickness Airlift

medium 1 Medium CnT-PR-FTAL

HDF medium DMEM D5796

HEK medium Epithelial cell culture medium CnT-PR
RPMI control me- RPMI-1640 R0883

dium

Phenol free medium RPMI-1640 R7509

3.5. Antibodies

1% L-Glutamine
1% PSN

1% L-Glutamine
1% PSN

No supplements

1% L-Glutamine
1% PSN

10% FBS

No supplements
1% L-Glutamine
1% PSN

10% FBS

No supplements

Sigma-Aldrich

Sigma-Aldrich

CELLNnTEC

Sigma-Aldrich

CELLnTEC

Sigma-Aldrich

Sigma-Aldrich

Antibody Supplier Catalogno Concentration used
CD68, mouse IgG Abcam Ab955 1:100

Collagen IV, mouse IgM Monosan MON 4006 1:20

Cytokeratin 10, rabbit IgG Abcam ab76318 1:2500
4',6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich 28718-90-3 1:1000

Loricrin, rabbit 1gG Abcam ab176322 1:250

Phalloidin Alexa Fluor® 546 Invitrogen A22283 1:500

Vimentin, rabbit IgG Abcam ab92547 1:250



3.6. Primers

Gene Primer name
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Sequence 5’ = 3’

Glyceraldehyde-3-phosphate GAPDH-forward

dehydrogenase GAPDH-reverse
C-C chemokine receptor type 7 CD197-forward
CD197-reverse
C-X-C motif chemokine 10 CXCL10-forward
CXCL10-reverse
C-C motif chemokine 22 CCL22-forward
CCL22-reverse
Mannose receptor C type 1 CD206-forward

CD206-reverse

3.7. Kits

Description

AGTCAGCCGCATCTTCTTTT

CCAATACGACCAAATCCGTTG

GTGGTTTTACCGCCCAGAGA

CACTGTGGTGTTGTCTCCGA

CAGTCTCAGCACCATGAATCAA

CAGTTCTAGAGAGAGGTACTCCTTG

Cell Proliferation ELISA, BrdU for quantification of prolife-
ration

Human IL-6 ELISA for quantification of IL-6 in cell culture
supernatant

Human IL-8 ELISA for quantification of IL-8 in cell culture
supernatant

ImmPRESS™ HRP Anti-Mouse IgG (Peroxidase) Polymer
Detection Kit, made in Goat

iQ™ SYBR® Green for gene expression quantification

iScript™ cDNA Synthesis kit for synthesis of cDNA from
RNA

MACS Pan Monocyte Isolation Kit, human

RNeasy® Micro Kit for isolation of RNA from cell lysates

GCGTGGTGTTGCTAACCTTC
CCACGGTCATCAGAGTAGGC
GCTACCCCTGCTCCTGGTTT
CGCAGCGCTTGTGATCTTCA
Supplier Catalog number
Roche 11647229001
Invitrogen 88-8086-86
Invitrogen 88-7066-76
Vector MP-7452
Bio-Rad 170-8882
Bio-Rad 170-8891
Miltenyi Biotec 130-096-537
Qiagen 74004
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3.8. Laboratory equipment

Device/Material

Model

Supplier

Aluminium foil

Automated wounding device

Balance

Biopsy punch

Brushes
CASY cell counting device

Cell culture flasks

Cell scraper
Cell strainers

Centrifuges

Conical centrifugation tubes

Counting chamber

Coverslips, glass

Cryovials

Combitips advanced®

Compression stamps and rings in
Teflon

Confocal laser scanning
microscope

ARTcut® ICP3020

AE200
MT5

2 mm ¢ — BPP20F
8 mm ¢ — BP8OF

Various dimensions
Model TT

25 cm?-90026
75 cm? - 90076
150 cm? - 90151

TPP 99003 and 99010
30 um —130-110-315

Sigma 2-16k
5804 R
5810R
5424

5417 R

15 ml-91115
50 ml - 430829

Neubauer

24x50 mm - 631-0146
24x40 mm - 631-0145
24x32 mm - 631-0143

Cryo tube 20, 89020

1 mL-0030089430
5 mL - 0030089456
10 mL - 0030089464

Custom-made

LSM 780

Carl Roth

Fraunhofer-Institut fur Silicatfor-
schung ISC

Mettler Toledo

Kai medical

KreatiVPinsel
Innovatis

TPP Techno Plastic Products AG

TPP Techno Plastic Products AG
Miltenyi Biotec

Kihner
Eppendorf

Eppendorf
Eppendorf
Eppendorf

Corning

Marienfeld

VWR

TPP Techno Plastic Products AG

Eppendorf

Empa

Carl Zeiss Microscopy



Dako pen
Disposable bags, autoclavable

Embedding cassettes

Embedding station

Freeze drier

Gloves

Ice machine

Incubator

Laminar flow clean bench
MACS MS separation columns

Magnetic stirrer

Metal weights for compression

Microscopes

Microscopy slides
MilliQ water dispenser
Mini section dryer
Multi-channel pipettes
Multi-well plate reader

Multi-well plates

Multi-channel reservoir
NanoDrop Spectrophotometer
OctoMACS™ Separator
Paraffin dispenser

Paraffin tissue floating bath

$2002
759705

81-0025-00
81-0022-00
81-0026-00

Shandon Histocentre 3
Beta 1-16

Sempercare nitrile 0121
Micro-cube ice

Hera cell 240

Scanlaf Safe 1800
130-042-201

MR 3000 INAMAG® RET-GS
Rotamix SHP-10

Custom-made

Microvert Axiocam 105 color
Keyence with objective VH-
Z100R

DM4000 B LED

Superfrost Plus
Chorus 1 Analytics
JAX-0300-00A
Various

Mithras? LB943

12 wells — 92012

12 wells — 665180

12 deep well - 665110

24 wells — 92024

96 wells — 92096

96 wells, clear high bind bottom
Multiplate®for PCR — MLL9601

21012
ND-1000
130-042-109
47311
24900
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Dako
Brand

Biosystems Switzerland AG

Thermo Scientific

Christ

Sempermed

Kibernetik AG

Thermo electron corporation
Vitatek

Miltenyi Biotec

Heidolph Janke & Kunkel GmbH
Tehtnica

Empa

Zeiss
Keyence

Leica

Thermo Scientific
ELGA Labwater
CellPath

Eppendorf

Berthold Technologies

TPP Techno Plastic Products AG
Greiner bio-one

Greiner bio-one

TPP Techno Plastic Products AG
TPP Techno Plastic Products AG
Corning® Costar®

Bio-Rad

SPL Lifesciences
Thermo Fischer
Miltenyi Biotec
Medax

Medax
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Parafilm®

Pen, ethanol resistant
Petri dishes

pH meter

Pipette aids

Pipettes

Power supply

Reaction tubes

Reservoir

Scanning electron microscope
(SEM)

Scratch wound mask

Serological pipettes

Shaker

Spatulae

Sponges for embedding cassettes

Syringe, monouse

Syringe filter, sterile

Thermal cycler

ThinCert™ cell culture Inserts

Timer

Tips

Different formats
52877-310
Different formats
744

CellMate Il
Pipetus

Pipetgirl

Various models (0.1 pL -5 mL)
Multipette® M4 - 4982000012

Power Pac 200

0.2 mL-0030124.332
0.5mL-0030121.023
1.5 mL-0030120.086
5mL-0030119.401

Different Formats

Hitachi S-4800

Custom-made, in Teflon

2mL-710183

5 mL - Stripette® 4487
10 mL - Stripette® 4488
25 mL - Stripette® 4489
50 mL - Stripette® 4490

MS 3 digital
Teflon-coated
47-1061-00

5mL-62.4717
20 mL-4200-000V0
50 mL—-62.8426

SFM33PE0022S

C1000™ with CFX96™ Real-time
system

24 well — 662630
12 well - 665630

Various models

Various volumes (0.1 pL -5 mL)
Filter tips maximum recovery™

Parafilm

VWR

Greiner bio-one
Metrohm

Matrix
Hirschmann
Vitaris

Eppendorf

Bio-Rad

Eppendorf

VWR

Hitachi High-Technologies

Empa

Greiner bio-one

Corning® Costar®
Corning® Costar®
Corning® Costar®
Corning® Costar®

IKA® works, Inc.
Vomm
Medite Service AG

Codan
Henke-Sass Wolf GmbH
Codan

Cobetter Lab

Bio-Rad

Greiner bio-one

Hanhart

Eppendorf
Axygen



Tissue processor

Transfer pipets

Transwell® permeable supports
Tweezers

Vacuum pump

Vortex mixer

Water bath
3.9. Software

Software

STP 120

Various formats

12 Well - 3462

Various models, Teflon-coated
Mini-Vac E1

VWR Mixer Mini Vortex 12620-
848

Typ P73 -1019116871

Source

Materials

Thermo Fischer
Falcon, Corning®
Corning® Costar®
Vomm

Ch.horni

VWR

Julabo Labortechnik GmbH
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4. Methods

4.1. Cell culture

4.1.1. Cell thawing

Frozen cell vials were briefly warmed with gentle swirling in a water bath set at 37°C until just melted,
and the content was quickly transferred in 10 mL of pre-warmed medium. To remove the excess of
dimethyl sulfoxide (DMSO), the tube was centrifuged at 200xg for 5 minutes, the supernatant dis-
carded and pellet resuspended in fresh pre-warmed medium. Primary human dermal fibroblasts (HDF)
were seeded at a density of 17000 cells/cm?, while primary human juvenile keratinocytes (HEK) were

used at a density of 4’000 cells/cm?, as recommended by the supplier.

4.1.2. Cell isolation

Primary monocytes were isolated from peripheral blood of healthy blood donors with obtained in-
formed consent and approval from the local ethical committee (BASEC Nr PB_2016_00816). To prevent
coagulation, freshly drawn blood was mixed with heparin to a final concentration of 25 IU/mL. Hepa-
rinized blood was first diluted 1:1 in blood stabilizing solution, and then carefully layered on top of
Lymphoprep™ in 15 mL conical tubes. 9 mL of diluted blood were placed on top of 5 mL Lymphoprep™.
The tubes were carefully transferred to a centrifuge and centrifuged at 800xg for 30 minutes, to sepa-
rate the various blood components within the Lymphoprep™. After centrifugation, the white blood cell
fraction was visible as a white ring between the plasma components and the Lymphoprep™. The white
ring was carefully collected, transferred to new tubes and washed twice with PBS to avoid carryover
of solvents into the following steps. To purify and enrich the monocytic population, specific negative
selection was performed using the MACS Pan Monocyte Isolation Kit, according to the manufacturer’s
instructions. In brief, the cell suspension was divided in 1.5 mL tubes, resuspended in MACS buffer,
then Fc blocking solution and a biotin-antibody cocktail were added and the suspension was incubated
for 5 minutes at 4°C. The biotin-antibody cocktail is composed of monoclonal antibodies against anti-
gens that are not expressed on human monocytes, to label all the non-monocytic populations. After
dilution of the antibody in MACS buffer, anti-biotin MicroBeads were added to the samples, mixed
thoroughly and incubated at 4°C for 10 minutes. Anti-biotin MicroBeads are conjugated to monoclonal
anti-biotin antibodies that bind to the labeled cells of the previous step. After a washing step in MACS
buffer, the cell suspension was transferred in MACS columns placed in an OctoMACS™ Separator, to

perform magnetic separation. By flowing through a magnetic field, the labeled non-monocytes are
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retained in the column, while the unlabeled cells flow through the column and can be collected. After
magnetic separation, purified monocytes were counted with a Neubauer chamber and seeded at a
density of 62’000 cells/cm?in RPMI control medium supplemented with 20 ng/mL of M-CSF (macro-
phage colony-stimulating factor) to promote cell survival. For investigating the effects of CSFs on mac-
rophage polarization, the monocyte-to-macrophage differentiation was alternatively performed in
RPMI control medium supplemented with 20 ng/mL of granulocyte-macrophage colony-stimulating
factor (GM-CSF), 20 ng/mL M-CSF + 20 ng/mL GM-CSF or 20 ng/mL M-CSF + 2 ng/mL GM-CSF. Medium
was changed after 3 days, placing the non-adherent cells back in culture after centrifugation, and dif-

ferentiated cells were used at days 6.

4.1.3. Cell cultivation

HDF were cultured in HDF medium and used up to passage 8. Confluent cells were detached by incu-
bation with trypsin/EDTA for 5 minutes. HEK were cultured in HEK medium and used up to passage 6.

Sub-confluent cells were detached by incubation with Accutase® for 8 minutes.

4.1.4. Cell counting

After detachment, cells were collected in a falcon tube and 100 pL of the suspension was added to
10 mL of Casyton solution for counting. 400 uL of the suspension were counted with Casy, and a meas-
urement was considered valid when the counts/mL value was between 3000 and 8000. Each cell type
had a specially designed counting protocol in respect of the different cell dimensions. For macro-
phages, counting was performed with a Neubauer chamber. 10 uL of the cell suspension were mixed
with 10 pL of Trypan blue and loaded into the chamber. The calculation of viable cells was performed

as follows:

total viable cells counted

= * dilution factor * 10* = V of the cell suspension
n° squares counted

4.1.5. Cell freezing

For freezing, harvested cells were counted with Casy. After centrifugation at 200xg for 5 minutes, the
supernatant was discarded and the pellet resuspended in cold Cryo medium with a concentration of
2 million cells/mL. According to the manufacturer’s instructions, 1 mL of the suspension was quickly
transferred in each cryotube to store vials with 1 million cells each, and the tubes were placed at -80°C
in a controlled rate freezing box. After 24 hours, the vials were transferred in liquid nitrogen for long-

term storage.
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4.1.6. Macrophage polarization

6 days after monocytes isolation, differentiated macrophages were detached by incubation in
TrypLE™ Express for 20 minutes, followed by gentle scraping with a cell scraper. The enzyme was neu-
tralized with warm PBS, and the collected cells were counted with a Neubauer chamber. After a cen-
trifugation step for 5 minutes at 200xg, macrophages were seeded at a density of 95’000 cells/cm? in
24-wells plates. For M1 polarization, RPMI control medium was added with 100 ng/mL lipopolysaccha-
ride (LPS) and 20 ng/mL interferon-y (IFN-y), while for M2 polarization medium was supplemented

with 20 ng/mL IL-4. Cells were incubated for 24 hours prior to RNA isolation.

For the conditioned media experiments, macrophages were seeded at a density of 95’000 cells/cm?in
12-wells plates, and a Transwell® insert containing a skin equivalent was placed in each well to allow
paracrine signaling between skin tissue and immune cells. Polarization medium was prepared as pre-
viously explained in this paragraph, and 2 mL were added to each well and incubated for 24 hours prior

to RNA isolation.

4.2. Scratch wound assay

For scratch wound assay, cells were seeded in 24-wells plates according to the densities indicated in
“4.1.1 Cell thawing” and cultured until confluency was reached. Before scratch formation, each well
was marked with a pen on the outer part, to have a reference position for image capture. On the day
of scratching, the lid of the plate was removed and a sterile custom-made scratch wound mask was
positioned on the plate. Scratches were performed using a sterile pipette tip for 20-200 pL pipets. The
tips were placed in the upper end of the guided apertures of the mask until the bottom was reached,
then with application of constant pressure the tip was guided until the lower end of the mask. The tip
was replaced every third well to avoid carryover of cell debris in the following wells. After scratching,
wells were washed 3 times with warm sterile PBS, and then supplemented with pre-warmed medium
containing the substance under investigation. Different drugs were added to the medium for evalua-
tion, namely calcium pantothenate (20-120 pg/mL), hyaluronic acid with different molecular weights
(low, high and a mixture of low and high, 0.1-0.5%), ascorbic acid-2-phosphate (10-20 pg/mL), betulin
(4-8 uM), epigallocatechin-3-gallate (20-50 uM) and hepatocyte growth factor (20-50 ng/mL), all
known to influence cell migration. Control samples were only supplemented with medium. Pictures
were taken right after wound implementation and then 5 hours after scratching, using the pen marks
as references to monitor cell migration in the same position over time. Cell migration was measured

by analyzing the images with Imagel, by manually selecting the wound area and measuring scratch
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area. Wound area closure was calculated as percentage closure at the analyzed time point (t1) from
the initial time point (t0):

AtO - Atl

%
Apg

4.3. Immunohistochemistry

CD68 (Cluster of Differentiation 68) marker was selected to specifically stain macrophages. CD68 is
expressed by all cells in the monocytic lineage including macrophages, and is located in the cell mem-
brane as it is a transmembrane glycoprotein. Macrophages were fixed for 10 minutes in 4% paraform-
aldehyde, permeabilized in 0.2% Triton-X 100 in PBS for 15 minutes, and blocked for 60 minutes in 1%
bovine serum albumin (BSA). CD68 antibody was diluted 1:100 in 0.1% BSA, and samples were incu-
bated in the solution overnight at 4°C. On the following day, the secondary antibody Alexa Fluor® 488
conjugate was incubated for 1 hour as a 1:500 dilution in 0.1% BSA. 4',6-diamidino-2-phenylindole
(DAPI) was used to counterstain cell nuclei, supplemented as a 1:1000 solution in 0.1% BSA. Pictures

were taken with LSM-780 confocal laser scanning microscope.

