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Résumé

L'acide hyaluronique (AH), un glycosaminoglycane majeur de la matrice extracellulaire, joue
un réle important dans un certain nombre de processus biologiques tels que la cicatrisation,
le cancer ou le développement embryonnaire. Le catabolisme de I'AH génére des fragments
jouant un role dans la migration, I'apoptose ou la régulation immunitaire. Le métabolisme des
AH est un processus finement régulé, adaptant ses fonctions a son microenvironnement. En
cas de dérégulation du métabolisme, l'accumulation de fragments d'AH semble étre
fortement liée a la gravité des pathologies inflammatoires chronique. Néanmoins, de par ces
propriétés rhéologiques et structurelles, I’AH, prévient la déshydratation et maintien la
structure de la peau. Bien qu'il soit généralement considéré comme un matériau inerte et
biocompatible, de rares cas d'effets indésirables tardifs ont été observés et c’est ainsi que
nous avons émis I'"hypothéese que les rares complications observées pouvaient étre lié a un
microenvironnement inflammatoire. Dans ce travail de thése, nous avons évalué sur cellules
dermiques, cellules immunitaires et sur modele murin le potentiel inflammatoire et vasculaire
de I'AH dégradé et non dégradé. Dans un microenvironnement inflammatoire, I'ajout de
fragments d’AH sur les cellules endothéliales et fibroblastes dermiques n’aggrave pas la
réponse inflammatoire au contraire des cellules immunitaires. Ceci suggére I'implication des
macrophages M1 et cellules dendritiques matures a moindre échelle dans la transmission de
I'inflammation au tissu. De plus, dans un modele murin d’inflammation chronique bas grade
nous avons montré in vivo que 'injection d’AH peut conduire a une sensibilité microvasculaire
en réponse a l'acétylcholine. L’hypothése est que cette sensibilité vasculaire est liée au
recrutement des cellules immunitaires sur le site d’injection. Par ailleurs, nous avons mis en
évidence in-vitro qu’en absence de cellules immunitaires, un microenvironnement
inflammatoire vasculaire pouvait mener a une altération de la matrice extracellulaire. Ces
résultats montrent une diversité dans les interactions cellules-cellules selon le degré
inflammatoire du microenvironnement qui en présence de fragments de dégradation d’AH

(i.e. au cours du vieillissement ou lésion) pourrait fragiliser le tissu cutané.



Abstract

Hyaluronic acid (HA), a major glycosaminoglycan in the extracellular matrix, plays an
important role in a number of biological processes such as wound healing, cancer or
embryonic development. The catabolism of HA generates fragments that play a role in
migration, apoptosis or immune regulation. HA metabolism is a finely regulated process,
adapting its functions to its microenvironment. In the event of deregulation of the
metabolism, the accumulation of HA fragments seems to be strongly related to the severity
of chronic inflammatory pathologies. Nevertheless, due to its rheological and structural
properties, HA prevents dehydration and maintains the structure of the skin. Although it is
generally considered to be an inert and biocompatible material, rare cases of late side effects
have been observed. Thus, in order to improve our understanding of the mechanisms that can
lead to late complications, we hypothesized that the rare complications observed could be
related to an inflammatory microenvironment. In this thesis work, we evaluated the
inflammatory and vascular potential of degraded and non-degraded HA in dermal cells,
immune cells and in a mouse model. In an inflammatory microenvironment, adding HA
fragments to endothelial cells and dermal fibroblasts does not worsen the inflammatory
response, unlike immune cells. This suggests the involvement of M1 macrophages and mature
dendritic cells to a lesser extent in the transmission of inflammation to the tissue. In addition,
in a mouse model of chronic low-grade inflammation we showed in vivo that injection of HA
can lead to microvascular sensitivity in response to acetylcholine. The hypothesis is that this
vascular sensitivity is linked to the recruitment of immune cells at the injection site.
Furthermore, we demonstrated in vitro that in the absence of immune cells, an inflammatory
vascular microenvironment could lead to an alteration of the extracellular matrix. These
results show a diversity in cell-cell interactions depending on the inflammatory degree of the
microenvironment, which in the presence of degradation fragments of HA (i.e. during aging or

lesion) could weaken the skin tissue.
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The Skin

As a barrier between the external and internal environment of our body, the skin is a complex
organ that has two purposes. The first is to ensure communication between our own body
and the surrounding environment. And the second is to protect our organism from external
aggressions. Covering approximately 2m?, the skin is the largest organ of the body with a
weight over 5 kg (1). The skin is our first protector against external attacks like ultraviolet light,
physical, chemical stresses and microorganisms but also prevents from dehydration (2).

Anatomically, the skin is composed of three communicating tissue layers, from the most
superficial to the deepest layer: the epidermis and the dermis (which are separated by the
dermal-epidermal junction), and the hypodermis (also called subcutaneous layer) (Figure 1).

All these three layers ensure essential functions as described below.

Epidermis

Dermis

—

Figure 1: Skin structure and its three layers (Adapted

1.1 Skin ultrastructure: from the superficial to the deep layers

1.1.1 The epidermis
The epidermis is a pluristratified and keratinized squamous epithelium that constitutes the

external structure of the skin. In contact with the external environment, it ensures a protective
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function for the organism but also prevents loss of water. Its thickness of the order of a few
hundred micrometers (um) varies according to the anatomical region. More than 90% of the
epidermis is composed by epithelial cells called keratinocytes, the other epidermal cells
corresponding to melanocytes, Langerhans and Merkel's cells (3, 4). The epidermis is divided
into four strata defined according to morphology and keratinocyte positions. The basal layer
is the deepest layer where keratinocytes division and differentiation start. Above this are
suprabasal layers with exclusively differentiating keratinocytes starting with the stratum
spinosum followed by the stratum granulosum and finishing with the stratum corneum the
most superficial layer and as such has an important role in the barrier function of the skin (5)
(Figure 2). The epidermis is constantly renewing itself. Other cell types involved in immunity,
melanin production or touch are also present: Langerhans cells, melanocytes, and Merkel cells
respectively. The basal layer of keratinocytes is attached to the dermal-epidermal junction
which is a complex network of interconnecting proteins that provides the anchoring of the
epidermis to the dermis. Besides ensuring the structural integrity of the skin, the dermal-
epidermal junction allows the exchange of some molecules such as oxygen, nutrients and

waste products between the dermis and the avascular epidermis (6).