4.4. Cell activity characterization

4.4.1. MTS assay

HDF and HEK were seeded according to the densities indicated in “4.1.1 Cell thawing”, and macro-
phages according to “4.1.6 Macrophage polarization” prior to viability evaluation, which was per-
formed using CellTiter 96® AQueous One Solution Cell Proliferation (MTS) assay. After medium removal
from the wells, 110 uL of MTS solution were added to each well and incubated for 2 hours at 37°C.
Before measurement, the content of each well was mixed by thorough pipetting and 100 uL of the
solution were transformed to a new multi-well plate. Absorbance was read at 490 nm with Mithras
LB943 plate reader, and the blank values of the MTS solution were subtracted from each value. Data
were normalized to cells cultured for 1 day in the respective cell type proliferation medium: RPMI

control medium for macrophages, HDF medium for fibroblasts and in HEK medium for keratinocytes.

4.4.2. Quantification of cell proliferation

Proliferation was measured with Cell Proliferation ELISA, BrdU according to the manufacturer’s instruc-
tions. In brief, cells were incubated in presence of BrdU for 2 hours and fixed. DNA denaturation fol-
lowed, then anti-BrdU POD conjugated antibody was supplemented to the wells to bind to the labeled

cells. Detection of the immune complexes was performed by adding the substrate solution, and the
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reaction product was quantified by reading absorbance with Mithras LB943 plate reader. Data were
normalized to cells cultured for 1 day in the respective cell type proliferation medium: RPMI control

medium for macrophages, HDF medium for fibroblasts and in HEK medium for keratinocytes.
4.5. Gene expression analysis

4.5.1. RNA isolation

RNA isolation was performed using the RNeasy Micro Kit according to the manufacturer’s instructions.
In brief, cells were lysed with a guanidine-isothiocyanate buffer supplemented with
B-mercaptoethanol, and then homogenized by high-speed centrifugation through a biopolymer-shred-
ding column. RNA was purified by specific binding to the silica-membrane of RNeasy MinElute spin
columns and consecutive washings steps in increasing ethanol-containing buffers. A purification step
with RNase-free DNase was performed to digest unwanted genomic DNA contamination, then total
RNA was eluted in RNase-free water. RNA concentration and purity were measured with NanoDrop

spectrophotometer, and RNA was stored at -80°C until use.

4.5.2. cDNA synthesis

Total RNA isolated from macrophage cultures was reverse-transcribed using iScript™ cDNA synthesis
Kit, with a starting concentration of 150 ng of RNA per sample and a volume of 15 pL per reaction mix.
The thermal cycler was set to the following transcription protocol: 5 minutes at 25°C followed by
30 minutes at 42°C and 5 minutes at 85°C. The obtained cDNA was then diluted 5 times in water and

used as a template for gene quantification, or alternatively it was stored at -20°C for later use.

4.5.3. Reverse transcriptase-polymerase chain
reaction

Gene expression quantification was performed with the iQ™ SYBR® Green Supermix. Primers were
added at a concentration of 10 uM and the final reaction volume was adjusted to 15 pL with RNase-
free water. The thermal cycler was set to 95°C for 3 minutes, followed by 39 cycles of 10 seconds at
95°C and 30 seconds at 57°C. The final steps were performed at 95°C for 10 seconds, at 65°C for 5 sec-
onds, and then at 95°C. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a reference
gene, and the analyzed markers were C-C chemokine receptor type 7 (CD197), C-X-C motif chemokine

10 (CXCL10), mannose receptor C type 1 (CD206) and C-C motif chemokine 22 (CCL22). Calculations for
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the quantification were performed using the 222" method, and always normalized to unstimulated

cells cultured in RPMI control medium.

4.6. Skin model generation

4.6.1. Scaffold preparation and evaluation

To generate the freeze-dried scaffolds, at first the collagen or collagen-chondroitin-4-sulphate solu-
tions were frozen at -20°C or -80°C overnight. The material was then placed in a Beta 1-16 freeze dryer
overnight, setting the temperature value to 12°C and pressure to 0.85 mbar. The obtained sponges
were imaged with scanning electron microscopy (SEM). To this end, a biopsy punch of 2 mm diameter
was used to cut samples, which were then fixed on adhesive sample holders and sputtered with 7 nm
gold/palladium. SEM imaging was performed with a Hitachi S-4800 SEM with an accelerating voltage
of 2 Kv. For crosslinking, the freeze-dried scaffolds were cut with a biopsy punch of 10 mm diameter.
Chemical crosslinking was performed by placing the samples in 24 wells plates and submerging them
with the 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) crosslinking solution. The scaffolds
were incubated for 4 or 12 hours at room temperature and then washed with ddH,0 for 3 times, each
step leaving in immersion for 1 hour. For dehydrothermal (DHT) crosslinking, the samples were placed

for 24 hours at 50 mTorr and 105°C.

For the evaluation of different dilutions of FibriCol®, the collagen solution was either used at the sup-
plied 10 mg/mL concentration or diluted in 0.01 M HCI to final concentrations of 7.5, 5 and 3 mg/mL
prior to seeding. Compressed collagen scaffolds were prepared by first neutralizing PureCol® collagen
into ThinCert™ inserts, which was then incubated at 37°C for 1 hour to allow polymerization. Lateral
compression was performed by positioning a Teflon ring with a diameter of 1 mm on top of each gel,
then adding culture medium and incubating overnight. On the following day, the Teflon ring was care-
fully removed with the use of a sterile tweezer and medium was changed. Confined compression was
performed with a custom-made setup manufactured in Empa. First, a Teflon compression stamp, de-
signed to precisely fit in a ThinCert™ insert, was positioned on top of the gel. The stamp was then
progressively loaded with metal weights of 50 g each, one added after 1 minute, another after
2 minutes and the last after 3 minutes, for a total compression weight of 150 g and 5 minutes of com-
pression time. The Teflon compression stamp was designed to obtain a fixed final gel height of 1 mm,
and the water removed during compression was absorbed by filter paper positioned below the Thin-

Cert™ insert.
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4.6.2. Dermis preparation

Prior to seeding, the freeze-dried scaffolds were sterilized with a UV lamp for 30 minutes on each side.
The collagen sponges were then pre-incubated with HDF medium for 1 hour, following removal of the
solution for seeding. HDF were detached and counted, and then resuspended in HDF medium at a
concentration of 3 million cells/mL. Freeze dried scaffolds were seeded with 25 pL of the cell suspen-
sion and incubated for 30 minutes at 37°C. Then, 2 mL of HDF medium were added below the insert
and 1 mL inside the insert and the construct was cultured for 7 days, with a medium change every
2-3 days. For samples prepared using pure collagen, the solution was first neutralized and added with
cells as shown in table 1. The proportions of the components to be mixed enclosed 8 parts of collagen,
1 part of 10x DMEM and 1 part with all other components, which included the cell suspension, NaOH
for pH neutralization and water. Everything was kept on ice to prevent premature gel formation. After
mixing, pH was measured with filter paper indicators and eventually adjusted with NaOH to obtain a
value between 7 and 7.5. For the final skin model culture protocol, 400 uL of the solution were seeded
in each insert, while for the initial experiments different volumes were tested (300-750 L) and calcu-
lations were adjusted respecting the 8:1:1 component ratio. After seeding, plates were incubated for
60 minutes at 37°C to allow gel formation. After collagen polymerization, 2 mL of HDF medium were
added in the well and 500 uL inside the insert, then the gels were cultured in submerged conditions
for 7 days, with a medium change every 2-3 days.

Table 1. Dermal compartments seeding mixture.

Component Parts | Volume for 1 sample of 400 uL
Collagen | gel 8 320 uL

10x DMEM 1 40 pL

0.5 M NaOH 1 7.5 puL

Cell suspension 25 uL

ddH,0 7.5 pL

Final volume 400 pL

4.6.3. Epidermis preparation

Prior to HEK seeding, medium was removed from the dermal compartments and 50 pL of the fibron-
ectin working solution were added on top of each gel. After incubation for 30 minutes at 37°C, the

dermal compartments were washed 3 times with sterile PBS. Sub-confluent HEK were detached and
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counted, centrifuged and resuspended at a concentration of 2.5 million cells/mL in HEK medium.
100 pL of the suspension was seeded on top of each dermal compartment, and the plate was trans-
ferred at 37°C for 30 minutes to enhance cell adhesion. 2 mL of 3:1 keratinocyte seeding or skin differ-
entiation medium 1 were then added in the well and 400 pl inside the insert, and the construct was
cultured for 5 days, with a medium change every 2-3 days. After 5 days in submerged culture condi-
tions, where medium is added both in the wells and in the inserts, samples were raised to air-liquid
interface. For this, medium was removed and the inserts containing the skin models were transferred
to deep 12-well plates. 4 mL of skin differentiation medium 1 or skin differentiation medium 2 was
added below each insert and culture was performed for further 14 to 21 days, with a medium change

every 4 days.

4.7. Skin wound formation

4.7.1. Samples preparation

Before biopsy punch wounding, an acellular collagen hydrogel was prepared to be placed below the
wounded skin equivalents right after wound formation. The acellular gel served as a scaffold for
keratinocyte and fibroblast migration into the wound area, as full-thickness wounds result in the ex-
posure of the cells to the Transwell® polyester membrane. Acellular collagen gels were prepared re-
specting the 8:1:1 ratio of the components as in “4.6.2 Dermis preparation”, with the cell suspension
volume being replaced with cell culture medium. 300 pL of the suspension were transferred to each
insert, and incubated at 37°C for 1 hour to allow polymerization. After biopsy punch wound formation,
the samples were removed from the insert and transferred on top of new Transwell® containing the

acellular collagen gel and placed back in culture.

4.7.2. Biopsy punch wounding

For creation of full-thickness wounds, a biopsy punch of 2 mm diameter was employed. First, the skin
equivalents were removed from the inserts by cutting the Transwell® polyester membrane and placing
the tissue on a sterile petri dish. The biopsy punch was then pressed through the skin sample until the
bottom of the petri dish was reached. With the application of pressure and a small rotational move-
ment, the circular portion of tissue enclosed in the biopsy punch was removed from the skin model,
creating a full thickness wound. With the use of a sterile spatula and tweezers, all Teflon-coated to
prevent tissue adhesion to the instruments, the wounded skin was placed on top of the acellular col-
lagen gel or a macrophage-containing gel. Unwounded skin control samples were also transferred on

top of gels and placed back in culture.
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4.7.3. ARTcut® automated wounding

The ARTcut® wounding machine, developed by Fraunhofer-Institut fur Silicatforschung ISC, has been
designed to generate wounds in an automated setting, as it consists of a computer-driven drill which
coordinates are set by the user. By placing a multi-well plate containing the skin equivalents into the
sample holder and setting the wounding coordinates in the Pal PC software, the drill introduces a
wound in the center of each insert. Additionally, ARTcut® is equipped with a laser and a camera in
correspondence of the drill tip (figure 4). The camera records the generation of wounds into the sam-
ples, while the laser enables the detection of the sample surface. Prior to wounding, ARTcut® was
switched on and the desired wounding parameters were inserted into the Pal PC software. This in-
cluded depth of wounding and number of samples to be wounded. While medium was removed from
the plates and samples were placed in a new 12 wells plate, the inner chamber of the machine was
UV-treated for 30 seconds to sterilize the environment. The plate was then placed into the ARTcut®
plate holder, the lid was removed and the door of the machine was closed (figure 4). Drill speed was
set to 20’000 rpm per minute, and a drill tip of 2 mm in diameter was used. Wound depth was assessed
independently for each experiment by first wounding one single sample, in order to determine the
required depth value for generating partial thickness wounds. After wound formation, samples were
washed 3 times with PBS to remove tissue debris from the wound area. The wounded skin equivalents
were then re-transferred into deep well plates and placed back in culture. Alternatively, wounded sam-
ples were transferred on top of macrophage-containing gels forimmunocompetent skin wound model

generation.

Laser Camera

Drill tip

12-well plate uv lamp

holder

Figure 4. Overview of the mechanical components of the ARTcut® automated wounding machine, dis-
played with the main door opened.
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4.7.4. Fibrin hydrogel preparation

In vivo wound healing involves the migration of cells along a fibrin matrix to close the wound area and
restore the injured tissue. To mimic the process and provide cells with a support for migration, a fibrin
hydrogel was placed in the wound area. The components to generate fibrin hydrogels were mixed in a
sterile Petri dish by first adding 50% of the volume with the fibrinogen working solution, then 30% of
the volume with TBS or the desired drug concentration and the remaining 20% with the thrombin
working solution. The solution was mixed by gentle pipetting up and down 4 times, then
2-5 pL were added to the wound area. The volume needed to fill the wound area depended on the

wound size, as biopsy punch wounds had a bigger area than ARTcut®-implemented wounds.

4.8. Immune compartment culture

4.8.1. Macrophage 3D embedding

For embedding of macrophages in 3D gels, cells were first harvested and counted as indicated in “4.1.4
Cell counting”. A cell suspension of 5 million cells/mL was then prepared in RPMI control medium. Cell
encapsulation in collagen hydrogels followed the same procedure used for the dermal compartment
preparation described in “4.6.2 Dermis preparation”, with a difference in the final volume of each gel,
which was here set to 300 puL. The neutralized collagen seeding suspension was transferred to each
insert, and incubated at 37°C for 1 hour to allow polymerization. For viability assessment, gels were
cultured in RPMI control medium, skin differentiation medium 1 or skin differentiation medium 2 for
7 days, with a medium change every 2-3 days. For polarization, media were supplemented with cyto-

kines as described in “4.1.6 Macrophage polarization” and stimulated for 24 hours before analysis.

4.8.2. \Vertical invasion assay

To assess the migration ability of macrophages within collagen gels, vertical invasion assay was per-
formed. Before cell seeding, acellular collagen hydrogels were prepared respecting the same proce-
dure described in “4.6.2 Dermis preparation”, with the cell suspension volume being replaced with cell
culture medium. 150 pL of the seeding suspension was transferred to each 24-well insert, and incu-
bated at 37°C for 1 hour to promote gel formation. Before cell seeding, the gels were supplemented
with RPMI control medium, skin differentiation medium 1 or skin differentiation medium 2, adding
700 pL in the well and 100 pL inside the insert. Macrophages were harvested and counted, and a cell

suspension of 4 million cells/mL was prepared in RPMI control medium. 25 uL of the cell suspension
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were added to each insert on top of the gel and samples were incubated for 48 hours prior to migration

assessment.

4.8.3. Imaging of 3D-embedded macrophages

For 3D-embedded macrophages visualization, the collagen gels containing the immune cells were
stained with live/dead assay, according the manufacturer’s instructions. Medium was removed, the
staining solution was added inside and below the inserts and the samples were incubated at 37°C for
at least 1 hour. After 3 washes in PBS, pictures were taken immediately with LSM-780 confocal laser
scanning microscope. For each sample, 3 images at different gel positions were taken. Viability quan-

tification was performed using Imagel software, manually counting living and dead cells.

4.9. Wound healing assessment

4.9.1. Wound imaging

Macroscopic imaging of the wounded skin equivalents was performed at days 1, 3 and 7 after wound
formation with a Keyence stereomicroscope. To better visualize the wound area, some samples were
stained with Rose Bengal prior to imaging. Rose Bengal is a dye that cannot penetrate into mature skin
due to the impermeability of the stratified epithelium, enabling to clearly distinguish the wound area
from the surrounding mature epithelium. For staining, Rose Bengal working solution was added on top
of the wounded skin equivalents and incubated for 5 minutes. After 3 washes in PBS, each with a du-
ration of 5 minutes, skin samples were imaged with a Keyence stereomicroscope. For confocal imaging,
live/dead staining solution was added on top of the skin equivalents and samples were incubated at
37°Cfor 1 hour. Optical Coherent Tomography (OCT) was performed by Prof. Simon Pot at the depart-

ment of veterinary ophthalmology, University of Zirich.

4.9.2. Cytokine quantification

The evaluation of the inflammatory response after wound formation was assessed through pro-inflam-
matory cytokine secretion quantification. Skin cultures supernatants were collected 24 and 72 hours
after wound formation, which included a medium change at 48 hours. For this, skin culture superna-
tants were first mixed thoroughly by pipetting up and down 10 times, then 1 mL was transferred into
a 1.5 mL tube. To remove eventual cellular debris that could interfere with the quantification, medium
was centrifuged for 5 minutes at 200xg, then supernatants were carefully transferred to new tubes

and stored at -80°C for later measurements. The day before ELISA quantification, 96 multi-well plates
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with clear, high bind bottom were coated with the capture antibody solution, sealed and placed over-
night in a humid chamber at 4°C. On the following day, wells were blocked in ELISA diluent for 1 hour,
washed with ELISA wash buffer and then duplicates of samples and standards were added to the wells.
Skin samples supernatants were first diluted in culture medium to adjust the cytokine concentration
to the detection range of the respective kits. For hIL-6 ELISA, samples were diluted 1:250, while for hiL-
8 ELISA a dilution of 1:400 was performed. Samples were incubated for 2 hours, followed by 4 washes
in ELISA wash buffer and addition of the detection antibody for 1 hour. After 4 washes, avidin-HRP was
added, other 6 washes followed and the 1x TMB solution was supplemented for color development.
The solution was incubated for 15 minutes, then ELISA stop solution was added and the values were
read immediately at 450 nm with a Mithras LB943 plate reader, using as reference wavelength 570 nm.
For calculations, 570 nm values were subtracted from the 450 nm ones, and the values of the medium
blank controls were subtracted from each sample. Interleukin concentrations were obtained according

to the values of the standard curves, multiplying the samples values for the dilution factor.
4.10. Histology and immunohistochemistry

4.10.1. Paraffin embedding

For visualization of skin structure, samples were first fixed in 4% formalin overnight. Paraffin embed-
ding followed, or alternatively the samples were stored in a 50% EtOH for later processing. For paraffin
embedding, at first dehydration was performed by incubation in increasing ethanol concentrations,
followed by xylene and paraffin incubation steps, all performed under stirring conditions (table 2).