Corneocytes
Stratum corneum
Stratum granulosum
i, L - - Keratinocytes
‘ o~
L 2 >
Stratum spinosum & . °
'Y & “—u."_ Langerhans cells
Melanocytes
Stratum basale
Merkel cells

Dermis

Figure 2: The epidermis (Extracted and modified (7))
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1.1.2 The dermis
The dermis is a fibro-elastic connective tissue whose thickness varies according to its

anatomical location. Its average thickness is between 1 and 2mm. It is composed of 2 parts:

e The superficial dermis or papillary dermis, which contains vertically oriented collagen
fibers but also immune system cells, fibroblasts, blood capillaries and nerve fibers. It
represents 1/5" of the dermis. The fibers and cells are bathed in a fibrillary gel-like
substance. The superficial part of the dermis invaginates at the junction with the epidermis
in the form of dermal papillae, increasing the contact surfaces with the epidermis and
allowing better adhesion between these two layers. The dermal papillae contain nerve
fibers, which can penetrate the basal lamina to go and innervate the epidermis or be
connected to real nerve corpuscles in the dermis playing the role of tactile

mechanoreceptors (Figure 3).

e The deep dermis or reticular dermis comprises collagen fibers organized in bundles and
elastin fibers that intersect. It also contains arterioles, venules and nerve fibers. It
represents 4/5% of the dermis and forms a much tighter network. The reticular dermis is

poorly composed of fibrillary gel contrary to the papillary dermis (8) (Figure 3).

Dermal papillae

Papillary
layer

Reticular
layer

Cutaneous
plexus

Figure 3: Dermis structure (Extracted from (9))

The fibrillary gel-like substance is composed of water, mineral salts and glycoproteins like

proteoglycans and glycosaminoglycans (GAGs), of which 50% are hyaluronic acid.

17



Glycosaminoglycans give the dermis a high water retention capacity, more than % of the skin's
water is stored in the dermis (10, 11).

The dermis is a matrix composed of different types of cells permitting intercellular
communications to respond to internal and external stimuli.

The dermis gives the skin its suppleness, elasticity and tensile strength. It is a sophisticated
and biologically active assembly that protects the body against mechanical injury, helps
thermal regulation, allows water storage, brings nutrients to the epidermis and contains
receptors for sensory stimuli (12, 13). It plays an important role in cellular immune traffic,
regulation of vessel tone and local hemostasis.

In addition to these functions, the dermis plays a crucial role in the nutrition of the epidermis
and in the healing process (14, 15). It is one of the actors, if not the major actor in maintaining

the integrity of the skin.

1.1.2.1 Extracellular matrix
The extracellular matrix (ECM) is an assembly of macromolecules of proteins and

carbohydrates, that bind together homologous or heterologous cells. The macromolecules of
the extracellular matrix are classified into four categories: collagens, elastin, proteoglycans

and structural glycoproteins. The proportion of these elements varies depending on the tissue.

1.1.2.1.1 Collagen

In the skin, the collagen fibers (mainly type | with 90% of total collagen and type Il with 10%
of total collagen) and elastin fibers are the main components of the matrix (16).

Collagen fibers make up 70% of the dry weight of the dermis and give its resistance to traction,
tension, shear and other mechanical forces. Dermal collagen is a long-lived molecule of the
extracellular matrix with a half-life of 15 years (17). The least represented fibrillary collagens
are collagen V and IV. Nevertheless, they are essential to the maintenance and structure of
the dermis and the structural integrity of the skin. Indeed, the collagen V determines the
diameter of the collagen | fibers with which it is associated, and the collagen IV forms the
framework of the dermal-epidermal junction and other basal membranes. During aging,
including intrinsic aging and extrinsic aging (induced by external stimuli), it has been shown
that the quantity and quality of collagen fibers were diminished, associated with a loss of

network density (18). Furthermore, collagen network is finely regulated during life. The
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collagen network is modulated during inflammation, homeostasis and immune responses
(19). Nevertheless, dysregulation caused by chronological aging, pathologies or photo-aging
led to metabolic dysregulation inducing complication such as fibrosis or skin structure

alteration (20-22).

1.1.2.1.2 Elastin

Elastin is the major component of elastic fibers; it is associated with micro fibrils composed of
structural glycoproteins. In healthy human skin, the part of dermal elastic fibers is very low (2-
5%) compared to the 70% part of collagen. The metabolic turnover of elastin is very slow, with
a half-life at 70 years (23) . Elastin is synthesized in the form of a soluble precursor,
tropoelastin. This 70 kDa protein is highly hydrophobic (24). The gene coding for the
tropoelastin is regulated by many factors released during various processes such as
development, inflammation and wound healing. In elastogenesis, it has been shown that IL-1
(Interleukin-1), TGF-B (Transforming Growth Factor-B) or IGF-1 (Insulin Growth Factor 1) can
increase the mRNA expression of the tropoelastin leading to increase the amount of elastic
fibers (25), while some cytokines like TNF-a and IFN-y may decrease its activity (25, 26).
However, certain enzymes (matrix metalloproteinase, elastase or serine proteases) can be
activated in certain contexts such as cancer, aging, linked to the skin exposome or under the

influence of UV rays and are then able to cleave elastin, causing a loss of elasticity (27, 28) .

1.1.2.1.3 The Glycosaminoglycan’s and proteoglycans

Glycosaminoglycans (GAGs) are a family of complex linear and unbranched polysaccharides.
They share a common structural organization, based on the repetition of a disaccharide unit
including a hexosamine (N -acetyl -glucosamine or N-acetyl -galactosamine) and an uronic acid
(D-glucuronic acid or L-iduronic acid) or a neutral sugar (galactose) and may be variably

sulphated.

The nature of the sugars forming these disaccharide units, as well as the types of glycosidic
bonds involved, make it possible to define 6 types of glycosaminoglycans classified into two
sub-families: glucosaminoglycans and galactosaminoglycans. In the extracellular matrix we

can find some dermatan sulfate, chrondroitin sulfate, heparan sulfate and hyaluronic acid.
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Hyaluronic acid, also known as hyaluronan, is a non-sulfated glycosaminoglycan (GAG) non-
protein compound with distinct physico-chemical properties of repeating -1,4-D-glucuronic
acid and B-1,3-N-acetylglucosamine units (29), is the most abundant glycosaminoglycans in
the skin. Hyaluronic acid is a product naturally present in the body, especially in skin and
cartilage tissues. Hyaluronic acid is biopolymer highly active in the metabolisms and more
precisely in the joints and in the skin. Unlike elastin, HA has a dynamic turnover with a half-

life in the skin between 24h and 48h and 1 to 3 weeks in the cartilage (30).

Its proportion and size differ according to the location of the hyaluronic acid (31, 32). Indeed,
human skin contains approximately 400 to 500 ug of HA /g of tissue and mostly in the dermis
(33) while human articular cartilage has approximately 500 to 2500 pg of HA /g of tissue (34).
Furthermore, young skins have higher HA contents than older skin as observed with collagen
network. The different sizes of HA and its fragments and their different biological role in the

skin will be further described in the chapter “Hyaluronic acid to medical devices”.

Proteoglycans (PGs) belong to the family of glycoproteins. What they have in common is the
presence of glycosaminoglycan chains covalently attached to a protein backbone during post-
translational modification. Proteoglycans can absorb up to 1000 times their volume in water,
directly impacting the volume and compressibility of the dermis. Due to their structure, PGs
can bind to growth factors, cytokines and chemokines. They influence proliferation,

differentiation, tissue repair and morphogenesis (35).

They include certain proteins that play a role in the diameter of collagen fibers such as decorin

or versican interacting with microfibrils and hyaluronic acid (36).

1.1.2.2 Dermal cells types and functions

The dermis hosts a multitude of different cell types. Dermal fibroblasts and immune cells, such
as macrophages, dendritic cells and lymphocytes, are the main cell types in the dermis.

Endothelial cells involved in blood and lymphatic microcirculation are also present.

1.1.2.2.1 Dermal fibroblasts
Fibroblasts have mesenchymal origins and are the most represented cell category in the

healthy dermis. Dermal fibroblasts can come from different tissues localization such as
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abdomen, foreskin, arms or breasts and have different phenotypes, behaviors and functions
according to the embryonic origins (37). Their number is higher, and they are metabolically
more active in the papillary dermis than in the reticular dermis. They are resident cells in the
dermis producing and secreting molecules of the extracellular matrix (ECM) such as collagen,
elastin, proteoglycan, glycosaminoglycan, but also matrix metalloproteinase (MMPs) or lysyl
oxidase (LOX) responsible for the degradation, the stabilization and the remodeling of this
matrix. Proteoglycan and glycosaminoglycan like hyaluronic acid plays a significant role
maintaining extracellular matrix formation as support for the collagen and elastin network
produced by dermal fibroblasts.

With their integrin-like membrane receptors, dermal fibroblasts interact with the extracellular
matrix and receive messages from the skin cells that will have a direct influence on their
metabolic activity. Directly in contact with keratinocytes and endothelial cells: they synthesize
collagen type IV found in the basement membrane of the dermo-epidermal junction and the
blood vessels as well as type VIl collagen. And they also produce directly collagen type | and

[l and elastin fibers to form the ECM network of the dermis (38-40).

In addition to their synthetic role, they have anti-infectious and antiviral defense roles. Thus,
they intervene in the skin's defense mechanisms via the secretion of chemoattractant (41).
Fibroblast were commonly described as a simple resident as key player in the production of
protein for the extracellular matrix but now they are considered has sentinel cells by the
immune system (42, 43); and more particularly for microbial infection using CD40 ligand as
the major activation antigen on fibroblasts. In addition to the synthesis of antimicrobial
peptides, they can produce pro-inflammatory cytokines, such as TNFa, IL-6, IL-8, and IL-10;
other chemokines, such as CCL2, CCL5, CXCL1, CXCL8 or CXCL10; and the growth factors
granulocyte/macrophage colony-stimulating factor (GM-CSF) and granulocyte colony-
stimulating factor (G-CSF) to induce and recruit inflammatory cells (43, 44).

Furthermore, their proliferation and activity are regulated by various growth factors, in
particular IGF-I (Insulin Like Growth Factor I) and TGF-Beta (Transforming Growth Factor Beta),
which stimulate the production of extracellular matrix constituents and are involved in the

healing and tissue repair processes too (45).
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1.1.2.2.2 Dermal immune cells

1.1.2.2.2.1 Macrophages
Macrophages in the dermis are derived from blood monocytes. Once fixed in tissues,

macrophages have cytological aspects and functions distinct from those of monocytes.
Resident macrophages are likely to persist for a long time within the same tissue. They act in
acute and chronic diseases (46, 47). The first source is embryo-derived progenitors that seed
the skin prenatally. The second and major source of dermal macrophages is circulating
monocytes that differentiate once they reach the skin (41). Monocytes/macrophages, derived
from myeloid precursors, represent a heterogeneous family in terms of morphology and
localization, providing functions of phagocytosis and antigen presentation. They synthesize a
very large number of enzymes to modulate the extracellular matrix in case of lesion or during
healing process and are capable of secreting various inflammatory cytokines (48). Among all
these functions, macrophages are the key player in the phagocytosis process, secreting
cytokines and chemokines initiating the inflammatory process. Macrophages are plastic cells
that have capacities to modulate their phenotype depending on the microenvironment (41).
Nine different types of macrophages have been identified, covering large phenotypes and
functions from acute and chronic inflammation to antioxidant function and atheroprotective
effect in the case of atherosclerosis diseases. They can be activated in M1, M2a, M2b M2c,
M2d, Mox, M(Hb), Mhem or M4 in vitro using different cocktail of cytokines, growth factors,
hormones and chemokines (Figure 4) (49-52). Among all of these types, macrophages M1,
which are pro-inflammatory, and macrophages M2a commonly known as anti-inflammatory

are the most described and studied.
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Figure 4: The Complex Biology of Macrophages: Origins, Functions, & Activation States, (R&D

system)

Macrophages M1 express specific markers (CD68, CD11b, CD14 CD64) as well as molecules
also expressed by dendritic cells (CD206, DC-SIGN, HLA-DR, factor Xllla) that enable them to
present antigens when interacting with T cells. M1 macrophages express iNOS and secrete
inflammatory inflammatory cytokines such as TNFa, IL-1B, and IL-6 (53) while M2

macrophages adopt an anti-inflammatory and/or pro-repair phenotype.

1.1.2.2.2.2 Dendritic cells
Dendritic cells (DCs) in the epithelial interfaces are in an immature state, characterized by a

high capacity for antigen capture and internalization (54, 55). Functional maturation of DCs
can be induced by the presence of cytokines and pro-inflammatory chemokines in the
environment, to then be able to present antigens and activate naive T cells. These maturation
signals may come from viruses, bacteria or components, which act either directly by binding
to DC receptors, such as toll-like receptors (TLRs), or indirectly through the production of pro-

inflammatory cytokines in the microenvironment (TNF-a, IL-1f or IL-8).

There are different subpopulations of dermal dendritic cells that have been isolated in human
skin explants (56). Three subpopulations can be distinguished based on CDla and CD14
expression: CD1a-CD147, CD1a*CD14 and CD1aCD14*. The CD1a'CD14 cells constitute the

classical population of dendritic cells of the dermis, the CD1a*CD14 cells certainly represent a
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population of Langerhans cells leaving the epidermis, while the CD1a"CD14* population would

appear to represent a precursor pool of dendritic cells of the dermis (57).