Samples were cut in half and embedded in paraffin blocks using an embedding station.

Table 2. Steps for the embedding of fixed samples in paraffin, performed with a tissue processor.

Solvent No of steps | Duration of each | Stirring
50% EtOH 1 1 hour 70 rpm
70% EtOH 1 1 hour 70 rpm
80% EtOH 1 1 hour 70 rpm
96% EtOH 1 1 hour 70 rpm
100% EtOH | 3 1 hour 70 rpm
Xylene 3 90 min 70 rpm
Paraffin 2 90 min 60 rpm
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4.10.2. Hematoxylin and eosin staining

71

For H&E staining, 5 um thick sections were cut from paraffin-embedded samples using a manual rotary

microtome. Tissue sections were placed on glass slides, incubated at 60°C for 30 minutes and then at

37°C for at least 2 hours to remove eventual water drops interposed between the tissue and the glass

slide. Prior to H&E staining, samples were deparaffinized and dehydrated through sequential immer-

sion in xylene, decreasing concentrations of ethanol and water. Then, staining was performed and

samples were dehydrated (table 3). Mounting was performed by using Roti-Histokitt Il as mounting

medium, and slides were let dry overnight.

Table 3. Steps for eosin and hematoxylin staining of paraffin-embedded tissue.

Solvent No of steps | Duration of each step
Deparaffinization | Xylene 2 10 min
Rehydration 100% EtOH 2 2 min
96% EtOH 1 2 min
90% EtOH 1 2 min
80% EtOH 1 2 min
70% EtOH 1 2 min
ddH,0 1 5 min
Staining Hematoxylin 1 5 min
Running tap water | 1 8 min
Eosin 1 30 sec
Dehydration ddH,0 1 2 min
70% EtOH 1 2 min
80% EtOH 1 2 min
96% EtOH 1 2 min
100% EtOH 1 2 min
2-Propanol 1 2 min
Xylene 2 2 min
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4.10.3. Immunohistochemistry

To detect the expression of specific markers in the in vitro skin equivalents, immunohistochemistry
was performed. Prior to the staining, the slides were deparaffinized and rehydrated as in “4.10.2 He-
matoxylin and eosin staining”, then an antigen retrieval step was performed for some of the antibod-
ies, as indicated from the manufacturer. Enzymatic antigen retrieval with pepsin was performed prior
to CD68 and collagen IV staining, by incubating the slides with the stabilized pepsin solution for
5 minutes at 37°C. Heat-mediated antigen retrieval was performed prior to staining with cy-
tokeratin 10, and also on human skin control samples before staining with loricrin. The process con-
sisted in the immersion of samples in citrate buffer, which was then incubated at 70°C for 1 hour. Two
washes in PBS, each of 10 minutes, followed, then the slides were placed in a humid chamber and
incubated with blocking solution for 1 hour. The primary antibody diluted at the appropriate concen-
tration in antibody diluent was added and the slides were incubated at 4°C overnight. On the following
day, the slides were washed 3 times in PBS, each with a duration of 10 minutes. An anti-host peroxi-
dase-conjugated secondary antibody diluted 1:100 in antibody diluent was added to the slides and
incubated for 1 hour at room temperature. To develop CD68 staining, InmPRESS™ HRP Anti-Mouse
lgG kit was used. For the other samples, development was performed with the
3,3'-Diaminobenzidine (DAB) working solution. DAB was incubated from 30 seconds to 30 minutes until
visible color development, then slides were washed for 3 times in PBS, each time for 10 minutes. Coun-
terstaining was performed by incubation in hematoxylin for 1 minute, then dehydration and mounting

were performed as in “4.10.2 Hematoxylin and eosin staining”.

4.11. Statistics and data analysis

The GraphPad software was used to plot all obtained data. For evaluation of pro-inflammatory cyto-
kines secretion in fibrin-filled wounds, an unpaired t test was used, while one-way ANOVA was em-
ployed for scratch wound assay analysis. Data obtained from 3D-embedded macrophages polarization
and migration and the monocyte-to-macrophage differentiation data set were analyzed using a Krus-
kal-Wallis test, with a Dunn post-hoc test for multiple comparisons, assuming a non-parametric distri-
bution. For all other data, a two-way ANOVA with a Sidak or Tukey post-hoc test for multiple compar-

isons was used. Statistical significance was assumed at p<0.05.
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5. Results

5.1. Invitro skin generation

5.1.1.  Collagen scaffolds for in vitro skin culture

A key feature of in vitro skin wound equivalents is the standardization of the models, to allow the
evaluation of wound closure in reproducible settings. As it is well known that collagen gels tend to
shrink in culture [121,122], we evaluated different approaches to prevent excessive contraction of the
samples for skin wound model generation. Different collagen sources and concentrations were evalu-
ated either without modifications or treated with diverse methods to improve mechanical stability,
including freeze-drying, crosslinking, blending with glycosaminoglycans and compression (table 4). The
obtained scaffolds were evaluated macroscopically for contraction and with histological analyses for

assessing the formation of a mature skin structure.

When collagen was neutralized, mixed with cells and directly seeded in Transwell® inserts (“no treat-
ment” groups), low concentration gels (starting density: 3 mg/mL) resulted in strong and uneven con-
traction of the constructs over time, independently of the collagen source (figure 5A). At higher con-
centrations (starting density: 10 mg/mL), collagen isolated from rat tail did not form gels after

incubation at 37°C, while FibriCol® generated samples with reduced contraction.

The application of lateral compression on collagen gels generated with neutralized low-density colla-
gen solutions resulted in less pronounced and more uniform contraction (figure 5B), when compared
to uncompressed samples generated with the same collagen material (figure 5A). A mature skin struc-
ture was also detected (figure 5C), however the appearance of the gels was heterogeneous, showing
a non-uniform compression on the sides of the material and a variable final thickness of the scaffold
(figure 5D). The application of confined compression on collagen gels generated with neutralized low-
density collagen solutions showed the generation of more reproducible samples (figure 5E). Despite
the application of a high weight load on fibroblasts embedded in the gel already before compression,
the formation of a mature skin structure was observed (figure 5F), and macroscopically the gels
showed a uniform final thickness and low variability between samples (figure 5G). However, this ap-
proach generated samples with a low thickness of =100 um, which represents a limitation for the

wounding process, as it involves gel manipulation and transfer.
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Figure 5. Evaluation of lateral and confined compression on collagen scaffolds for reduced contraction
of skin equivalents. In vitro skin was generated by using a neutralized 3 mg/mL collagen solution as
scaffold. Representative images of (A) uncompressed samples and (B) laterally compressed sample
appearance after 2 weeks of air-lift culture. (C) H&E staining of skin equivalents cultured in a laterally
compressed collagen scaffold after 2 weeks of air-lift culture. Scale bar: 100 um. (D) Lateral view of
laterally compressed collagen gels right after compression. Black lines indicate the heterogeneous final
thickness of samples and the formation of an uneven surface within each gel. (E) Overview of the con-
fined compression method setup with all its components. (F) H&E staining of skin equivalents cultured
in a confined compressed collagen scaffold after 2 weeks of air-lift culture. Scale bar: 50 um. (G) Lateral
view of confined compressed collagen gels right after compression. Black lines indicate the homoge-
neous final thickness of samples. N=3.

The analysis of freeze-dried collagen gels showed the formation of porous structures for all evaluated
materials, with pore sizes being dependent on the freezing temperature (figure 6). However, once
sterilized and employed for dermal compartment seeding, the scaffolds contracted and eventually dis-
solved in the culture medium after 1 week of culture in all conditions tested. Thermal crosslinking or
chemical crosslinking with EDC, as well as blending of collagen with chondroitin-4-sulfate did not en-
hance scaffold stability, as no difference between these samples and pure collagen freeze-dried sam-

ples was detected (data not shown).
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Figure 6. Evaluation of freeze-drying on collagen scaffolds with different origins for reduced contrac-
tion of skin equivalents. Representative SEM images of sponges obtained by freeze drying collagen
solutions of different sources and at different temperatures. Scale bars: 20 um. N=2.

Table 4. List of collagen materials and relative treatments employed as scaffolds for generation of skin

models.

Material

Treatment

Observations

Bovine collagen, commer-
cial (PureCol®)

3 mg/mL solution

No treatment

Contraction

Freeze-drying (-20°C, -80°C) + cross-
linking (DHT, EDC) * blending with
chondroitin-4-sulfate

Contraction, dissolution

Lateral compression

Heterogeneous, non-reproducible

Confined compression

Reproducible, low thickness sam-
ples

Bovine collagen, commer-
cial (FibriCol®)
10 mg/mL solution

No treatment

Limited contraction, higher repro-
ducibility

Freeze-drying (-20°C, -80°C) + cross-
linking (DHT, EDC) * blending with
chondroitin-4-sulfate

Contraction, dissolution

Bovine collagen, commer-
cial
3 mg/mL solution

No treatment

Contraction

Freeze-drying (-20°C, -80°C) + cross-
linking (DHT, EDC) * blending with
chondroitin-4-sulfate

Contraction, dissolution

Rat tail collagen, isolated
10 mg/mL solution

No treatment

No gel formation

Freeze-drying (-20°C, -80°C) + cross-
linking (DHT, EDC) * blending with
chondroitin-4-sulfate

Contraction, dissolution

Rat tail collagen, commer-
cial

3 mg/mL solution

Freeze-drying (-20°C, -80°C) + cross-
linking (DHT, EDC) * blending with
chondroitin-4-sulfate

Contraction, dissolution
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Since the use of high concentrations of collagen resulted in less contracting samples and preserved
scaffold thickness, different dilutions of FibriCol® ranging from 3-10 mg/mL were evaluated to identify
the optimal collagen concentration for the in vitro skin culture. A concentration-dependent contraction
of skin models was observed macroscopically, which was more pronounced in the samples with the
lowest concentration of collagen (figure 7). The short culture time, which included 4 days in air-lift
conditions, was not sufficient to allow for full epidermalization. However, all the evaluated collagen
concentrations supported the formation of a multilayered epidermis (figure 7). Histological analysis
also revealed that samples not only displayed horizontal contraction, which can be observed macro-
scopically, but also underwent vertical contraction, as a different tissue thickness was observed be-

tween samples (figure 7).
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Figure 7. Evaluation of different collagen concentrations on the contraction and maturation of skin
models. Different dilutions of the 10 mg/mL FibriCol® solution were neutralized and used as scaffolds
for in vitro skin model culture. Samples were cultured for 4 days at air-lift culture, then stereoscopic
images were taken and H&E staining was performed to evaluate tissue structure. Scale bars: upper
row 1 mm, lower row 100 um. N=2.

The culture of in vitro skin samples using FibriCol® as a scaffold indicated that an initial collagen con-
centration of 10 mg/mL generates the least contracting samples, however also resulted in a less strat-
ified epidermis. To verify whether the dense collagen matrix allows nutrients to reach the epidermal
layer promoting epidermalization, skin samples were generated by seeding different volumes of colla-
gen in the Transwell® inserts and culturing the tissues at air-lift culture for 14 days. Histological analysis
revealed that a mature stratified epithelium was formed independently of the initial collagen volume
(figure 8). Therefore, the intermediate volume of 400 uL was selected to generate samples with suita-

ble thickness and mechanical stability for wound healing application.
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Figure 8. Evaluation of neutralized 10 mg/mL collagen scaffolds thickness on epidermal differentiation.
Different volumes of the 10 mg/mL FibriCol® solution were used to culture skin models. High thickness:
500 ul/insert, low thickness: 300 pL/insert. After 14 days at air-lift culture, H&E staining of fixed sam-
ples followed. Scale bars: 100 um. N=1.

5.1.2. Characterization of in vitro skin

To confirm the generation of fully mature in vitro skin models with the selected culture conditions,
histology and immunohistochemistry (IHC) were performed on skin equivalents and compared to hu-
man skin samples. H&E staining revealed the presence of a stratified epithelium on top of a fibroblast-
rich matrix, comparable to human skin structure (figure 9). IHC was also performed on these samples
to check for skin-specific markers. The presence of a basement membrane between dermis and epi-
dermis was confirmed by the positive collagen IV staining of in vitro skin equivalents (figure 9). Cy-
tokeratin 10, an intermediate keratinocyte differentiation marker, and loricrin, a late keratinocyte dif-
ferentiation marker, were also detected in in vitro skin (figure 9), confirming that the models possessed

characteristics of a mature tissue that is comparable to human skin.
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Figure 9. Evaluation of in vitro skin model structure in comparison with human skin. In vitro skin was
generated by using a neutralized 10 mg/mL collagen solution as scaffold, and cultured at air-lift inter-
phase for 14 days. Top row shows H&E staining, while other images display the expression of skin-
specific markers upon IHC. Antibodies against loricrin, cytokeratin 10 and collagen IV were used, and
the right-side images shows negative controls, only added with secondary antibody. White arrows in-
dicate collagen IV positively stained cells in human skin samples. Scale bars: 50 um.

The culture of in vitro skin showed the formation of a mature epidermis over time. However, differ-
ences were detected between experiments, as well as between samples generated within the same
experiment (figure 10A). Although the terminal differentiation layer, the stratum corneum, was ob-
served in all equivalents, in some cases the intermediate layers could not be detected after the histo-
logical processing (figure 10A). Additionally, different numbers of keratinocyte layers were detected in
the epidermis (figure 10A). Skin thickness measurements also showed variations between samples,

with an overall mean thickness of 350 um and measures ranging from 200 pm to 450 um (figure 10B).
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Figure 10. Evaluation of in vitro skin model reproducibility, in terms of structure and tissue thickness.
In vitro skin was generated by using a neutralized 10 mg/mL collagen solution as scaffold, and cultured
at air-lift interphase for 14 days. (A) Representative H&E staining of samples obtained from 6 inde-
pendent experiments. Scale bars: 50 um. (B) Skin sample thickness measurements performed on 7 in-
dependent experiments. The left value shows the mean thickness of all measurements performed,
while other data points show the measures obtained for each experiment. Measurements were per-
formed with ImageJ on 5 randomly chosen images per experiment, performing 3 measures each. Error
bars represent standard deviation.

5.2. Invitro wound healing assessment

5.2.1. Wound implementation strategies

To generate reproducible wounds into skin models, two diverse wounding methods were evaluated,
one being commonly used to implement full thickness wounds (biopsy punch) and one recently de-
signed, involving the full automation of the process (ARTcut®). Macroscopically, wounds obtained with
ARTcut® showed a reproducible circular shape, different from wounds implemented with biopsy punch
that frequently acquired an elongated oval shape derived from the transfer of the sample in another
Transwell® insert after wounding (figure 11A). However, the use of a biopsy punch to apply wounds
involved extensive manipulation of the skin equivalents, often resulting in the detachment of the epi-
dermis from the dermis (figure 11B). The implementation of wounds with the ARTcut® automated
wounding device, conversely, involved less sample manipulation steps. The histological evaluation of
samples wounded with ARTcut® revealed that, despite the wound shape was macroscopically more
reproducible than biopsy punch-implemented wounds, the wounding process was heterogeneous with
regard to wounding depth. Although the software settings instructed the generation of wounds with
the same depth for all samples, some showed the implementation of full thickness wounds while oth-

ers only presented a partially disrupted epidermis, thus implementing partial thickness wounds (fig-
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ure 11C). Additionally, the removal of wounded tissue fragments was frequently incomplete, with de-
tached tissue pieces being detectable in some of the samples in spite of the washing steps performed

after wound formation (figure 11C).

A Biopsy punch ARTcut®

3 mm

Figure 11. Evaluation of biopsy punch- or ARTcut®-implemented wounds. (A) Representative images
showing the macroscopic appearance of wounds implemented with the two methods under investiga-
tion, 7 days after wound formation. Scale bars: upper images 1 mm, lower images 200 um. (B) Rose
Bengal staining of wounded skin after biopsy punch wound formation, showing disruption of the der-
mal-epidermal junctions and detachment of the epidermis. Scale bars: upperimage 1 mm, lower image
3 mm. (C) Histological evaluation of ARTcut®-implemented wounds 1 day after wounding, upon H&E
staining. Representative images of 3 independent experiments are displayed, all performed by setting
the same wounding parameters in the ARTcut® software. White lines indicate the wound area. Scale
bars: 100 um. N=5 for biopsy punch wounding, N=10 for ARTcut® wounding.