1.1.2.2.2.3 Other cell types
In case of inflammatory process in the skin, other types of cells can be recruited: Polynuclear

cells such as neutrophils, eosinophils and basophils (41). They have the ability to migrate into
tissues in response to a chemotactic signal and to secrete a large number of inflammatory
cytokines. Neutrophils are phagocytic cells that are involved in tissue damage from
immunopathological reactions. Eosinophils are cytotoxic phagocytic cells that participate in
the inflammatory response by early recruitment upon release of soluble mediators of
inflammation (41). These cells are implicated in certain parasitic infections and allergic
reactions. Basophils make up less than 1% of leukocytes in the blood and have high affinity
receptors which, when activated, cause them to degranulate and release preformed
mediators such as histamine and heparin (58). T lymphocytes are derived from hematopoietic
bone marrow precursors differentiated in the thymus. They are mainly present in the
lymphoid organs: the lymph nodes and the spleen. There are two subpopulations that are
differentiated by the expression of CD4 or CD8 markers. Both have specific antigen receptors,
the TCR (T cell receptor). The recognition of the antigen requires its presentation by MHC-I
molecules for CD8+ LTs and MHC-Il molecules for CD4+ LTs (41). LTs recruited into the skin are
most often located just below the dermal-epidermal junction. Dermis present the properties
to have many other cell types involved in extracellular matrix modulation, wound healing,
bacterial and viral infections, hypersensitivity reactions or autoimmune diseases as described

below (Table 1).
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Table 1: Skin’s immune cells (Extracted from (41))

1.1.3 The hypodermis
The hypodermis is the deepest layer of the skin. It is an adipose tissue in continuity with the

dermis, the difference between the two tissues is therefore marked by the progressive change
in the nature and composition of the connective tissue (59). It is attached to the dermis by
expansions of collagen and elastin fibers. It is innervated and vascularized by the numerous
vessels and nerves that pass through it and reach the dermis. It acts as an interface between
the dermis and the mobile structures below it, such as muscles and tendons. The hypodermis,

predominantly composed of adipocytes (45), plays a key role in the storage and release of
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lipids, managing the body's energy stock according to needs and supplies. It has an essential
role in the skin's mechanical resistance to shocks and also has a cold protection function (60).
Furthermore, it is an endocrine organ that synthesizes and secretes adipokines, which can act

locally (autocrine or paracrine) or systemically and influence all other organs.

1.1.4 Vascular microcirculation and endothelial cells

Blood distribution at the cutaneous level is ensured by arteries coming from the deep tissue,
the hypodermis. The blood irrigates and nourishes the dermis by forming plexuses. The
superficial vascular plexus is at the dermal-epidermal junction and the deep vascular plexus is

in the dermis between the papillary and reticular dermis (Figure 5).

Skin vascular network

| Epidermis | lr—

Papillary dermis |i

' Hypodermis |

© Elena Conde
Figure 5: Skin vascular network (extracted from (61))

These two plexuses form a very complex vascular network that serves different purposes,
including thermoregulation, nutrition, immune response and intercellular communication (62,

63).

The vascular endothelium, a monolayer of endothelial cells, forms the anatomical barrier
between blood and tissue playing a major role in vascular function. The endothelial cells
ensure the circulation and exchange of molecules between blood and interstitial fluid

including gases, ions, proteins and also allow the crossing of cells through the phenomenon of
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diapedesis. Indeed, they have a role in immunity, mainly through their control of leukocyte
extravasation. They can express different adhesion molecules, which belong to the family of
selectins (P-selectin, E-selectin) or immunoglobulins (ICAM1, VCAM1) that bind to integrin
expressed following stimulation by cytokines or bacterial molecules like lipopolysaccharides
(LPS). They also secrete lots of cytokines and chemokines allowing the recruitment of more
competent immune cells at the site of inflammation (64). The endothelium has a large
exchange surface and has many functions including the adaptation to the specific needs of the
surrounding tissue. The endothelium is involved in vascular homeostasis but also in
pathological processes such as thrombosis, inflammation or vascular remodeling (65, 66).
Endothelial cells play an important role in the recruitment of leukocytes at the site of
inflammation. The mechanisms contributing to this role involve the secretion of chemokines
but also hyaluronic acid and oligosaccharides of HA present in endothelial cells (67, 68). The
production of hyaluronic acid by the endothelial cells during the early stages of the
inflammatory response is induced by pro-inflammatory cytokines such as TNF a and IL1J,
considered as the initiators of inflammatory process (69) and this process is essential in wound
healing. Several experiments have suggested the role of HA in this phenomenon of leukocyte

recruitment (67).

The endothelium also participates in the regulation of vascular tone through the secretion by
the endothelial cells of vasodilator and vasoconstrictor molecules that will act at the level of
the smooth muscle cell. Endothelial cells regulate blood pressure and blood flow by secreting
vasodilatory factors such as nitric oxide (NO), prostacyclin, endothelium derived
hyperpolarizing factor (EDHF) and vasoconstriction factors such as thromboxane, endothelin-

1 or endoperoxides (70) (Figure 6).
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Figure 6: Acetylcholine-mediated vasodilation pathway (Extracted from (71))

The half-life of NO is very short and its action is therefore very localized. Many molecules can
stimulate the endothelial cell to induce the synthesis of NO such as acetylcholine. When the
endothelial cell receives this stimulus, this will lead to an increase in intracellular calcium. The
calcium will form a complex with calmodulin leading to the phosphorylation of eNOS and thus
allow the synthesis of NO. Cyclooxygenases (COX), COX-1 and COX-2, which are responsible
for the synthesis of eNOS (72), are also involved in the regulation of vascular tone via the

production of prostaglandin such as PGI2 or PGE2 (71).
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Hyaluronic acid to medical devices

1.2 Endogenous and exogenous HA functions

In 1934 Karl Meyer and John Palmer discovered hyaluronic acid, a combination of uronic acid
and an aminoglycan, in the vitreous humour of eyes. It is by associating the terms uronic acid
and the word hyaloid, from the greek "hyalos" meaning vitreous, that they proposed the term
hyaluronic acid (HA) (73). It was only in the 1950s that HA structure and its properties were
discovered (74-77). They have shown that HA was composed of a repeating disaccharide unit
and they highlighted the sensitivity of HA to UV or X-ray inducing its complete degradation
(77, 78). Each disaccharide has a molecular weight around 400 Da but depending on the
number of repeating units in a polymer (Figure 7) it can reach to 20 MDa (79, 80). As
mentioned above in the body, the proportion of HA and its size depends on the tissue and the

type of synthesis, this part will be developed in HA metabolism part.

OH

CH; n

Figure 7: HA disaccharide of N-acetyl-D-glucosamine and D-glucuronic acid connected by 13

1,3-glycosidic bonds (29)

More than 50% of the total HA content of the whole body is located in the skin. Endogenous
HA has other important functions in the skin but also in other tissues playing a role in
organogenesis (81), angiogenesis (82), reactive oxygen species (83), cancer (84, 85),
chondrocytes (86), lung injury (87), inflammation (88) and immune regulation (89). It exists in

many forms of HA: circulating, associated within tissue and inserted into the extracellular
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matrix. This hydrophilic molecule is used in the treatment of osteoarthritis, giving elasticity at

the cartilage and increasing the viscosity of the synovial fluid using exogenous HA. Hyaluronic

acid thus plays a valuable role in the joints as a lubricant and shock absorber. These various

effects have been studied in recent years, highlighting the complexity of this regulation. The

function and activities of hyaluronic acid depend on specific properties (Figure 8):
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Figure 8: Hyaluronic acid functions and activities (Adapted from (90))

Physical properties and chemical modifications (upper panel): size and molecular
weight of HA and its distribution inducing different biological effect according to the
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microenvironment (homeostasis or diseases), crosslinking patterns and
macromolecular structure (Figure 8A and B).

e Metabolism of HA synthesis (HAS) and degradation (Hyaluronidase) and its
microenvironment regulation with the receptors associated (example: TLRs, CD44 or
RHAMM) (Figure 7D, E and F).

e Signaling pathway leading to biological effects such as inflammation, repair or immune

regulation.

To counteract the signs of aging, like skin dryness, wrinkles and loss of tissues, the
pharmaceutical industries developed medical devices using hyaluronic acid injection in
aesthetic corrective. Hyaluronic acid is also used as treatment for cataract and osteoarthritis
and many other joint disorders (91). In 2003, the FDA (Food and Drug Administration) has
approved Restylane (Q-Med, Uppsala, Sweden) as injectable medical device. Since then,
various other types of fillers have been approved by FDA for aesthetic use.

These commercial products use HA crosslinked with crosslinking agent to increase the
longevity of HA and their rheological properties. The most common agent used and studied
over 15 years in industry is the BDDE (1,4-butanediol diglycidyl ether) according to its
biodegradability and stability. Contrary to endogenous HA which has a half-life of 24 to 48
hours in the skin, exogenous crosslinked HA can have a clinical duration that can reach or
exceed 1 year (92). The interest of these fillers are their properties to counteract the loss of
moisture and elasticity in the skin and the development of wrinkles improving skin quality and

appearances.

1.3 Effect of HA and its degradation products

As described in Figure 7, physical properties and size distribution induce different signaling
pathways leading to different biological effects. According to its high molecular weight,
hyaluronic acid possesses structural effect allowing its association with the fibers of the
extracellular matrix in the tissues. It contributes to the hydration of the extracellular matrix
and tissues through its hydrophilic and viscoelastic properties due to its helical structure and
negative charges. But during the different process of ECM remodeling, pathologies, aging or

healing, hyaluronic acid can be degraded using specific enzymes named hyaluronidase and
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some lysosomal enzymes. These enzymes can produce different range sizes of molecular
weight of hyaluronic acid fragments, including oligomers of HA (o-HA) from 10 Da to 10kDa,
low molecular weight of HA (LMW-HA) from 10kDa to 250kDa, medium molecular weight of
fragments (MMW-HA) from 250kDa to 1000kDa and high molecular weight of HA (HMW-HA)
from 1000 kDa to ~6000 kDa (93-95) (Table 2).

Homeostasis Complication and diseases
Ir | \
| |
12000 kDa 1000 kDa 250 kDa 10 kDa 0,01 kDa

\ 4 A\ v v v

MedMW and Low

Increased cell migration Cell differentiation

Inhibit synovial apoptosis

Stromal Cell contact : 2 : :
/ e Enhanced barrier function = Enhanced ECM remodeling Increased cytokine
Mesenchymal inhibition : ;
Reduced apoptosis Increased cytokine release release
Increased cytokine
: ; : i . " release
Endothelial Unknown Enhanced angiogenesis Inhibited angiogenesis
Increased EC
proliferation
Monocytes and DC
Inhibited cell recruitment ~ Macrophages polarization maturation
Immune Unknown Reduced cytokines release  Pro and anti inflammatory Increased cytokine
Anti-inflammatory effects Immune recruitment release
Increase transmigration
. Facilitates development Attenuated or exacerbate e aertlc
Fathalogies Unknown Reduced scarrin lung injur e
significance e B Enhanced skin healing

Inhibited vascular injury

Pro and anti wound healing

Inhibits vascular injury

Table 2: Biological and pathological significance of endogenous HA size (Adapted from (85))

Endogenous hyaluronic acid and its degradation products have different biological effects. The
two main effects are its role in wound healing process and the second and most controversial

is its role in regulating the immune response.

1.3.1  Wound healing role
Hyaluronic acid plays a role in the 3 phases of wound healing. During the first phase, specific

hyaluronidases and lysosomal enzymes degrade hyaluronic acid into oligomers of variable
sizes. The high concentration of oligomers, which interact with CD44, causes diapedesis of
leukocytes and macrophages and stimulates the production of pro-inflammatory cytokines

(96). During the proliferative phase, the increase in the concentration of oligomers allows the
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organization and stabilization of the extracellular matrix that facilitates the migration of
fibroblasts, leading to the formation of capillaries and a granuloma in the wound. During the
remodeling phase, the cells produce native hyaluronic acid and it is this that binds to CD44

stopping the signaling pathway leading to stop the proliferation of endothelial cells.

1.3.2 Immune response regulation
It is unclear if these low molecular weight of hyaluronic acid fragments induce an

inflammatory response or are a consequence of inflammation. It has been reviewed that
oligomers and LMW of HA regulate the immune responses and are involved in migration of
activated dendritic cells such as Langerhans cells (97). They are stimulators of pro-
inflammatory cytokine synthesis through an immune-stimulant and antigenic effect. They act
as pro-inflammatory mediators, stimulate Toll-like-receptor 4 (TLR4), activate the nuclear
factor NF-kappa B in synergy with interferon a (IFNa), and lead to the synthesis of IL8 and IL10
(88, 98). They are also reported to become damage-associated molecular pattern molecules
(DAMPs) inducing inflammatory responses via CD44 and TLR4 in vivo and in vitro (99).
Nevertheless, these latter points are controversial. Indeed, it has been shown that the various
sizes of hyaluronan from different sources do not induce inflammatory responses on in vitro
and ex vivo murine macrophages and dendritic cells, assessed by TNF-a, IL-1B3,IL-12, CCL3 and
other markers productions (100-102). In addition the inflammatory responses observed was
linked to unpurified samples and contamination of endotoxin presents inside the
hyaluronidase used, even if samples were treated with polymixin B (102). Furthermore, no

leukocyte recruitment was observed in vivo after lung instillation in response to HA (103).