5.2.2.  Drug carrier system for in situ wound delivery

The evaluation of drug effects on wound healing requires the use of a carrier system to precisely deliver
the substance under investigation to the wound area, in order to assess its local effects instead of the
systemic ones. A suitable drug carrier system should not interfere with the healing process, and as

fibrin is a natural polymer contributing to wound healing during hemostasis, its effects on wound clo-
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sure and response to inflammation were analyzed and compared to wounded samples where no ma-
terial was added to the area. Fibrin polymerization occurred within seconds after mixing fibrinogen
and thrombin but provided enough time to precisely place the hydrogel in the wound area. The hydro-
gel could be detected in the wound area by histological analyses up to 4 days after wounding (fig-
ure 12A) and then progressively degraded as a result of cellular activity. The evaluation of wound clo-
sure was initially assessed macroscopically, by analyzing wound images 1, 3 and 7 days after wound
formation. Over time, the wound area turned from shimmering and transparent to opaque, demon-
strating epithelial cell infiltration (figure 12B). The evaluation of wound closure in presence of fibrin
was performed by manually measuring the diameter of the wound area from macroscopic images us-
ing Imagel. In presence of fibrin, the wound area decreased to 58+11% after 4 days compared to the
initial area measured at day 1, while wounds where no supplements were provided decreased to
64+11% (figure 12C). At day 7, the wound area was 37+12% in the fibrin-filled wound against 41+23%
in wounds where no fibrin was added (figure 12C). No statistical significance was detected between

groups.
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Figure 12. Evaluation of a fibrin hydrogel as carrier system to deliver drugs in the wound area. In vitro
skin samples were wounded with a 82 mm biopsy punch, and the wound area was either filled with a
fibrin hydrogel (“Wound+fibrin”) or left without supplements (“Wound”). (A) Representative image of
a wounded skin model supplemented with fibrin, cultured for 4 days prior to H&E staining. The dashed
line indicates the wound area, and the black arrow the fibrin hydrogel. Scale bar: 200 um. (B) Macro-
scopic appearance of wounded skin samples 1 and 7 days after wound formation. Scale bars: 1 mm.
(C) Quantification of wound closure, displayed as wound area decrease percentage 1, 4 and 7 days
after wound formation. N=3, error bars represent standard deviation (two-way ANOVA, Sidak's multi-
ple comparisons test).
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Alternatively, cell migration into the wound area was assessed by means of confocal microscopy.
Wounded skin samples displayed migration of epithelial cells into the wound area upon live/dead
staining (figure 13A). The use of live/dead staining avoided fixation and embedding of samples, which
could lead to disruption of the thin layer of migrating cells closing the wound during the initial phase
of healing. Optical Coherent Tomography (OCT) represents another alternative for imaging wound clo-
sure in a real-time and non-destructive manner. Wounded skin samples imaged with OCT showed that
detection of the dermal and epidermal layers was possible, despite the high thickness and non-trans-
parency of the samples. Importantly, when monitoring the same samples over time, the migration of

epithelial cells to close the wound area could be observed (figure 13B).

Overview

Section

Figure 13. Assessment of wound healing with different imaging techniques. (A) Wounded skin samples
were imaged with a confocal laser scanning microscope 7 days after wound formation and filling of the
wound with a fibrin hydrogel, upon live/dead staining. Images are representative 3D reconstructions
of 2x2 tile scans, and white sketched lines indicate the wound margins. Scale bars: 500 um.
(B) Wounded skin sample imaged with Optical Coherent Tomography (OCT) 1, 3 and 7 days after
wound formation. The upper row shows an overview of the wounded skin sample, and the lower row
displays sample cross-sections. Images were taken by Prof. Simon Pot at the department of veterinary
ophthalmology, University of Zirich.

To assess whether fibrin triggered an inflammatory response in wounded skin equivalents, pro-inflam-
matory cytokines IL-6 and IL-8 were quantified in the supernatants. Wounded samples without fibrin

in the wounds secreted 28+12 ng/mL of IL-6, against 29+12 ng/mL for fibrin-filled wounds (figure 14).
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IL-8 concentrations were 95+16 ng/mL in wounds with no supplements, and 85+10 ng/mL in fibrin-
filled wounds (figure 14). Notably, the secretion of IL-6 and IL-8 did not show any statistical significance

between groups.

IL-6 secretion, 24h IL-8 secretion, 24h

—E' 251 —E' 801

S~ S~

&D 20+ &n 60

£ £

e 15 s

o o 401

T 101 %

g s g 201

© o

= 0- = 0-
> &
O N

4\00 82\\\6‘
QQ

$0

Figure 14. Evaluation of fibrin hydrogels effects on wounded skin inflammatory response. Wounded
skin equivalents were wounded with a 2 mm biopsy punch, and the wound area was either filled with
a fibrin hydrogel (“Wound+fibrin”) or left without supplements (“Wound”). 24 hours after wound for-
mation, cell culture supernatants were collected and quantification of pro-inflammatory cytokines
IL-6 and IL-8 was performed. N=3, error bars represent standard deviation (unpaired t test).

5.3. Parameters for immunocompetent skin
generation

5.3.1. Primary macrophage implementation strategy

Primary blood monocytes were differentiated into macrophages prior to the incorporation in 3D col-
lagen gels (figure 15A). Monocyte-to-macrophage differentiation was performed by supplementing
the culture medium with M-CSF for 6 days. Compared to the day of isolation, when cells were only
partially attached to the cell culture vessel surface, the majority of cells were adherent to the surface
at day 6 and presented a spread and rounded morphology that is characteristic of macrophages (fig-
ure 15B). After monocyte-to-macrophage differentiation, cells were harvested and used for both
2D and 3D experiments. The evaluation of 3D embedded macrophages required the encapsulation of
macrophages in collagen hydrogels, obtained with the same procedure employed for dermal compart-
ment generation and also including the same number of cells per gel. Different volumes of neutralized
collagen were employed for different experiments, however the number of macrophages seeded per
gel remained constant. Cells were used for 3D gel generation only when viability after collection was
above 80%. The encapsulation of macrophages in collagen hydrogels resulted in the homogeneous

distribution of cells within the gel (figure 15C).
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Figure 15. Embedding of primary macrophages in collagen hydrogels forimmunocompetent skin mod-
els. (A) Visual schematic of the encapsulation procedure for blood monocytes-derived macrophages.
(B) Morphology of primary blood-derived monocytes through the differentiation into macrophages.
Monocytes were imaged right after isolation (day 0) and when differentiation into macrophages was
completed (day 6). Scale bars: 200 um. (C) Representative 3D reconstructed image of encapsulated
macrophages imaged with confocal laser scanning microscope upon live/dead staining, 1 day after
encapsulation. Scale bar: 100 um.
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5.3.2.  Culture medium for immunocompetent skin
models

5.3.2.1. The influence of medium on 2D cultures

The incorporation of immune cells in skin equivalents requires the use of a culture medium that is
suitable for all cell types involved, namely fibroblasts, keratinocytes and macrophages. To identify a
medium that supports immunocompetent skin culture, the effects of two skin differentiation media
formulations (“Skin differentiation medium 1” and “Skin differentiation medium 2”) and of macro-

phage medium (“RPMI control”) were investigated in both 2D and 3D cultures.

To understand the influence of culture medium on the viability of single cell types, fibroblasts,
keratinocytes and macrophages were cultured in RPMI control medium, skin differentiation me-
dia 1 and 2 for 7 days. Fibroblasts metabolic activity showed an increase over time for all conditions
tested (figure 16). Culture in RPMI control medium presented higher metabolic activity values com-
pared to skin differentiation media, in both combinations. Metabolic activity of primary keratinocytes
showed increasing values over time in skin differentiation media, with the highest values detected in
cells cultured in skin differentiation medium 1 at all time points. Conversely, RPMI control medium
displayed decreasing values over time (figure 16). Macrophages viability showed a significant decrease
in both skin differentiation media already after one day of culture, with values being similar for the
two media. The values of both skin differentiation media were statistically significant at all time points

analyzed compared to RPMI control medium (figure 16).

Fibroblasts Keratinocytes Macrophages
@ RPMictrl F Skindiff.1 =i Skin diff.2 HDF med @ RPMictrl 4 Skindiff.1 =i Skin diff.2 HEK med @ RPMictrl 8 Skindiff.l =i Skin diff. 2
200 120
1000+ 100
X ¥ ® «
2 150 * z Z 8 e
3 3 3
§ g 5004 g 60- s
100 ' had
Day 1 Day 3 Day 7 Day1l Day 3 Day7 Day1 Day 3 Day7

Figure 16. Metabolic activity of primary fibroblasts, keratinocytes and macrophages in the media under
investigation. Cells were cultured in macrophage medium (“RPMI ctrl”) and 2 formulations of skin dif-
ferentiation media (“Skin diff. 1” and “Skin diff. 2”) for 7 days, and metabolic activity was quantified at
days 1, 3 and 7. Values were normalized to fibroblasts, keratinocytes or macrophages cultured for 1
day in HDF medium, HEK medium or RPMI ctrl, respectively. N=3 for fibroblasts and keratinocytes and
N=5 for macrophages, error bars represent standard deviation (two-way ANOVA, Tukey's multiple
comparisons test). Statistical significance is indicated with *p<0.05, ***p<0.001.
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The proliferation of fibroblasts and keratinocytes in the media under investigation was also evaluated
after 1, 2 and 3 days of culture. Fibroblast proliferation rates were higher in presence of skin differen-
tiation medium 1, however no significant difference was detected between groups at any of the time
points analyzed (figure 17). Similarly, keratinocytes showed increased proliferation in presence of skin
differentiation medium 1, while culture in RPMI control medium resulted in lower values. Statistical
significance was observed between skin differentiation medium 1 and RPMI control medium after

7 days of culture (figure 17).
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Figure 17. Proliferation rates of primary fibroblasts, keratinocytes and macrophages in the media un-
der investigation. Cells were cultured in macrophage medium (“RPMI ctrl”) and 2 formulations of skin
differentiation media (“Skin diff. 1” and “Skin diff. 2”) and proliferation was quantified after 1, 2 and
3 days of culture. Values were normalized to fibroblasts or keratinocytes cultured for 1 day in HDF
medium or HEK medium, respectively. N=3, error bars represent standard deviation (two-way ANOVA,
Tukey's multiple comparisons test). Statistical significance is indicated with *p<0.05.

The culture of primary macrophages in the different media showed that cells acquired different mor-
phologies over time. Staining with CD68, a monocyte and macrophage specific marker, revealed that
macrophages in RPMI control medium had a spread and rounded morphology (figure 18). When cul-
turing cells in either skin differentiation media, macrophages acquired a more elongated shape. The
elongation to spindle-shaped macrophages was more evident in skin differentiation medium 1, with
more elongated cells at day 7 comparing to day 3 (figure 18). In skin differentiation medium 2, macro-
phages were partially elongated, with an intermediate phenotype between RPMI control medium and
skin differentiation medium 1. Staining with CD68 also revealed a different expression of the marker
between the different conditions. The elongated cells detected in skin differentiation medium 1 also
showed a brighter staining intensity comparing to the other conditions, effect more evident after

7 days of culture (figure 18).
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Figure 18. Expression of macrophage-specific marker CD68 in primary macrophages in the media under
investigation. Cells were cultured in macrophage medium (“RPMI ctrl”) and 2 formulations of skin dif-
ferentiation media (“Skin diff. 1” and “Skin diff. 2”), and stained with CD68 and DAPI after 3 and 7 days
of culture. Scale bars: 100 um for the lower magnification, 20 um for the higher magnification. N=3.

5.3.2.2. The influence of medium on macrophage
polarization

An altered morphology of macrophages potentially indicates the polarization of cells to a pro- or
anti- inflammatory subtype, which occurs depending on the stimuli present in the environment. To
better understand the effects observed on macrophage morphology, gene expression of cells cultured
in the different media was evaluated. Macrophages were either cultured alone or co-cultured with
mature skin equivalents, to investigate the influence of skin paracrine signaling on macrophage polar-
ization.

When macrophages were cultured in presence of the media under investigation, both skin differenti-
ation media showed to affect gene expression. Single macrophage cultures displayed an upregulation
of the pro-inflammatory markers CD197 and CXCL10 in presence of both skin differentiation media,
compared to RPMI control medium (figure 19). In particular, macrophage culture in skin differentiation
medium 2 significantly increased the expression of CD197. The quantification of M2 markers showed
that skin differentiation media significantly decreased the expression of CCL22 compared to RPMI con-
trol medium, while a slight increase of CD206 was detected. The analysis of gene expression in pres-
ence of 3D skin equivalents showed the same effects detected in single cultures.
Skin differentiation media caused a slight upregulation of the pro-inflammatory markers, with the ex-

ception of CD197 in presence of skin differentiation medium 2, which showed a decreased expression
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(figure 19). Quantification of anti-inflammatory markers showed contradictory effect of skin differen-
tiation media, as CD206 was upregulated while CCL22 was downregulated compared to RPMI control
medium. The comparison of macrophage single cultures with macrophage-skin co-cultures showed
thatin presence of skin the immune cells were less responsive to pro-inflammatory stimuli. Conversely,
the response to anti-inflammatory stimuli was contradictory. While CD206 fold expression rates signif-

icantly increased compared to single cultures, CCL22 showed a significant decrease (figure 19).
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Figure 19. Gene expression of primary macrophages in the media under investigation. Cells were cul-
tured in macrophage medium (“RPMI ctrl”) and 2 formulations of skin differentiation media (“Skin diff.
1” and “Skin diff. 2”), in presence ("M1+skin"; "M2+skin") or absence ("M1"; "M2") of skin as a co-
culture. The analyzed genes were the M1 markers CD197 and CXCL10 and the M2 markers CD206 and
CCL22. All values were normalized to samples cultured in RPMI control medium, and GAPDH was used
as reference gene. Each experiment was performed with macrophages derived from a different blood
donor, indicated with different symbols. N=5 for macrophages cultured in presence of skin equivalents,
N=10 for macrophages cultured alone, error bars represent standard deviation (two-way ANOVA, Tuk-
ey's multiple comparisons test). Statistical significance is indicated with *p<0.05, **p<0.01,
***¥p<0.001, ****p<0.0001.
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Cultures were then further stimulated to M1 and M2 phenotypes by supplementing the media with
either LPS and IFN-y or IL-4, respectively. As expected, the detected gene expression variations re-
flected the same trends observed in unstimulated cells, with the exception of CCL22, which showed
increased values in presence of skin co-cultures after M2 stimulation (figure 20). When macrophages
were cultured alone, skin differentiation media downregulated the expression of CD197 and upregu-
lated the expression of CXCL10. However, the combination of skin co-culture and skin differentiation
media resulted in the downregulation of both M1 markers. Conversely, M2 markers were both upreg-
ulated in presence of skin co-cultures compared to macrophages alone (figure 20). Skin differentiation
media slightly upregulated CD206 and downregulated CCL22 expression, however no statistical signif-

icance was observed for any of the markers evaluated.
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Figure 20. Gene expression of primary macrophages in the media under investigation upon stimulation
to M1 or M2 phenotypes. Primary macrophages were polarized for 24 hours into M1- or M2-like cells
in macrophage medium (“RPMI ctrl”) and 2 formulations of skin differentiation media (“Skin diff. 1”
and “Skin diff. 2”), in presence ("M1+skin"; "M2+skin") or absence ("M1"; "M2") of skin as a co-culture.
M1-like stimulated cells were analyzed for the M1 markers CD197 and CXCL10, and M2-like stimulated
cells were analyzed for the M2 markers CD206 and CCL22. All values were normalized to unstimulated
samples cultured in RPMI control medium, and GAPDH was used as reference gene. Each experiment
was performed with macrophages derived from a different blood donor, indicated with different sym-
bols. N=5 for macrophages cultured in presence of skin equivalents, N=10 for macrophages cultured
alone, error bars represent standard deviation (two-way ANOVA, Tukey's multiple comparisons test).
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It has been reported that the monocyte-to-macrophage differentiation has an effect on cell polariza-
tion into M1 and M2 phenotypes [123]. Although CSFs are required for monocyte survival and differ-
entiation into macrophages [124], GM-CSF has been shown to prime polarization towards a M1-like
phenotype, while M-CSF steers the phenotype towards M2-like cells [123]. To exclude that the ob-
served differences in gene expression resulted from the M-CSF supplementation during the monocyte-
to-macrophage differentiation, gene expression of cells generated with GM-CSF supplementation was
also evaluated. Compared to M-CSF-supplemented cultures, GM-CSF addition resulted in both an in-
creased and decreased pro-inflammatory response, as CD197 was upregulated and CXCL10 downreg-
ulated (figure 21). The supplementation of a combination of M-CSF and GM-CSF resulted in lower ex-
pression of both M1 markers compared to M-CSF supplemented cultures, in both the analyzed ratios.
On the contrary, M2 markers were upregulated in all conditions compared to
M-CSF-supplemented cultures (figure 21). Despite the differences, no statistical significance was ob-

served for any of the markers evaluated.
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Figure 21. Gene expression of primary macrophages obtained with different monocyte-to-macrophage
differentiation conditions, upon stimulation to M1 or M2 phenotypes. Blood-derived monocytes were
supplemented with either 20 ng/mL M-CSF (“M-CSF”), 20 ng/mL GM-CSF (“GM-CSF”) or a combination
of the factors with a 1:1 or a 10:1 ratio of M-CSF:GM-CSF (“1:1 M:GM” and “10:1 M:GM”, respectively).
Upon differentiation, macrophages were polarized for 24 hours into M1- or M2-like cells, then gene
expression of M1 stimulated cells was analyzed with the M1 markers CD197 and CXCL10, and the M2
stimulated cells were analyzed for M2 markers CD206 and CCL22. GAPDH was used as reference gene.
N=3, error bars represent standard deviation (Kruskal-Wallis test, Dunn’s multiple comparisons test).
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5.3.2.3. The influence of medium on skin
differentiation

To investigate the influence of culture medium on tissue maturation, skin models were cultured in
RPMI control medium, skin differentiation medium 1 or 2 and evaluated for epidermal stratification.
Histological analyses revealed that both skin differentiation media supported the formation of a ma-
ture epidermal structure, as indicated by the presence of several layers of keratinocytes and of a stra-
tum corneum on the apical part of the epidermis (figure 22). On the contrary, culture in RPMI control
medium did not result in the formation of a mature epidermis, as no stratified keratinocyte layers were
detected in the skin equivalents. Instead, only few cells adhered to the surface of the dermal compart-
ment (figure 22).