Concerning high molecular weight of HA, it is considered as anti-inflammatory. By inhibiting
the activation of the nuclear factor NF-kappa B in wound healing process, Baeva et al.
observed that monocytes and macrophages under different inflammatory stimuli and in
presence of high molecular weight of HA suppressed IL-1B production (100). Indeed, HA
macromolecules mask the membrane receptors of the cells involved in the inflammatory
reaction, thus preventing their activation and contributing to the anti-inflammatory action

(94, 104).
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1.4 HA metabolism

1.4.1 Intrinsic synthesis
Hyaluronic acid is a molecule whose constant synthesis and degradation allow a multitude of

biological processes to be precisely modulated. It is a finely regulated process to maintain

tissue regulation and homeostasis.

The mechanism of synthesis of hyaluronic acid is a fast and efficient process. This
polysaccharide is synthesized mainly in the membrane of dermal fibroblasts but also to a
lesser extent in the membrane of epidermal keratinocytes. Hyaluronic acid is produced mainly
on the surface of the fibroblasts by extrusion into the extracellular matrix in association with
numerous receptors such as CD44. Unlike other GAGs, hyaluronic acid is not synthesized in
the Golgi apparatus but on the inner surface of the plasma membrane of the cell by
transmembrane proteins: the HAS (Hyaluronan synthases). The intrinsic production of HA is
provided by three mammalian hyaluronan synthases: HAS1, HAS2 and HAS3 (105, 106). The
sequence homology between the three HA is very high (about 80%) but these enzymes differ
in their stability and in the length of the HA chain produced. Indeed, HAS1 and HAS2 produce

a hyaluronic acid twice as long as HAS3.

In this way, long linear chains of HA are formed on the cell surface and play an essential role
in the cell microenvironment in keratinocytes, fibroblasts, endothelial cells and cells of the

immune system (107).

It has been reported that HAS plays different roles in the development according to the
different tissues or cells types, synthesizing different sizes for different functions (108, 109).
The different activations of HAS have been reported in vitro to be modulated by cytokines,
growth factor or chemokines in homeostasis and diseases like rheumatoid arthritis. For
example, TGF-B activates HAS1 while it suppresses HAS3 activities in synoviocytes (110); and
IL-1B and TNF-a induces HAS2 mRNA on lung fibroblasts (111).

Intrinsic hyaluronic acid is finely regulated leading to different size and proportion of HA
dependent of the tissue. Indeed, in healthy condition, HA in human synovial fluid has an

average molecular weight around 6 to 7 MDa, in normal blood serum is mainly relatively low
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from 100 to 300 kDa, while in human normal skin the average of molecular weight is around

4 to 6 MDa (31).

1.4.2 Extrinsic synthesis
Hyaluronic acid can be obtained by tissue extraction or produced by bacterial fermentation.

Tissue extraction can be carried out from tissues containing large amounts of HA such as the
rooster crests. With tissue extraction from animals, 10 000—15 000 monomeric units per chain
corresponding to an average of 4—6 MDa can be extracted (79). Nevertheless, these methods
have drawbacks such as cost and difficulty in purification, which increases the risk of allergies
and infections.

Recombinant HA production has emerged as an alternative using Gram-positive and Gram-
negative bacteria as hosts, including Bacillus sp, Lactococcos lactis and Escherichia coli (112-
114). Bacterial fermentation is the most common process to produce HA (115). HA is
synthesized in the cell membranes and excreted into the media to facilitate manipulation and
purification. With this technique, some risks remain with the existence of a possible contamination by
endotoxins (116, 117). Bacterially produced HA can vary in molecular weight, producing low molecular
weight of HA to very high molecular weight, depending on the monomeric units per chain (79).

Then, some chemical modifications are carried out in order to increase the half-life of HA in

the body or modify its rheological properties according to the desired indications (Figure 9)

(118, 119).
HA polymer HA solution Crosslinking agent Crosslinked HA
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Figure 9: HA solution to crosslinked HA (Adapted from Tezel (79))
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The main chemical modification is the use of crosslinking agents, inducing the formation of
the gel producing a network of polymer, imposing a chemical and physical barrier to enzymatic
and free radical breakdown. Indeed, enzymes and free radicals degraded then slowly
crosslinked HA than native HA due to the large size of crosslinked HA and theirs difficulties to

penetrate the gel (79).

1.4.3 Degradation
In the human body, in vivo and in vitro experiments demonstrated that endogenous and

exogenous HA were mainly degraded or altered inducing modulation of their physico-

chemical properties and biological effects (77) according to different mechanisms:

= Enzymatic degradation by hyaluronidases and [-glucuronidases and -
acetylglucosaminidases (120)

The action of hydroxyl radicals (121)

uv (122)

PH in solution (123)

Combination of sonication, ultrasound, H,03, and copper lon (124)

4 4 4 4 8

Heat (123, 125)

Hyaluronidases cleave the B1-4 bond Hyaluronic acid and generate hyaluronic acid fragments
on variable sizes. There are six genes in the human genome coding for hyaluronidases of
varying tissue distribution (126). In humans, genes coding for hyaluronidases include HYAL-1,
HYAL-2, HYAL-3, HYAL-4, HYALP1 and PH-20 and form two clusters on two different
chromosomes (127). These enzymes are found in organs such as the spleen, skin, eyes, liver

and in some body fluids.

HYAL-1 and HYAL-2 are the predominant isoforms to cleave HA and have ubiquitous
expression. HYAL-2 begins by cleaving high molecular weight HA into intermediate sized
fragments (about 20 kDa) that is mostly bound to the CD44 receptor. Its expression is limited
to lysosomes. HYAL-1 cleaves the biopolymer into monosaccharides follow by lysosomal
enzymes (B-glucuronidases and B-acetylglucosaminidases) leading to the formation of

tetrasaccharides (800 Da) and then ending by single sugars formation (Figure 10) (127).
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HA 1.10 MDa Extracellular

l CD44 + Hyal-2 Cell membrane
HA
HA 20 kDa
HA
Hyal-1
l +B-N- acelylgluc?samlmdase Lysosome
l +B glucuronidase

HA
Tetrassacharide HA

800 Da
HA

B- N - acetylglucosaminidase
l + B glucuronidase

Dissacharide 200 Da Cytoplasm

B- N - acetylglucosaminidase

l + 3 glucuronidase

N.acetyl-glucosamine + acide glucuronique

l N-acetylglucosamine kinase
N-acetyl-glucosamine 6-P
l N-acetylglucosamine deacetylase

Glucosamine 6-P

Figure 10: HA enzymatic catabolism (Adapted from (120))

The fragments of HA during the enzymatic process have been reported to induce transcription
of MMPs (128) and stimulated endothelial cell activation (129) while oligomers (6 to 20 kDa)

have been reported to be proangiogenic, pro-inflammatory and immune-stimulatory (130).