RPMI ctrl Skin diff. 1 Skin diff. 2

P .

T |

Figure 22. Evaluation of skin tissue maturation in the different media. In vitro skin equivalents were
generated by culture in macrophage medium (“RPMI ctrl”) and 2 formulations of skin differentiation
media (“Skin diff. 1” and “Skin diff. 2”) for 7 days at air-lift culture, then fixed and stained with H&E.
Scale bars: 100 um. N=3.

As RPMI control medium did not promote the formation of a stratified epidermis (figure 22), the fea-
sibility of culturing immunocompetent skin in RPMI control medium for the theoretical duration of a
potential inflammatory response was evaluated. For this, fully differentiated skin equivalents gener-
ated in skin differentiation medium 1 or 2 were transferred into RPMI control medium and cultured
for further 7 days. Potential changes to the skin structure were evaluated with immunohistochemistry,
by staining for the late differentiation marker loricrin. All samples were positive for loricrin when cul-
tured in skin differentiation media 1 and 2 (figure 23), indicating full epidermal maturation in presence

of both formulations. However, the replacement of skin differentiation media with RPMI control me-

dium resulted in the loss of loricrin expression (figure 23).
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Figure 23. Evaluation of macrophage medium effects on epidermal structure. In vitro skin equivalents
were generated by culture in skin differentiation medium 1 or 2 for 14 days at air-lift culture (upper
row), and then further cultured for 7 days in RPMI control medium (“RPMI ctrl”) (lower row). Immuno-
histochemistry was performed on 5 um thick slides, using a peroxidase conjugated secondary antibody
and counterstaining with hematoxylin. Scale bars: 100 um.

5.3.2.4. The influence of medium 3D-embedded
macrophages

In an immunocompetent 3D skin model, macrophages would be cultured within a 3D environment.
Therefore, macrophages were embedded in collagen gels to study the effects of the media on 3D-
embedded cells. Immune cell functionality was assessed in terms of viability, ability to polarize towards

M1 and M2 phenotypes and migration ability.

After embedding in collagen hydrogels, cell viability showed decreasing values over time (figure 24A).
Quantification of viability was performed by manually counting cells with Imagel, with an average of
91 cells counted per image and 3 images per condition. Viability of macrophages in RPMI control me-
dium was 751£2% at day 1, and decreased to 58+1% and 56+18% at day 3 and 7, respectively (figure
24B). Cells cultured in skin differentiation medium 1 had an initial viability of 76£8% at day 1, decreas-
ing to 6516% and 55+6% at day 3 and 7, respectively. Culture in skin differentiation medium 2 resulted
in a higher decrease of cell viability, with 75£9% viable cells at day 1, 55+10% at day 3 and 17£10% at
day 7, which resulted in differences that were statistically significant compared to the other groups

(figure 24B).
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Figure 24. Viability of primary macrophages upon embedding in collagen hydrogels and culture in the
different media. Primary macrophages were embedded in collagen hydrogels and cultured in macro-
phage medium (“RPMI ctrl”) and 2 formulations of skin differentiation media (“Skin diff. 1” and “Skin
diff. 2”) for 7 days. (A) Representative maximum intensity projections obtained from 192 pum-thick
Z-stacks, upon live/dead staining. Scale bars: 100 pm. N=3. (B) Quantification of primary macrophages
viability performed on maximum intensity projections using Imagel software. An average of 91 cells
was counted per image. Viability is indicated as viable cells percentage on the total number of counted
cells. N=3, error bars represent standard deviation (two-way ANOVA, Tukey's multiple comparisons
test). Statistical significance is indicated with ***p<0.001.
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As 3D embedding potentially affects the ability of macrophages to sense stimuli and consequently po-
larize to M1-like or M2-like phenotypes, macrophage-containing gels were stimulated with LPS and
IFN-y. After 24 hours of stimulation, the release of pro-inflammatory cytokines was quantified in cul-
ture supernatants. IL-6 secreted by macrophages cultured in RPMI control medium had a concentra-
tion of 15 ng/mL, whereas culture in skin differentiation medium 1 and 2 resulted in the detection of
4.5 ng/mL and 8 ng/mlL, respectively (figure 25). Similarly, IL-8 secretion was lower in presence of skin
differentiation media. IL-8 concentration of gels cultured in RPMI control medium was 201 ng/mL,
against 60 ng/mL in skin differentiation medium 1 and 48 ng/mL in skin differentiation medium 2 (fig-

ure 25). Despite the differences, no statistical significance was detected between groups.
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Figure 25. Cytokine secretion of primary macrophages upon embedding in collagen hydrogels and cul-
ture in the media under investigation. Primary macrophages were embedded in a collagen hydrogel
and polarized to M1-like cells in macrophage medium (“RPMI ctrl”) and 2 formulations of skin differ-
entiation media (“Skin diff. 1” and “Skin diff. 2”). After 24 hours, culture supernatants were collected
and the pro-inflammatory cytokines IL-6 and IL-8 were quantified. N=3, error bars represent standard
deviation (Kruskal-Wallis test, Dunn’s multiple comparisons test).

In vivo, macrophages are recruited to the wounded area through the extravasation of precursor cells
that differentiate in situ under stimulation of the cytokines present in the environment. The ability of
macrophages to migrate through the tissue is a crucial requirement for their recruitment during the
inflammatory response, therefore a vertical invasion assay was performed. 48 hours after cell seeding,
macrophages showed the ability to migrate through the dense collagen matrix in all conditions (fig-
ure 26A). The quantification of migration distance from the top of the gels showed that macrophages
were able to penetrate into the gels with a depth of 168121 um in presence of RPMI control medium
(figure 26B). Migration was increased in skin differentiation medium 1 cultured samples, as cells were
detected up to a depth of 182128 um, while skin differentiation 2 decreased migration to a maximum
of 157422 um. Differences were however not statistically significant, and could be related to a different
number of cells that attached to the surface of the gel prior to migration. As a matter of fact, while the
same number of cells was seeded per condition, overview images indicated that less cells were present
on the surface of the gels cultured in skin differentiation medium 2 after 48 hours of culture (figure

26C).
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Figure 26. Vertical invasion assay of primary macrophages in the media under investigation. Primary
macrophages were seeded on top of empty collagen | hydrogels and let migrate for 48 hours in mac-
rophage medium (“RPMI ctrl”) and 2 formulations of skin differentiation media (“Skin diff. 1” and “Skin
diff. 2”). (A) Representative 3D reconstructed images of live/dead stained samples are shown, color
coded for invasion depth. (B) Quantification of primary macrophages migration after vertical invasion
assay in the media under investigation. 3D reconstructed images of live/dead stained samples were
used to measure the migration distance from the top of the collagen hydrogel, using
Imagel) software. N=3, error bars represent standard deviation (Kruskal-Wallis test, Dunn’s multiple
comparisons test). (C) Representative images of primary macrophages seeded on top of collagen
hydrogels, after 48 hours in the three media under investigation, upon live/dead staining. Images show
a top view of each condition 1 day after seeding the same number of cells per gel. Scale bars: 100 um.
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5.4. Macrophage implementation in skin models

5.4.1. Inflammatory response of immunocompetent
skin

After embedding of macrophages in collagen gels, the immune compartment was placed below
wounded skin equivalents and the immunocompetent skin was cultured for 7 days. To evaluate the
contribution of macrophages to the inflammatory response, culture supernatants were collected and
cytokine quantification was performed. The two pro-inflammatory cytokines IL-6 and IL-8 were quan-

tified after 24 and 72 hours.

Overall, higher cytokine concentrations were detected after 24 hours, compared to 72 hours. The se-
cretion of both cytokines increased after wound formation, compared to unwounded samples. When
analyzing wounded skin samples cultured without macrophages, IL-6 and IL-8 secretion showed minor
differences between wounds filled with fibrin and wounds where 80 pg/mL calcium pantothenate was
supplemented to the fibrin hydrogel. This was observed in both the 24 hours (figure 27A) and the

72 hours (figure 27B) time points.

When macrophages were introduced into the skin equivalents, immunocompetent skin samples did
not show increased IL-6 and IL-8 secretion. However, wounded samples secreted higher amounts of
the cytokines compared to unwounded samples, with the exception of IL-8 after 72 hours. Differently
than what was observed in skin samples without immune cells, the addition of calcium pantothenate
in the wound area resulted in a decreased cytokine secretion. This was observed in both the 24 hours

(figure 27A) and the 72 hours (figure 27B) time points.
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Figure 27. Cytokine secretion of skin equivalents 24 and 72 hours after wound formation. Supernatants
were collected from samples where only skin was cultured (“Skin only”) or from immunocompetent
skin samples, where a macrophage-containing collagen gel was placed below the skin model after
wound formation (“Immunocompetent skin”). The pro-inflammatory cytokines IL-6 and IL-8 were
quantified after (A) 24 hours and (B) 72 hours for unwounded samples (“Unwounded”) and for
wounded samples which wounds were filled with a fibrin hydrogel (“Wound + fibrin”) or with a fibrin
hydrogel also containing 80 pg/mL calcium pantothenate (“Wound + fibrin + CaP”). N=3, error bars
represent standard deviation (two-way ANOVA, Tukey's multiple comparisons test).
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5.4.2. Macrophage permanence in
immunocompetent skin

The presence of macrophages in immunocompetent skin models over the 7-days healing process du-
ration was assessed with IHC. Staining for CD68 marker confirmed the presence of immune cells in the
skin equivalents until 7 days after combination of macrophage-containing gels with wounded skin sam-
ples (figure 28). However, staining for CD68 was not detectable in every sample, even in cells located
within the macrophage-containing gel below the dermis. The cells detected in this compartment re-

sulted CD68"* in some samples (figure 28A) and CD68" in others (figure 28B).
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Figure 28. Expression of macrophage-specific marker CD68 in immunocompetent skin models. Macro-
phage-containing collagen gels were placed below wounded skin equivalents and cultured for 7 days.
IHC showed both (A) positively CD68 stained and (B) negatively stained cells. White arrows indicate
macrophages displaying positive CD68 staining. Small boxes on the right side show positive and nega-
tive controls, the latest only added with secondary antibody. Scale bars: 20 um.
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6. Discussion

6.1. Challenges of in vitro skin wound model
generation

6.1.1. Collagen scaffolds support mature skin culture
but exhibit weak mechanical properties

Since the first skin equivalent was established in 1981 by seeding rat fibroblasts and keratinocytesin a
collagen gel [60], collagen has become the primary material used as scaffold for the culture of 3D skin
models and is now readily commercially available. One key advantage of using collagen rather than
other materials is its availability, as it can be easily extracted from diverse animal sources. Further-
more, the inclusion of a biological material in culture ensures biocompatibility and the use of a well-
established system [125]. Due to the large number of reports successfully employing collagen as a
scaffold for dermal culture, the material was here employed for in vitro skin culture establishment.
Collagen materials having different origins and concentrations were selected and evaluated. All mate-
rials were available in acidic solutions and obtained commercially, except one provided by a collabo-
rator at the Translational Center for Regenerative Therapies (Wirzburg University) that was isolated
from rat tail. These selected collagen sources represented the most employed scaffolds for 3D tissue
engineering purposes, as reviewed in Antoine et al. [73]. Low concentrations of collagen were initially
used, as most of the models are generated with a starting material concentration between 1 and

5 mg/mL.

Commercial bovine collagen with an initial concentration of 3 mg/mL (PureCol®) showed to support
cell proliferation and maturation, as the formation of a fully stratified epidermis with several cell layers
was detected in the equivalents. While the in vitro development of a mature skin tissue was supported,
collagen weak mechanical properties due to the high water content [72,126] resulted in contraction of
the samples throughout culture in a significant and heterogeneous manner (figure 5A). As already
demonstrated [122], contraction is the result of cellular activity within the material, as cells actively
interact with the matrix. Once embedded in a scaffold, cells recognize and bind to specific motifs as
RGD or FGOGER, which in case of collagen and skin cells involves the integrins a1 and a2p1 [127,128].
By forming those bonds, cells receive survival signals, proliferate and remodel the surrounding matrix
[127]. Hence, the observation of contracting scaffolds indicated the successful interaction between
cells and the material, showing desirable properties of the scaffold for cell culture. Nevertheless, for

certain applications such as the investigation of drug effects on wound healing, scaffold contraction
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does not represent a desirable feature. To perform a consistent and reliable healing evaluation and
compare results between drug-supplemented wounds and control samples, a central requirement is
the reproducibility of the skin models in terms of sample and wound size. On one side, the issue could
be addressed by enlarging the initial size of each sample to obtain a final contracted gel area that is
suitable for skin culture. This approach would enable the generation of samples with a larger surface
size, but would not address the heterogeneous contraction of the gels. Scaling up the sample size
would additionally involve a decrease in the experimental throughput, as well as an increase of the
costs. As a matter of fact, more material as well as a higher number of cells would be employed. Fur-
thermore, changing the format of the culture vessels would limit the use of standard cell culture ma-
terials, for instance deep-well plates, or devices such as ARTcut®, which are currently only available for
a 12-well plate format. In the here presented work, the generation of more reproducible skin models
for the 12-well plate format was therefore the focus of the scaffold investigations. To achieve that, the
identification of a less- or even non-contractile scaffold was evaluated with diverse techniques aiming
at limiting and controlling the contraction process. Reduced contraction of materials in culture gener-
ates more robust systems withstanding longer experimental duration and improving the material han-

dling for the user [129].

Initially, a partial compression of the gels was performed by placing Teflon rings in the Transwell® insert
after collagen polymerization. The rings, which have been designed to precisely fit 12-wells cell culture
inserts, reached the bottom of the culture insert overnight, promoting a partial removal of the hydro-
gel water content. This method represented a fast and easy method to obtains denser gels, at the same
time avoiding mechanical and shear stress on the encapsulated cells. Lateral compression did promote
a more uniform appearance of the gels (figure 5B) and the formation of a stratified epidermis (figure
5C) after air-lift culture. However, the results were highly heterogeneous as the compressed gels pre-
sented an uneven, non-flat surface after compression (figure 5D), and the results were not comparable
between different samples. Lateral compression relies on gravitational compression of gels after ap-
plication of Teflon rings, which results are strictly dependent on neutralized collagen suspension ho-
mogeneity. However, self-assembly of collagen molecules during polymerization depends on almost
all fabrication parameters, including temperature, pH and ionic strength [73], and might vary in sam-

ples in the millimeters size range, generating a random and heterogeneous fiber network distribution.

To increase reproducibility, a confined compression setup was designed similarly to the one developed
from Braziulis et al. [130], creating custom-made Teflon components to compress gels directly in the
culture inserts (figure 5E). Differently than lateral compression, confined compression applies a weight
load to the hydrogels, promoting water removal independently of collagen suspension homogeneity.
Additionally, the setup provided a tunable thickness of the hydrogels, which was obtained by modify-

ing the height of the compression stamp to set a precise distance from the bottom of the insert. The
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method showed to be more reproducible than lateral compression, as the gels had a uniform and flat
surface after compression (figure 5G). Additionally, the compressed gels showed a more stable struc-
ture compared to uncompressed samples, in agreement with the materials described by Braziulis et
al. [130]. Furthermore, the application of a weight load did not compromise the ability of cells to sup-
port the formation of a multilayered epidermis (figure 5F). However, the gels produced with the con-
fined compression setup had a maximal thickness of =100 um (figure 5F). ARTcut® has a technical
wounding depth variation of £100 um, which represents an issue when employing samples having a
low thickness. At the same time, the extensive manipulation of samples during the biopsy punch
wounding process would benefit the use of thicker samples. Increasing the final gel compression height
by modifying the Teflon stamp geometry would represent a solution to generate thicker gels. Anyhow,
compressing the gels directly in ThinCert™ or Transwell® inserts displays the physical limit of collagen
volume that can be added to a single culture insert. Therefore, in spite of the advantages represented
by confined compression, the application of collagen-based skin models to wound healing requires

thicker samples to enable an easier wounding process.

An alternative, well reported method to generate porous collagen scaffolds suitable for 3D cell culture
is freeze-drying, commonly in use for both collagen alone [131-133] and collagen-GAG blends [134-
137]. The generation of blends of collagen with other natural polymers has been reported to improve
scaffold mechanical properties [134-138], by combining a material that provides stability with colla-
gen, which is rich in cell-binding domains [126]. Additionally, the mechanical stability of collagen
freeze-dried sponges can be easily improved by crosslinking [72]. Both thermal and chemical crosslink-
ing have been extensively employed, all showing positive effects on scaffold mechanical strength
[135,136,139-142]. The use of freeze-dried collagen and collagen-chondroitin sulfate materials was
therefore investigated. Different freezing temperatures, namely -20°C and -80°C, and crosslinking
methods were evaluated, including physical (DHT) and chemical (EDC) crosslinking. The generation of
freeze-dried scaffolds showed the formation of porous structures for all collagen types evaluated, with
a pore size dependent on the freezing temperature resulting in smaller pores for the lower freezing
temperature (figure 6), in agreement with literature [134]. Despite the promising scaffold structure,
neither freeze-drying, blending with chondroitin sulfate nor crosslinking resulted to be suitable for skin
culture. The samples either displayed the same contraction observed in non-freeze-dried scaffolds or
dissolved in culture over time. On one side, the procedures described here differ from the ones suc-
cessfully reported in literature [133-136], as diverse starting materials, volumes and freezing condi-
tions were employed, and such differences could have influenced the scaffold properties. For instance,
acetic acid, the solubilization solvent for some of the analyzed collagen, influences the ice-crystal mor-
phology and therefore pore formation during the freezing process [133]. An explanation for the disso-

lution of freeze-dried samples after culture might be related to the technical challenge to regulate the
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temperature during the freeze-drying process. As the initial shelf temperature could not be controlled
as in Schoof, et al. [133], this might have led to a partial melting of samples before sublimation at the
beginning of the process. Also, while the investigation of the generated freeze-dried material was sel-
domly demonstrated suitable for skin culture [135], the majority of the findings report only the scaffold

properties without evaluating its biological activity [133,134,136].

As none of the methods employing a low concentration of collagen provided suitable samples for the
current application, a higher concentration of collagen as starting material was evaluated. The mate-
rials included isolated rat-tail collagen and commercial bovine collagen, both with an initial concentra-
tion of approximately 9.9 mg/mL. In opposition to low collagen concentrations (<4 mg/mL) that are
readily available and easy-to-handle, high concentrations of collagen possess a high viscosity that re-
quires the use of special equipment for handling, such as positive displacement pipets. Once neutral-
ized, the isolated rat tail-derived material failed to form a gel. The lack of polymerization might be due
to the presence of impurities not removed during the isolation procedure. Additionally, the shipment
process may have affected the physical properties and thermal stability of the material. Conversely,
the commercial bovine collagen, FibriCol®, showed the formation of samples with a homogeneous ap-
pearance after neutralization and polymerization. As already mentioned, a 10 mg/mL concentrated
collagen solution is more difficult to handle as the incorporation of NaOH and the incorporation of cells
requires a thorough mixing. Therefore, the process had to be modified and optimized, for instance
including the performance of all steps on ice not to pre-maturely induce polymerization. After optimi-
zation of the neutralization and seeding procedures, the use of FibriCol® always resulted in a homoge-
neous sample appearance and in a uniform fibroblast distribution within the gel, indicating that all
components had been properly mixed. The use of a higher concentration of collagen resulted in a lower
contraction of samples during culture, when compared to lower concentrations (figure 7). Histological
staining confirmed the presence of a viable fibroblast population in the dermis. On top, keratinocytes
successfully formed multiple cell layers, indication that the presence of a dense matrix did not interfere
with the delivery of medium supplements to the epidermal compartment (figure 7). A difference in the
number of keratinocyte layers on top of the samples generated with different collagen concentrations
was observed. This was probably due to an increasing cellular density in the lower collagen concentra-
tions during gel contraction. As a matter of fact, all gels were seeded with an equal number of cells,
but due to higher degrees of contraction, lower collagen concentrations underwent a reduction of the
surface area, which resulted in the condensation of cells on a smaller area. When the highest collagen
concentration, 10 mg/mL, was employed to generate scaffolds with different thicknesses, epitheliali-
zation was observed in all conditions (figure 8). This indicates that gel thickness does not influence the
ability of in vitro skin to maturate, enabling the generation of thick samples able to withstand the ex-

tensive manipulation occurring during wound formation. Notably, there was a significant difference in
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the number of keratinocyte layers detected in figure 7 and figure 8. This is only attributed to the longer
air-lift culture time performed in the two experiments, as figure 7 showed samples differentiated for

4 days and figure 8 for 14 days.

To verify the formation of a mature skin structure, histology and immunohistochemistry were per-
formed on skin models generated with the neutralized bovine 10 mg/mL collagen solution. In compar-
ison to human skin, in vitro models displayed a similar structure. H&E staining revealed the presence
of a fibroblast-populated dermal compartment, and on top several layers of keratinocytes were de-
tected (figure 9). The outer epidermal portion displayed several layers of flattened cells forming the
stratum corneum, the terminal differentiation state of keratinocytes. IHC confirmed that keratinocytes
below the stratum corneum displayed a late differentiation state, as they expressed loricrin similarly
to human skin samples, while intermediate cells displayed the expression of cytokeratin 10, an inter-
mediate differentiation marker (figure 9). Between dermis and epidermis, the basement membrane
acts as an anchor for the epidermis, providing stability and integrity to the tissue. The positive expres-
sion of collagen IV in the area between dermis and epidermis showed that a basement membrane was
also formed in the skin models, as it occurs in human skin. The detection of epithelial markers demon-
strates that the in vitro generated tissue has all the characteristics of human mature skin as well as the

desirable thickness for wound healing application.

The majority of collagen materials described in literature have a concentration below 4 mg/mL [73],
even though their use involves gel contraction and low reproducibility. Collagen content in the range
of 10 mg/mL is rarely employed, as evidenced in Antoine et al. [73], which is probably related to wider
commercial availability and lower price of lower collagen concentrations. However, as here demon-
strated, more concentrated collagen gels for skin model generation resulted in a reduced contraction
of the gels over culture time, at the same time not interfering with cellular activity or medium supply

to the upper layers, as a fully mature epidermal structure was confirmed with IHC.
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6.1.2. Limited reproducibility of in vitro skin wound
models

6.1.2.1. The choice of cells influences in vitro skin
quality

In vitro skin models have mainly been generated with primary cells (i.e. [106,112,113,115,143-145]),
which supported the formation of a mature skin structure. A limited number of studies has also em-
ployed immortalized keratinocytes, showing however both positive [75,146—-148] and negative [149]
results in terms of epidermalization. Indeed, in comparison to epidermis that employed primary
keratinocytes, the use of immortalized cells showed inconsistent differentiation independently of the
culture medium or scaffold employed [149]. The advantages of cell lines are usually correlated with
lower costs and higher consistency of results, as well as carrying no ethical concerns [150]. However,
such cells are a result of genetic manipulation, which means that their phenotype and functions may
be altered during the process [151]. In addition, their ability to indeterminately proliferate might in-
crease the genotypic and phenotypic variations [151], whose probability is amplified due to the long-
term culture required for skin equivalents generation. Primary cells have characteristics that better
mimic the in vivo situation compared to cell lines, providing a more relevant setting for evaluating
human physiological responses. At the same time, the use of primary cells might also show variations
in cell behavior due to intrinsic donor-to-donor variations, heterogeneous isolation procedures or var-
iable culture conditions [150]. To balance advantages and drawbacks and limit the donor-to-donor var-
iation, commercially available primary keratinocytes and fibroblasts were here employed for all exper-
iments, each derived from a single donor. As a major factor influencing the quality of in vitro
epidermalization is the proliferation state of keratinocytes [152], only sub-confluent cells were har-
vested prior to seeding into 3D skin models. As a matter of fact, when adjacent keratinocyte are in
contact their proliferation is inhibited [152], and this could result in the lacking formation of a confluent

layer in the 3D cultures.
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6.1.2.2. In vitro skin thickness and epidermal
stratification are variable

As previously discussed, reproducibility is a crucial requirement of skin models for the investigation of
drug effects on wound healing. More specifically, the comparison of wound healing in presence of
different substances requires a comparable sample and wound size, to avoid the inclusion of confound-
ing factors while evaluating healing. Skin models described in literature generally have an experimental
heterogeneity with regard to cell source, scaffold used for dermal generation, culture medium, culture
time and culture vessel [73,153]. Such fundamental differences between setups not only hamper data
replication [153], but also hinder the advancement of skin models in substituting animal studies for
preclinical investigation, as only robust and reliable models can potentially replace in vivo. The key
event in the generation of a mature skin equivalent is the formation of a stratified, multilayered epi-
dermis, which also represents the most challenging technical step. As here shown, differences in the
number of epidermal layers could be detected between experiments, but also between different sam-
ples generated within the same experiment using common cells suspensions and concentrations (fig-
ure 10A). Generating a reproducible epidermal structure is a technically challenging process, despite
the use of singe donor juvenile cells and standardized procedures. The differences observed after his-
tological analysis derive in part from the sample processing itself, as dehydration and paraffin infiltra-
tion might lead to the alteration of the epidermal structure or to the loss of intermediate keratinocyte
layers. However, as epidermalization occurs through a sequential differentiation of keratinocytes from
the basement membrane to the outer part of skin, the detection of a stratum corneum was considered
as successful differentiation despite the lack of intermediate layers. The heterogeneity of samples was
also reflected in the variation of the sample thickness between experiments (figure 10B), likely origi-
nating from more or less pronounced remodeling of the matrix leading to vertical contraction. As pre-
viously discussed, the proliferation state of cells at the moment of harvest affects the amount of activ-
ity that will be observed in the 3D environment, therefore representing a source of variation. Clearly,
also hydrogel fabrication parameters contribute to the generation of reproducible samples. Polymeri-
zation pH and temperature as well as ionic strength are known to influence collagen gel formation
[73], and even though all procedure steps were standardized to limit variations, collagen batch-to-
batch variability or human error might have influenced the quality of skin tissue. On a large scale, every
small variation in the culture conditions might contribute to the heterogeneous sample structure ob-

served after the long time required for skin maturation.

In regard to the existing literature on in vitro skin model culture, there is lack of consistency between

collagen hydrogel fabrication procedures, which makes difficult to compare protocols used by different



110 Discussion

research groups [73]. The described parameters have significant variations between experimental set-
ups, which complicates the extrapolation of qualitatively useful data [73]. A better definition of the
experimental conditions would benefit the advancement of more reproducible skin models, as well as
providing more solid data that can be compared between groups. Furthermore, few reports describe
a sufficient number of models to enable the estimation of reproducibility. For instance, Lange et
al. [154] evaluated a total of 144 skin equivalents to investigate the influence of culture medium on
skin tissue quality. However, such a large sample size represents an exception, and the described mod-
els normally include lower magnitudes, preventing the comparison of the findings illustrated here to

the current literature.

6.1.2.3. Automated wounding optimization is
required for reproducible wound formation

The challenge of reproducibility when using skin models is also reflected in the wounding process.
Biopsy punch wounds had a shape ranging from circular to oval and elongated (figure 11A). While the
wounds were generated with a circular biopsy punch, the samples required transfer and repositioning
in new ThinCert™ inserts after wounding. Indeed, biopsy punch can only implement full thickness
wounds, which also involve the excision of the ThinCert™ bottom membrane and thus required the
transfer of the equivalent in another insert. This has been already described for other wounding pro-
cesses, which also included the transfer of the wounded skin on top of a second collagen gel after
wounding, to allow re-epithelialization on a natural matrix [79,81]. The extensive sample manipulation
required during and after biopsy punch-inflicted wounds was not only reflected by the differently
shaped wounds, but occasionally resulted in the delamination of the epidermal layer (figure 11B). Dif-
ferently than in vivo, in vitro skin models lack the mechanical and tensile support from the surrounding
tissue, resulting in an easy disruption of the basement membrane when stress is applied. Additionally,
despite the detection of collagen IV in the skin models, the basement membrane might not possess
the same composition as the in vivo structure. Biopsy punch-inflicted wounds are the most common
type of excisional wounds described in literature [79-82], anyhow the process is highly dependent on
the operator handling. The introduction of automated wounding represents an advancement for more
reproducible wound formation [83], as it reduces sample manipulation and also the time required for
wound implementation. At a macroscopic level ARTcut® wounds appeared to be homogeneous in
terms of shape, with circular wounds detected in each sample (figure 11A). Histological analysis re-
vealed that ARTcut®-implemented wounds had a variable penetration depth into the tissue, showing
the formation of either full thickness or partial thickness wounds, even though the same wounding

parameters were set in the software (figure 10C). The probable cause of the variability observed with
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ARTcut® wound formation is the technical variability of the device itself, which has a precision of
1100 um. On samples with an average thickness of 350 um this represents a significant source of error.
Additionally, the structure of skin tissue itself might influence laser surface detection. Despite the se-
lection of a minimally contracting scaffold, the cells still remodel the collagen matrix, generating gels
visibly at an angle and with a non-flat surface. Furthermore, the outer epidermal layer naturally dis-
plays a rippled surface that is characteristic of the stratum corneum morphology. The ARTcut® laser-
based surface detection consists in the reflection of a laser beam on the sample surface then hitting a
detector, which instructs the software in real-time on the distance of the sample surface. The presence
of a non-flat surface on skin equivalents might scatter the laser beam differently, depending on which
location of the sample is hit. As a consequence, the device may detect the surface in a more or less
precise way, resulting in wound formation in proximity of the surface or in a higher position, obtaining
wounds with a different penetration depth. Another detail revealed from the histological images is the
incomplete removal of wounded tissue fragments. Despite thorough washing steps, additionally per-
formed on a shaker, some samples could not be properly cleared of tissue debris. This might originate
from the small area of the Transwell® available for liquid supplementation, leading to insufficient wash

of the tissue surface.

Overall, both wounding methods present advantages and drawbacks. Biopsy punch-generated wounds
showed comparable full-thickness wound formation between samples, as the entire tissue was cut
out, however the extensive manipulation caused epidermis delamination and alteration of the wound
shape. ARTcut®-generated wounds, conversely, displayed a reproducible wound shape and highly re-
duced the samples manipulation, however showing a non-reproducible penetration depth and incom-
plete tissue fragments removal after wounding. As ARTcut® is a recently designed device, there is scar-
city of reports to compare our results. The only report describing the generation of wounds with
ARTcut® showed a successful material removal from the wound channel after wounding [83]. How-
ever, the experimental setup employed skin models generated with a diverse scaffold, which most

likely exhibits diverse resistance to wound formation.

Further optimization of the ARTcut® surface detection method might improve reproducibility, for in-
stance by employing multiple lasers for the measurements to obtain a more accurate position of the
surface. Anyhow, the precision range should be increased for application to 12-well cultured skin sam-
ples. Other wounding methods have shown improved reproducibility. Laser wounds, for instance, dis-
play a high degree of replicability, as laser power can be easily adjusted to generate partial-thickness
or full-thickness wounds [82,85,86]. However, thermal wounds have a different etiology then exci-
sional wounds, thus mimicking another physiological condition. Incisional wounds are more similar to

excisional ones [76—78], but they generate wounds smaller in size. For healing assessment in presence
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of drugs, excisional wounding currently represents the most relevant method, as its generated wounds

can be easily filled with a target material or drug under investigation.

6.1.3.  Fibrin is a suitable drug delivery system:
comparison of different healing assessment
methods

In vitro wound healing investigation after drug supplementation can be assessed through a large set
of methods, including both end-point and real-time analyses. To evaluate the diverse methods in the
described skin wound model, the effects of a fibrin hydrogel as wound-filling material were analyzed
in comparison to non-supplemented wounds. Fibrin is a natural polymer participating in the initial
phases of healing. Thus, it should not interfere with the healing process and represent a suitable de-
livery system for drug investigation. Thanks to its fast polymerization, the mixture of fibrinogen and
thrombin could be precisely delivered into the wound area, where the components formed a hydrogel.
The fibrin hydrogel could be detected through histological analysis until 4 days after wound formation
(figure 12A). To assess wound closure, wound area was imaged over time with a stereomicroscope,
showing that wound appearance changed over time, becoming from translucent to opaque as re-epi-
thelialization occurred (figures 12B). The analysis of the images with Imagel software demonstrated
that supplementation of fibrin did not affect healing, as wound closure values were similar for both
controls and fibrin-added samples (figures 12C). Quantification of wound closure through image anal-
ysis has been previously used to monitor healing of the same sample over time [79,155], providing a
real-time and straight-forward method that does not require special equipment. However, supplemen-
tary analyses are required to confirm wound re-epithelialization. For this, histology and immunohistol-
ogy represent the standard technique, allowing the observation of epidermal migration over the
wound area and the quantification of proliferating cells at different time points [39,40,42,45]. Even
though histology is the golden standard for in vitro healing evaluation, it requires skin sample fixation

and processing, which could lead to alteration of the migrating epithelium structure.

Confocal microscopy, conversely, enables imaging of unprocessed, living wounded samples, as already
reported in literature [52]. Confocal microscope 3D reconstructed images demonstrated cell migration
into the wound area upon live/dead staining, confirming wound re-epithelialization (figure 13A). This
method enables a more precise quantification of wound closure comparing to stereomicroscopy eval-
uation, however the use of CLSM also encompasses disadvantages. First, imaging living samples pre-
vents the use of specific antibodies that require tissue fixation and permeabilization. Thus, the imaged
cells migrating into the wound area could be epidermal or mesenchymal cells or a combination of both.