The role of HYAL3 in the degradation is not completely elucidated, but it seems to contribute
to HA metabolisms by increasing the HYAL1 activity (131). PH-20 is a testicular enzyme
encoded by the sperm adhesion molecule 1 (SPAM1), located on the human sperm surface
and inner acrosomal surface. These enzymes are not totally specific to hyaluronic acid, HYAL4

can cleave chondroitin sulfate (127) for instance.
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The progressive degradation of large polymers of hyaluronic acid by enzymatic reactions
generates polymers of variable sizes. It has been reported that these different sizes of HA exert
extremely diverse and often opposing biological functions. The mechanisms underlying this
opposite signaling are still poorly defined but could involve competition for membrane

receptors and induce inflammatory, immuno-stimulatory and angiogenic responses (132).

Nevertheless, hyaluronic acid can be degraded by other factors than enzymes like UV rays, v,
a combination of ultrasounds, ultrasound, H,0,, and copper lon, by oxidation-reduction
depolymerization (by hydrogen peroxide and or ascorbate) or by heat and/or under pressure

(124, 133, 134).

The use of HA crosslinked as filler is also subject to be degraded. Crosslinking agents used to
increase the HA stability in the skin have been shown not to interfere with the natural
enzymatic process described above (135). In fact, it has been reviewed by De Boulle et al. 2013
that crosslinked HA have the same enzymatic, hydrolytic and oxidative degradation process

as native HA in the body (92) .

1.5 HA Receptors

Secreted into the extracellular matrix, HA molecules and fragments are incorporated into the
extracellular matrix and are capable of interacting with receptors in order to transmit different
cellular signals and thereby influence the behavior of the cells, which could in turn modify

their differentiation, migration and phenotypes (136, 137).

HA acts through its binding to various cellular receptors of the transmembrane type. CD44 is
the main receptor, the most studied today. Its state of glycosylation is one of the elements
conditioning its ability to bind with HA. The other receptors are: RHAMM, TLR (Toll-Like-
Receptors) 4, HARE and LYVE-1.

1.5.1 CD44
CD44 is the major hyaluronic acid binding protein and its function has been extensively

studied. CD44 is widely expressed in almost all types of cells in humans and mice. Within this

family, there are many post-translational modifications that can modulate the affinity of CD44
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to HA (138). The smallest isoform, without variant, is called "standard" CD44s and is expressed
in most tissues. Its main role is that of receptor for hyaluronic acid. This molecule is involved
in cell/cell and cell/matrix extracellular adhesion (139). It is involved in many biological
processes, such as lymphocyte recruitment, hematopoiesis, embryogenesis and wound
healing (140-142). CD44-HA binding is important not only for intercellular interactions, but
also for interactions between the cells and the ECM and affects numerous functions, including
inflammation, cancer and metastasis (143, 144) as well as cell migration (145). This receptor
is essential for the inflammatory process in correlation with TLR4 in presence of
lipopolysaccharides (LPS) (146-149). Furthermore, it has been shown that CD44 and its
isoforms are overexpressed or involved in some inflammatory pathologies, such as cancer

(150), asthma (151) or rheumatoid arthritis (152).

1.5.2 RHAMM
The second major HA receptor is the Receptor for Hyaluronan Mediated Motility (RHAMM).

RHAMM can be located on the cell surface, the cytoplasm, the nucleus, or the ECM. RHAMM
is a functional receptor in many cell types including endothelial cells. In interaction with HA,
RHAMM plays an important role in tissue injury and repair (153). Furthermore, it has been
shown that RHAMM was not an absolute requirement for normal development (154) and
RHAMM is not directly involved in the inflammatory process in presence of HA and HA

fragments unlike CD44.

1.5.3 Toll-Like Receptor 2 and 4
The TLRs are involved in the different inflammatory process. There are about 10 different TLRs.

Among them, TLR2 and TLR4 have been identified as initiators of immune responses in

presence of lipopolysaccharides, mycobacteria and gram-positive organisms (146, 155, 156).

Many types of cells have Toll-like receptors (TLRs) on their surfaces such as macrophages,
dermal fibroblasts and endothelial cells (157). The activation of TLRs by binding to their natural
ligand leads to signaling cascade resulting in the nuclear translocation of the NF-kB
transcription factor, which modulates the transcription of different target genes. Thus, genes
coding for pro-inflammatory chemokines and cytokines will be activated such as TNF-a and IL-

6, resulting in the local recruitment of various cells such as polynuclear cells and macrophages.
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The activation of TLRs also leads to the release of certain natural antimicrobial molecules and

to an increased phagocytosis process of the cells.

Among all its interactions, TLR2 and TLR4 seem to be receptors of HA. Some studies show that
in the absence of TLRs, and in the presence of HA fragments, there is no induction of cytokines

and chemokines (158) and that HA oligomers induce dendritic cells maturation via TLR4 (130).

Del Fresno et al. showed that hyaluronic acid upregulates IL-1R-associated Kinase-M, a
negative regulator of TLR signaling inhibiting IRAK4/1 complex, to deactivate human
monocytes via CD44 and TLR4 (159). In a melanoma, small HA fragments stimulate expression
of MMP2 and IL-8, leading to NF-kB activation, enhanced the motility of cells, in part in a TLR4-

dependent manner (160).

Nevertheless, this part is controversial. In fact, there is no direct evidence that LMW of HA
binds to TLR2 or TLR4, and some reports have suggested that the inflammatory response in
the presence of fragments of HA was linked to samples contamination by endotoxin during

the degradation process done in vitro using hyaluronidase (103).

1.5.4 Other receptors
Other receptors are known to interact with hyaluronic acid such as: HARE and LYVE1

regulating lymphatic endothelial cells functions, Brevican and neurocan modulating neuronal
development and brain tumor invasiveness and SHAP-1 and TSG-6 involved in osteoblastic
differentiation, in fertility, in complement activation, injury and fibrosis (93). Below a summary

of the principal HA receptor involved with HA (Figure 11).