The use of keratinocyte-specific antibodies for staining is challenging due to the thickness and optical
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density of the skin samples, which represent a physical barrier to CLSM imaging. However, techniques
as tissue clearing might offer a solution to the optical constraint of tissue imaging, as reviewed in
Tainaka et al. [159]. Additionally, tissue transparency might extend the laser imaging depth, which
without tissue treatment can only reach the papillary dermis, preventing the imaging of deeper tissue
[157]. Other promising markers for wound healing imaging are endogenous autofluorescent metabolic
markers, for instance nicotinamide adenine dinucleotide, which can be imaged via multiphoton imag-
ing [160]. This technique has enabled to image keratinocytes at subcellular spatial resolution on in vivo
skin, distinguishing the different epidermal layers by the diverse keratinocyte morphology [161]. En-
dogenous fluorophores are promising candidates for wound monitoring, as their expression increases
in metabolically active cells. Anyhow, they would still require the identification of markers that are
specific for keratinocytes. Similarly, epithelial migration could be tracked with the use of fluorescent

cell trackers, as it has been shown for wounded ex vivo skin explants [162].

As here reported, in vitro skin models present variability and low reproducibility. For this reason, the
ideal method to monitor wound healing includes real-time and non-invasive analyses, enabling to track
wound closure of single samples over time. Real-time assessment of wound healing is not commonly
employed in research, however promising techniques have been described. OCT enables to monitor
wounded skin samples without the use of a contrast agent or tissue labeling prior imaging, and can
penetrate for 2-3 mm depth in the sample depending on its composition [163]. This technique was
used to obtain cross-sections and 3D reconstructions of the wounded tissue, allowing fast real-time
and non-invasive image acquisition [164—167]. OCT has already been used to assess epithelial for-
mation and differentiation in skin tissue equivalents [166,168], as well as for evaluating wound closure
after laser irradiation in both in vivo [157,169] and in vitro experiments [155,158,163,167]. Thanks to
Prof. Simon Pot, access to an OCT device was obtained, enabling to perform non-invasive analyses of
wounded skin samples over 7 days. The here described skin model was suitable for OCT imaging, as
dermis and epidermis could be clearly distinguished (figure 13B). Thanks to the image resolution, the
wounded area was imaged over time, revealing the occurrence of re-epithelialization in the samples
(figure 13B). Despite the fast imaging process, the amount of data generated from OCT are significant,
making image analysis a complex process. Image evaluation might be performed either showing cross-
section images of the wounded area to assess wound closure over time from a series of 2D images
[167], or developing specific algorithms to reconstruct a 3D image of the wound area, providing a more
precise quantification of the area over time [158,163]. As the ability to develop specific algorithms is
elective, the easiest method for data analysis is the comparison of 2D images. However, appropriate
evaluation of wound closure requires a strategy to compare sections taken at the same location over
time. While in some cases it is not specified whether the shown images are representative of the same

location over time, more relevant contributions demonstrate the comparison of images from the same
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area thanks to the implementation of micro-beads at the sides of the wound [167]. As the experi-
mental design for the described skin model had limited availability, the obtained cross sections of heal-

ing wounds were evaluated qualitatively, but no quantification was performed.

As a complementary and non-invasive method to assess tissue response to wound formation, inflam-
mation is often evaluated by analyzing the cytokine content in cell culture supernatants. Diverse pro-
and anti-inflammatory cytokines can currently be quantified by means of ELISA, indicating variations
at a picogram scale. This allows to monitor the inflammatory response over time, a key information
when novel drugs or materials are evaluated as potential novel therapeutic agents. Cytokine quantifi-
cation is a commonly used method for healing assessment, providing information on the inflammatory
response course [81,84]. IL-6 and IL-8 are pro-inflammatory cytokines, and their quantification in cul-
ture supernatants demonstrated that fibrin did not increase the inflammatory response of wounded
samples comparing to wounds without fibrin supplementation (figure 14). Therefore, fibrin proved to
be a suitable carrier system for introducing drugs into wound models, as it does not elicit inflammation

on its own.

The quantification of inflammation can alternatively be performed by means of PCR, analyzing the
genes involved in the response as MMPs, CXCL16, CXCL1, and IL1a [82]. Cytokine quantification in
culture supernatants is a straightforward method, while the RNA isolation step prior PCR involves the
lysis of the skin equivalents. This results in long incubation times required to dissolve the ECM, which
could lead to eventual changes in gene expression. Additionally, the analysis is performed on all cell

populations involved, not allowing the evaluation of single cell types activity.
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6.2. Key features of immunocompetent skin
models

6.2.1. The use of primary cells represents an
advanced setup despite the donor-to-donor
variation

Previously reported immunocompetent skin models have described the implementation of different
immune cells into in vitro skin, including both cell lines [110,119] and primary cells
[106,112,113,115,143-145]. With regard to macrophage inclusion, the co-culture of murine macro-
phage cell line RAW264.7 with skin equivalents has been described by Chung et al. [119]. Their model
was used to demonstrate the protective effect of skin in regards of inflammation upon LPS stimulation.
However, the setup included the combination of 2D macrophage cultures with 3D skin equivalents,
not reflecting the in vivo setup. Furthermore, a murine cell line was combined with human primary
cells, representing an obstacle to the translation of the results to human inflammation. In addition to
this, despite murine cell lines and primary cells have shown responsiveness to inflammation, it was
reported that mouse primary cells respond faster and more strongly to bacterial infection compared
to cell lines [120]. Similarly, the use of human monocytic cell line-derived macrophages is contradic-
tory. A comparative study between THP-1-derived macrophages and human monocyte-derived pri-
mary macrophages has shown that macrophage morphology, response to polarization and phagocytic
ability are influenced by the THP-1 monocyte-to-macrophage differentiation conditions [170]. There-
fore, diverse monocytic cell line differentiation conditions might provide results that are comparable
to human primary cells or might generate cells with a different phenotype and behavior. To promote
an in vivo-like setting and a more predictive cellular behavior, blood monocyte-derived macrophages
were used for all experiments. A shortcoming of primary macrophages use is the limited number of
cells obtained following isolation. This, together with the time-consuming isolation procedure, is prob-
ably the cause of a broader use of cell lines for inflammation assessment. However, the few models
that described incorporation of macrophages into in vitro skin employed human primary cells
[106,115], as also the majority of skin models described in literature are generated using primary fi-
broblasts and keratinocytes [82,109,112,114]. Despite primary cells present intrinsic donor-to-donor
variation, they represent a more physiological mimic of the in vivo conditions. The here presented
results only included human primary cells, for an improved translation to human biology and to allow

the comparison with the existing literature.



116 Discussion

6.2.2. Design of a macrophage implementation strat-
egy with reduced culture time

The choice of incorporating a specific immune cell type into in vitro skin reflects the process under
investigation. Wound healing investigation requires the evaluation of the inflammatory response over
time, as inflammation is a crucial phase determining normal wound closure or development of chronic
nonhealing wounds. Furthermore, the preclinical investigation of novel drugs or biomaterials includes
the analysis of whether the substance elicits inflammation. As previously explained, macrophages reg-
ulate the switch from inflammation to tissue repair, thus influencing the outcome of wound healing
[40,51,118]. Despite macrophage implementation into skin equivalents would enhance their physio-
logical relevance, few models including macrophages have been described [106,115], reflecting the
challenges related to their incorporation. One of the key macrophage characteristics is their ability to
switch between different phenotypes depending on the surrounding environment conditions, a pro-
cess named plasticity [27,29,171]. As macrophages are extremely sensitive to the microenvironment,
the implementation approach here described aimed at shortening cell culture time to its minimum.
The two models reporting primary macrophage-fibroblast co-cultures into dermal compartment
showed macrophage presence in the tissue after 1 [115] and 3 weeks [106]. Accordingly to the previ-
ously shown data, the in vitro wound healing evaluation is commonly performed for 7 days after wound
formation [81,82,84]. Thus, the here presented macrophage implementation strategy was designed to
have a duration of 7 days, an appropriate time frame for wound healing investigation as well as a
suitable culture time for primary macrophages. As the combination of 2D and 3D cultures is not rep-
resentative of the in vivo conditions, macrophages incorporation into 3D skin equivalents included the
embedding of immune cells into collagen gels prior to implementation into skin models (figure 15A).
By combining the macrophage-containing gel below skin equivalents, the in vivo immune cell recruit-
ment was also mimicked. As a matter of fact, wound healing macrophages mainly derive from the
extravasation of precursor cells from blood vessels. Blood monocyte-derived macrophage morphology
appeared consistent over time comparing different isolations, with progressively adhering cells during
the monocyte-to-macrophage differentiation and rounded, spread cells upon complete differentiation
(figure 15B). The embedding in collagen gels was performed as for fibroblast encapsulation during
dermis seeding, maintaining a 1:1 ratio between the two cells types. After embedding, macrophages

showed a homogeneous distribution within the gel (figure 15C).

An analogue approach for combining immune cells into skin equivalents was employed by Kihbacher
et al. [113] to study Candida albicans infection. T cells or peripheral blood mononuclear cells were first
embedded into collagen-GAG gels and then placed below skin equivalents, demonstrating the protec-

tive role of dermal fibroblasts during infection. Similarly, Chau et al. [112] first embedded DCs into
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agarose-fibronectin gels, which were then placed between dermis and dermis in a triple co-culture.
Apart from the different immune cell types and materials used as scaffolds, these two setups have the
closest resemblance to the here suggested incorporation method. Other models mainly describe the
incorporation of immune cells as a direct co-culture with skin cells in the dermis [115] or epidermis
[111], which translate in longer culture times that expose cells to an increased amount of stimuli. Im-
mune cells implementation has also been described by seeding cells directly below the skin equivalent
[109,172]. Although the cells showed the ability to migrate through the tissue after stimulation, it is

guestionable whether an in vivo-like environment was reproduced in the models.

6.2.3.  Skin differentiation media vs RPMI control
medium: negative effects on skin and immune cells
in 2D cultures

The choice of a culture medium promoting the maturation of in vitro skin models displays a heteroge-
neous scenery. A plethora of media have been described, partially commercially available and in part
formulated adding single supplements to a basal medium. The optimal conditions for obtaining a ma-
ture epithelium differ depending on the system used for culture [173], as different cell types and cul-
ture vessels are employed. Regardless, culture medium has a leading role in promoting epithelial strat-
ification. Different supplements have shown to promote keratinocyte differentiation, while other are
still under discussion, which results in medium formulations that differ between research groups. The
role of serum is still controversial, as it has been demonstrated to both promote and inhibit differen-
tiation of keratinocytes [174,175]. In spite of this, the skin culture media currently in use mostly include
low serum concentrations [101,110,117,119] or serum-free formulations [113,176]. Furthermore, it
has been shown that culturing keratinocytes in presence of serum prior to the incorporation into skin
equivalents is required to obtain a mature epidermis [177]. A variety of supplements are added to
culture media to promote epithelial differentiation. Supplementing calcium concentration above 1 mM
has been shown to induce the formation of tight junctions between keratinocytes triggering differen-
tiation [178,179]. Similarly, supplementation of vitamin C [77,176,180-182], fatty acids such as oleic,
arachidonic, palmitic and linoleic acids [77,117], amino acids such as L-carnitine and L-serine
[77,110,117,182] or transferrin [105,113,119] was shown to positively influence epidermalization. It
was reported that different culture media formulations affect in vitro skin thickness, stability of dermo-
epidermal junctions, number of epidermal layers [154] and collagen gel remodeling [183]. However,
the effects of those media on primary immune cells remain largely unexplored. As previously dis-

cussed, macrophage polarization is affected by a wide range of cues from the surrounding environ-
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ment. As a consequence, the composition of culture medium also influences cell phenotype and func-
tions. Serum has been shown to have anti-inflammatory effects due to the presence of exosomes
[184], as well as oleate, which enhances the M2-like polarization [185]. Conversely, palmitate has been
shown to enhance M1-like polarization [185]. Isoproterenol and hydrocortisone are both immunosup-
pressive agents, inhibiting M1-like polarization [186,187] and phagocytic ability [188] of macrophages.
However, the conditions where single supplements were investigated are highly heterogeneous, and

both mouse cells [184,188] and human cell lines [185—187] have been used for the analysis.

As different components of skin differentiation media affect macrophage polarization state, and at the
same time different media compositions affect skin structure, it is necessary to identify a suitable me-
dium for the co-culture of macrophages and skin equivalents. At first, the effects of three selected
media were evaluated on single 2D cultures of primary fibroblasts, keratinocytes and macrophage.
Viability analysis showed that fibroblasts were not affected by culture in other media than fibroblasts
proliferation medium, as the values increased in all conditions over time, while keratinocytes viability
was negatively affected by culture in RPMI control medium (figure 16). Macrophages showed decreas-
ing metabolic activity over time. As expected, culture in either skin differentiation media resulted in
statistically significant lower viability when compared to RPMI control medium, for all time points an-
alyzed (figure 16). The negative effects of RPMI control medium on keratinocyte viability are likely due
to the lack of supplements such as KGF in the medium, as it promotes cell survival and proliferation
[189,190]. Similarly, the low serum content of skin differentiation media 1 and 2, which is respectively
0% and 1.25%, is the probable cause of the detected lower macrophage viability. Proliferation quanti-
fication confirmed that skin differentiation medium 1 has a formulation designed to specifically in-
crease fibroblast and keratinocyte performance, as both cell types showed increased values in pres-
ence of that medium when compared to the other conditions (figure 17). Likewise, metabolic activity,
keratinocyte proliferation was negatively affected by RPMI control medium, showing lower values

compared to the other media and a decrease over time.

Other than negatively affecting macrophage viability, skin differentiation media also showed to influ-
ence macrophage morphology. While in RPMI control medium cells displayed a round-shaped mor-
phology, in skin media they appeared elongated and spindle-shaped, with this effect being more evi-
dent in presence of skin differentiation medium 1 (figure 18). An elongated cell morphology correlates
with a shift toward an anti-inflammatory phenotype [191]. However, macrophages also displayed a
brighter CD68 staining in skin differentiation media, which has been correlated with a skew to a pro-
inflammatory phenotype as it was upregulated during inflammation [192,193]. To investigate the ef-
fects of culture medium on macrophage polarization, gene expression was measured before and after
M1 and M2 stimulation, both in presence and absence of skin as a co-culture. Indeed, the presence of

skin paracrine signaling might significantly influence the results, since it has been shown that dermal
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fibroblasts have a protective role during infection [113]. Already before the application of stimuli, mac-
rophages showed an increased expression of pro-inflammatory markers in presence of skin differenti-
ation media. Conversely, the co-culture with skin equivalents displayed a significant upregulation of
the anti-inflammatory markers (figure 19). After stimulation, the trends were similar (figure 20), con-
firming the effects observed by Kiihbacher et al. [113] indicating that skin has a protective role against
inflammation. Interestingly, in presence of skin macrophages showed a lower response to pro-inflam-
matory stimulation, with an upregulation of the anti-inflammatory markers. The results are in agree-
ment with the M2-like polarization of macrophages in presence of skin reported from Limandjaja et al.
[194]. The findings are particularly significant as skin differentiation medium 2 has a similar composi-

tion to the medium used in their experiments [194].

As immunocompetent skin wound models aim at detecting inflammation after drug supplementation,
a suitable co-culture medium should allow cells to sense and respond to pro- and anti-inflammatory
stimuli. The stimulation of macrophages to M1- or M2-like phenotypes did result in a higher expression
of all genes compared to unstimulated cells, indicating successful polarization. However, both the an-
alyzed media reduced the polarization span of cells, as they showed to inhibit the inflammatory re-
sponse in presence of skin and a stronger response to anti-inflammatory stimuli. As previously men-
tioned, isoproterenol and hydrocortisone, both contained in skin differentiation medium 2, are
probably responsible for the observed inhibition of inflammation in this medium. Hydrocortisone is
also contained in skin differentiation medium 1, further supporting this hypothesis. However, the ef-
fects of the other supplements present in skin media have not been investigated on macrophages,

therefore there might be other factors that affect the observed behavior.

To confirm that the effects on macrophage polarization are due to the culture in skin differentiation
media, macrophage response to different monocyte-to-macrophage differentiation protocols was in-
vestigated. As a matter of fact, M-CSF has been shown to skew cells towards M2-like cells, while GM-
CSF was indicated to steer cells towards a M1-like phenotype [123]. In the here presented data, mon-
ocytes were only supplemented with M-CSF to promote differentiation, which could have influenced
cell fate and response to stimuli. The results of the different monocyte-to-macrophage differentiation
did not confirm the findings reported by Fleetwood, et al. [123], as M2 markers were upregulated in
presence of GM-CSF differentiation, while M1 markers showed contradictory results, with CD197 up-
regulated and CXCL10 downregulated in presence of GM-CSF (figure 21). Interestingly, the supplemen-
tation of a mixture of M- and GM-CSF showed a downregulation of the M1 markers and an upregula-
tion of the M2 markers, with no difference between the 1:1 and 10:1 ratio. Despite the lack of
statistical significance, the results did not indicate that the differences observed after polarization in
skin differentiation media were due to the monocyte-to-macrophage differentiation conditions, indi-

cating that the media themselves influence cell polarization.
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Overall, the lack of statistical significance for stimulated cells in different media reflects one of the
challenges related to primary immune cell culture. As expected, the donor-to-donor variation had a
large influence on the distribution of the results. Variations were limited by only selecting healthy vol-
unteers for blood donation, with no indication of eventual confounding factors as autoimmune disor-
ders or anti-inflammatory drugs intake before donation, as these might alter immune cell response to
stimuli. Furthermore, a standardized protocol for all isolations was implemented. Nevertheless, the
natural human variation resulted in a highly heterogeneous response following stimulation, with some
donors displaying a fast and intense response and others showing a weak response after stimulation.
Data analysis was performed assuming a non-parametric distribution for all experiments employing
human primary macrophages, and no values were labeled as outliers and discarded to preserve the

diversity that is also detected in vivo.

6.2.4. RPMI control medium does not support
epidermal differentiation

Since skin differentiation media were previously shown to affect macrophage functionality in terms of
morphology and polarization ability, the feasibility of culturing skin in RPMI control medium was in-
vestigated. The culture of skin equivalents in both skin differentiation media showed the formation of
a mature epithelium. Conversely, RPMI control medium resulted in the lack of a stratified epidermis
(figure 22). Few cells were detected on top of the dermal compartment, indicating a lack of cell attach-
ment, spreading and proliferation. RPMI control medium already showed to negatively affect keratino-
cyte viability and proliferation in 2D (figures 16-17), and the same effects were observed in a 3D con-
text. Differently from skin differentiation media, which contain specific elements that support skin cells
culture, RPMI control medium is only supplemented with serum and antibiotics. Skin differentiation
medium 1 has a proprietary composition, but skin differentiation medium 2 is known to contain KGF
and CaCl,, which promote keratinocyte survival and differentiation [190,195], and a number of further
supplements designed to promote epidermal stratification. As we have observed that keratinocytes
stratification does not occur in presence of RPMI control medium, the feasibility of switching medium
once epithelial differentiation is accomplished was investigated. Skin equivalents were cultured in skin
differentiation medium 1 or 2 until epidermal differentiation was achieved, then a part of the equiva-
lents was supplemented with RPMI control medium for 7 days, the time frame selected for wound
healing investigation. Loricrin staining showed that skin equivalents cultured in skin differentiation
media positively expressed the late keratinocyte differentiation features. However, once the medium

was changed to RPMI control the tissue underwent de-differentiation, indicated by the lack of loricrin
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expression (figure 23). The findings underline the importance of providing a continuous source of sup-
plements to in vitro skin equivalents, which are not only needed to promote differentiation but also to
maintain a differentiated epidermis. As calcium has a key role in keratinocyte differentiation [195], its
depletion from the culture medium might be the leading cause of the negative effects observed. How-
ever, the investigation on its role in the differentiation process mainly focus on the trigger of keratino-
cyte differentiation instead of its maintenance. Further investigation is required to assess whether cal-
cium is the main element maintaining epidermal differentiation, or if other components are also

involved in tissue de-differentiation.

6.2.5. Skin differentiation media negatively affect
the functionality of 3D-embedded macrophages

As the designed strategy for introducing macrophages into skin models includes the culture in a 3D
environment, cell functionality was also assessed after embedding. Macrophage functionality in the
different media was assessed through viability, polarization and migration ability. Live/dead staining
of 3D-embedded macrophages showed a decrease in cell viability over time, similar to the behavior
detected in 2D (figure 16). A higher number of dead cells was observed in skin differentiation medium
2 compared to the other conditions (figure 24A). Quantification of viability showed that skin differen-
tiation medium 2 led to a significantly lower value compared to RPMI control and skin differentiation
medium 1 after 7 days of culture (figure 24B). Surprisingly, skin differentiation medium 2 showed to
negatively influence macrophage survival to a greater extent in 3D compared to 2D cultures, and the
effects were evident at a later time point compared to the 2D setting. The highest cell mortality in 3D
experiments is probably due to the presence of the gel around cells, preventing the removal of dead
cells through medium change and leading to an increased dead cell fraction in the calculations. Also,
the delayed decrease with respect to 2D culture is likely due to the presence of a 3D matrix, as the
collagen seeding mixture contains concentrated medium that could have provided the cells with sup-

plements that promoted survival in the initial culture time.

Even after embedding in collagen gels, macrophages retained the ability to sense pro-inflammatory
cues and responded by eliciting inflammation, as demonstrated by the increased secretion of IL-6 and
IL-8 in the supernatant compared to unstimulated gels (figure 25). While cytokine production was de-
tected in all conditions, gels cultured in skin differentiation media secreted less IL-6 and IL-8 compared
to samples in RPMI control medium. The findings confirm the inhibitory effects on inflammation of
skin differentiation media also observed in 2D cultures. As previously discussed, the effects are prob-
ably due to the presence of hydrocortisone in the skin differentiation media, with the additional inhib-

itory effect of isoproterenol in skin differentiation medium 2.
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The ability to migrate through a gel was investigated with a vertical invasion assay, seeding macro-
phages on empty collagen gels and culturing them in the different media for 48 hours. Sample imaging
upon live/dead staining demonstrated that migration of cells was detected in all conditions (figure
26A). Migration quantification was performed on 3D reconstructed images and showed an increased
migration depth in presence of skin differentiation medium 1 and decreased migration with skin dif-
ferentiation 2, compared to RPMI control medium (figure 26B). However, the results were statistically
not significant, and the migration distance observed was likely due to the different cell density de-
tected after 48 hours of culture. Indeed, overview images of the gel surface showed a lower number
of cells in skin differentiation medium 2 cultured samples compared to the other conditions (figure
26C). As previously discussed, macrophages are conventionally cultured in serum. Its depletion from
the medium was shown to decrease cell viability [196], as also here demonstrated with the 2D viability
assessment. The negative effects of serum deprivation can be balanced by supplementation of other
factors, as described by Kreutz et al. [196]. Skin differentiation medium 1 has a serum-free composition
but contains several micronutrients and supplements to enhance cell survival, even though the full
composition has not been disclosed due to proprietary formulation. Skin differentiation medium 2
contains a low percentage of serum, and components that are specifically selected to enhance
keratinocyte differentiation. Even though a direct comparison between the two media cannot be
made, it could be speculated that the nutrients supplemented to skin differentiation medium 1 do
compensate for the lack of serum, maintaining macrophage ability to survive, adhere to the collagen
gel and migrate. Conversely, the nutrients contained in skin differentiation medium 2 might not coun-
terbalance the negative effects of serum depletion, resulting in reduced cell attachment and prolifer-

ation.
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6.3. Immunocompetent skin wound models are
responsive to stimuli but reflect the inhibitory
effects of culture medium

The combination of macrophage-containing collagen gels with skin equivalents was performed after
skin wound implementation, quantifying the inflammatory response and analyzing macrophage loca-
tion after one week of co-culture in skin differentiation medium 2. Both 24 and 72 hours after wound-
ing, cytokine secretion was higher for wounded samples compared to unwounded controls, except for
IL-8 after 72 hours that was lower in wounded samples (figure 27). This is in agreement with the in-
duction of an inflammatory response after wounding, as shown for other in vitro skin models [81,84].
For all conditions, cytokine concentrations detected in the culture medium were higher after 24 hours
in comparison to 72 hours (figure 27), which is also in agreement with previous reports [81,84]. The
findings are consistent with the in vivo pro-inflammatory response occurring after wounding, which is
elicited 1 to 5 days after injury [7] and is then gradually resolved to promote the tissue repair phase,
which occurs between 3 to 10 days after wound formation [33]. The supplementation of calcium pan-
tothenate in the fibrin hydrogel filling the wound did not show to increase the inflammatory response,
as the detected values were similar to samples that were supplemented with fibrin only. Calcium pan-
tothenate is known to be essential for maintaining keratinocyte proliferation and differentiation [197]
and has been shown to positively influence also migration and proliferation of fibroblasts [198]. Topical
application of panthenol, the stable alcoholic analogue of calcium pantothenate, is commonly used in
the clinics for wound regeneration and to treat a series of dermatological disorders [199]. By perform-
ing a scratch wound assay, a positive effect on cell migration for both fibroblasts and keratinocytes
was confirmed (Appendix A), in agreement with literature [198]. For this reason, calcium pantothenate
was selected as a positive reference for improved healing in the 3D skin wound model. While pan-
thenol effects have been extensively investigated in both in vitro and in vivo skin [199], few reports on
its interaction with immune cells have been reported. Recent findings showed that panthenol is in-
volved in the regulation of macrophage maturity, promoting their phagocytic activity and boosting
their pro-inflammatory effect during bacterial infection, as increased IL-6 secretion was detected after
treatment with panthenol [200]. A pro-inflammatory effect of calcium pantothenate in the 3D skin
wound models could not be confirmed, as the secretion levels of both IL-6 and IL-8 in immunocompe-
tent wounded skin were lower than in wounded skin without macrophage co-culture (figure 27). These
effects are probably due to the inhibitory effects that skin differentiation medium 2 has on macro-

phage inflammatory activity, as shown with both the 2D gene expression analysis (figures 19-20) and
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the 3D quantification of macrophage cytokine secretion (figure 25). As previously discussed, isopro-
terenol and hydrocortisone are known to inhibit M1-like polarization [186,187], therefore the reduced

IL-6 and IL-8 secretion is likely due to their presence in skin differentiation medium 2.

The IHC analysis of immunocompetent wounded skin samples showed that macrophages could be de-
tected in culture until 7 days after wound formation (figure 28). CD68 marker was used to confirm
immune cell phenotype, and IHC showed that macrophages were detected both in the immune com-
partment below skin equivalents and in the bottom part of dermis, which was in proximity of the mac-
rophage-containing gels (figure 28A). This indicates that cells were slowly migrating towards the
wounded tissue. However, the cells were not always positive for CD68 after embedding and culture,
even the cells detected in the macrophage-containing gel placed below skin tissue (figure 28B). A sim-
ilar scenario has been described by Leonard et al. [201], who introduced collagen-embedded macro-
phages in an in vitro intestine model. Despite they reported the successful implementation of both
macrophages and DCs into the models, no specific immunofluorescent staining of immune cells could
be achieved, which was attributed to the differentiation and loss of markers of the cells in cul-
ture [201]. Furthermore, literature reports controversial results on the use of CD68 as a macrophage
marker. On one side, it has been shown that CD68 can be used both as a pan-macrophage marker and
M1 marker [202], representing a useful tool to identify tumor-associated macrophages. If CD68 is only
expressed by M1 macrophages, this could explain the observed different staining in the samples, as
some cells might have polarized to a pro-inflammatory phenotype due to the stimuli in surrounding
environment. Conversely, other evidence suggested that CD68 is expressed by both M1 and M2 mac-
rophages [203]. Further investigation is needed to confirm whether CD68 can be reliably used to stain
primary human macrophages. Additionally, it has been shown that CD68 can also be expressed by
primary fibroblasts [204], suggesting the implementation of a second staining such as vimentin to dis-
tinguish fibroblasts from macrophages. Alternatively, other markers might be selected for macrophage
staining. HLA-DR and DC-SIGN, for instance, have been successfully used by Bechetoille, et al. [115] to

stain primary human macrophages.



125

Chapter 7:
Outlook and future
perspectives






Outlook and future perspectives 127

7. Outlook and future perspectives

Taken together, all aspects for generating a reproducible in vitro skin wound model have been investi-
gated and discussed in this thesis. The evaluation of diverse collagen scaffolds for in vitro skin culture
integrates in the current skin tissue engineering trend to identify a scaffold supporting cell functionality
and at the same time displaying stable mechanical properties. Despite collagen represents the most
used material for in vitro tissue engineering [73], it is mainly obtained from animal sources, contradict-
ing the perspective of implementing the 3R principles in research and introducing cross-species varia-
bles. A solution providing both the presence of biological native structures and animal-free origins is
the use of human decellularized tissue. Decellularized scaffolds have been obtained from different
organs and used for different applications, as reviewed in Hoshiba, et al. [205]. Diverse decellulariza-
tion procedures have been described, and human decellularized dermal matrices are also commer-
cially available [206], which underlines the feasibility of obtaining scaffolds applicable to in vitro tissue
engineering. One drawback of human-derived materials is the scarce availability of donor tissue. Pro-
moting a closer collaboration between research institutions and clinics would increase human source

material availability, which would push forward the animal replacement.

Potentially, the combination of autologous cells with autologous decellularized dermis would mimic in
vitro the patient-specific clinical picture, enabling to assess the efficacy of novel treatments directly on
personalized skin models. Individual variations in the response to therapies are well known, as also
underlined by the here presented findings following primary macrophage stimulation with pro- and
anti-inflammatory cytokines. Consequently, fully allogeneic cultures represent the outmost setting for
a significant preclinical drug evaluation. So far, fibroblasts and keratinocytes have been mainly isolated
from healthy donors to generate skin equivalents. The use of patient-derived biopsies have recapitu-
lated in vitro some features of chronic wounds [101], and more studies with a similar setup would offer
the opportunity to study the effectiveness of novel treatments for specific healing disorders on in vitro

diseased models.

A handful of synthetic materials has been developed for diverse tissue engineering applications
[207][208], describing the use of many manufacturing processes for a controlled and reproducible pro-
duction. Despite synthetic materials lack the biological presence of cell adhesion motifs, they have the
potential to be engineered to improve cell adhesion and mimic the in vivo structures. Thanks to mate-
rial engineering, there is a great potential for implementation of diverse appendices in skin models.
For instance, the development of a modified polyvinyl alcohol hydrogel has demonstrated to precisely
guide cell invasion through the matrix [209], representing a promising technique for introducing mi-

crovasculature in tissue models.
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Another aspect that would benefit from a closer collaboration with the clinics is wound healing assess-
ment. In order to monitor the healing of single wounds over time, more efforts towards the implemen-
tation of non-invasive methods is required. The potential of OCT for real-time monitoring of wound
closure was here shown, however the access to the equipment is restricted to clinicians and requires
training. Furthermore, image processing software should be available to avoid the use of custom-de-
signed tools that are not reproducible, providing results that are more comparable between research
groups. Decreasing the use of end-point analyses in favor of non-invasive methods for healing assess-

ment will reduce experimental sample size, costs and increase the scientific validity of the data.

The macrophage incorporation strategy here described includes the combination of immune cells as
an additional hydrogel compartment to shorten the culture time. This approach potentially translates
in application to other in vitro organs, as it can be combined with any equivalent to achieve immune
competency. Here macrophage functionality was only evaluated for the potential duration of an in-
flammatory response, as the target application is wound healing investigation. However, longer culture

times might also result in preserved cellular viability and activity, further expanding the applications.

Before obtaining a fully functional immunocompetent skin model, culture medium requires optimiza-
tion. As demonstrated in this thesis, the selection of media in use for skin and macrophage culture
showed to affect either skin structure or macrophage functionality. So far, only few of the components
present in skin differentiation media have been investigated for their effects on primary immune cells,
as well as for the effects that their depletion from culture media has on epidermal differentiation.
Deeper understanding of these interactions is the key to define novel media formulations that support
immunocompetent skin culture. As a plethora of media has been described for skin and macrophage
in vitro culture, a comprehensive literature study would contribute to identify the recurring compo-
nents used for culture. Then, similarly as performed here, the effects of each component could be
investigated on both single cultures and more complex 3D co-cultures, to identify which elements and

in which concentration are key to successful skin maturation or macrophage polarization.
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Appendix A

This chapter contains the supplemental data of the experimental work.

A.1l. Scratch wound assay

Different compounds were analyzed with scratch wound assay to identify a substance enhancing cell
migration, in order to establish a positive reference for improved healing. The measured wound clo-
sure rates after 5 hours were higher when calcium pantothenate was supplemented to the medium
comparing to the controls, both for HDF and HEK (figure A.1.), showing that calcium pantothenate has
a positive effect on cell migration. Between all the concentrations tested, the supplementation of 60
pg/mL calcium pantothenate to HDF culture medium resulted in 38% scratch closure comparing to
25% in control wells (figure A.1.). For HEK, the same concentration of 60 pg/mL calcium pantothenate
increased wound closure to 70% compared to 37% in the controls (figure 16). Despite the differences

in wound closure, no statistical significance was observed.

Fibroblasts Keratinocytes

5 hours

Il Control

CaP 20 pg/mL
CaP 40 pg/mL
EA CaP 60 pg/mlL
EA CaP 80 pg/mlL
Bl CaP 100 pg/mL
Bl CaP 120 pg/mL
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S
=}

20

Wound closure %
‘Wound closure %

Figure A.1. Scratch wound assay performed on primary fibroblasts (HDF) and keratinocytes (HEK) in
presence of different concentrations of calcium pantothenate. Representative images show scratches
in the confluent cell layers right after wound formation (0 hours) and at time of quantification, 5 hours
later (5 hours). Scratch closure quantification was performed by measuring scratch areas with Image)
software, and results are shown as wound % closure at 5 hours compared to 0 hours. CaP: calcium
pantothenate. Scale bars: 200 um. N=3, error bars represent standard deviation (one-way ANOVA).
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