HA Cell surface receptors

CD44 | | RHAMM | | TLR4/2 | | LYVE1 | | HARE
-Receptor- -HA regulates
mediated HA activity of TLRs
internalization -Regulation of -Initiateimmune -Module HA
-angiogenesis migration response turnover and its
-Cell migration, -Control of -Possible co- absorptionfrom
proliferationand macrophages and interaction with tissues to the lymph -Clearance of GAG
adhesion to ECM fibroblasts CD44 in HA -Involvein tissue from circulation
components modulationin inflammatory hydration and
-Role in inflammationand process biomechanical
inflammation, wound repair -Controversy with properties
wound healingand HA fragment
immune regulation endotoxin

contaminated

Figure 11: Summary of HA cell surface receptors and of the actions that they control when
linked by HA (Adapted from (29))
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1.6 HA as a medical device

1.6.1 History
With the pursuit of eternal beauty, injectable devices have been used over the last 100 years

in order to counter the negative effects of aging. The first injectable devices were reported in
1893 by Neuber et al. with the autologous fat injection into the face following in the 20t
century by the first injection of liquid paraffin by Gersuny (1844-1924). In the 1960s, liquid
silicone became a product used as injected medical device for breast augmentation. But in
1964, Weiner showed that this type of injection induced granuloma and other complication
inducing sequelae. Then collagen injection (Zyderm) has been approved by the FDA in 1981 to
improve age-related wrinkles using bovine collagen, becoming the first facial filler approved
for aesthetic. Injectable soft tissue fillers are classified by FDA on different characteristics,
including site of placement (ie, dermal or subcutaneous), animal versus nonanimal derivation
(eg, autologous, xenograft, semisynthetic, synthetic), and duration of effects. Meanwhile,
hyaluronic acid was preferred as collagen because the latter present a certain number of
complication and present a better and longer clinical correction (161, 162). Since its approval
by the FDA in 2003 as aesthetic use, HA remains the most widely used material for soft tissue
filler, combining safety, a long duration of clinical action and a capacity to modulate its

rheological properties.

1.6.2 Crosslinked HA and its properties
Crosslinked hyaluronic acid is a biocompatible, viscoelastic, and hygroscopic compound (163,

164). One of the main properties of HA is its capacity to surround itself with water molecules,
being a highly hydrophilic polymer, preventing dehydration and maintains skin structure.
These properties can be modulated by the length, the molecular weight and the different
degree of polymerization of HA (79) and give different rheological properties, clinical
indications and durations depending on the crosslinking (119, 165). Their characteristics can
be modulated depending on the cross linker used, its degree of crosslinking, the gel hardness,
its consistency and the total HA concentration, which is the amount of HA per milliliter of
finished product. All these characteristic modulations change the lifetime of HA in the skin (79,

166).
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According to its capacity to have different rheological properties and actions, hyaluronic acid
has been studied in many fields in order to understand its action on the organism, its
metabolic role but also its interest in therapeutics and corrective aesthetics. Its properties give

the possibility to develop a large variety of filler.

1.6.3 Complication associated with HA dermal filler
The demand for filler injections as aesthetic treatments is growing rapidly and complications

are increasing with this growth in both the number of practitioners or nurses and the number
of patients.

Serious complications are very rare and for the most part they are due to technical errors such
as the injection technique, the depth of injection or an error in the choice of site to be injected,
the volume injected or the lack of aseptic method, and some rare side effects are associated

with the products: wrong indication, non-compliance contraindications, (167).

The reversibility of the dermal filling effect of HA is one of the reasons why this treatment
mainly used. They correct wrinkles in a reversible manner, as a hypothetical medical error or
complication can be remedied through the injection of hyaluronidase HYAL (such as Hylenex”,
Halozyme Therapeutics), inducing the HA degradation (168). Two types of complications have
been observed: the early adverse events occurring less than 24h to few weeks after injection
and the delayed adverse events occurring 1 month to 1 year after injection (169, 170). All
these complications have been classified and a management of Delayed-onset Adverse
Reactions with the different approaches have been proposed by Heydenrych et al. in 2018 to
avoid, limit or treat the different complications (170). The process to manage and limit
complications is divided in 10 parts, reflecting the patient factors (evaluate the
contraindication), the product used (Reversibility of the product, its characteristic), the
procedure before and after injection (technical skills), and the algorithms and protocol to carry
out in case of complications describing the different treatment for early or delayed

complications (Table 3).
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I. Patient Il. Product IIl. Procedure IV. Algorithms

I. History 4. Reversibility 7. Photographs Allergy/hypersensitivity
o 2 == m + Early: vitals, adrenalin, IV
\Lﬁ , + Late: cold compress

* HI + H2 antagonists

; N * Hyaluronidase .
* Skin conditions ) D'Ylaz' ,I, 2 Pre and post * Oral corticosteroids
* Systemic disease s oveliogoto ** Black background * Propanol, ibuprofen
* Medication *No maladp

Rest and animation
Angles and lighting

* Procedures

.

Selection * SLR camera
5. Product characteristics| 8. Procedural planning and ptic techniq VYascular events
A determine placement + HDPH
. )%(:. q9 If visual disturbance occurs:
* Skin + systemic - 2 a) Stop injecting
* Pretreatment « HA concentration * Technical flow b) Consult an ophthalmologist
+ Dental, vaccinations —oo=— == |+ Everything at hand ) 90-minute timeframe
* Routine procedures .- Infection
* Dysmorphophobia « Oral anubiotics
+ Cross-linking * IV antibiotics
* Skin: chlorhexidine/alcohol * Hyaluronidase
* Chilorhexidine mouthwash * Surgical drainage
* Gloves + hand washing « Laser
2. Assessment 6. Product layering 9. Injection anatomy Late-onset nodules
Q" P 2 * Anubiotics
* Beauty, aging, gender, v‘ ~ - * Hyaluronidase
ethnicity 3 * Immunosuppressives
o Wants vs neads A + Safety by depth + Tacrolimus
» + Danger areas * Pimecrolimus
+ HA over minimally « Colchicine
3. Consent biodegradable fillers 10. Technical knowledge

1

* Depth, placement

* Speed

* Needle vs cannula

* Aspiration vs movement

Informed consent
Procedure + complications
Financial consent

Table 3: Plan to avoid filler complications (Adapted from (156))

1.6.3.1 Early complications
Ecchymosis, hematoma, edema are the common early complications observed with no gravity

and resorbable in time. Edema can be post-traumatic with immediate post-injection. More
frequent in certain areas such as the lips, it disappears in less than a week. But edema can also
correspond to an immediate hypersensitivity reaction (169).

Vascular complication is exceedingly rare, it's one of the most serious related to an intra-
arterial injection that can lead to necrosis of the skin tissue. Nevertheless, the risk of vascular
accident would be approximately 0.05%. The main treatment is the use of hyaluronidase in
this case, upon injection, hyaluronidase diffuses widely into the subcutaneous tissue and
dissolves intravascular hyaluronic acid (167). Some early complications can appear after few

days or weeks such as bacterial infection, inflammatory and non-inflammatory nodules (167).
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1.6.3.2 Delayed complications
Late-onset inflammatory reactions are rare complications. Late-onset nodules (4 weeks to >

1-year post-treatment) most likely occur due to inflammatory or biofilm-related causes (171).
These nodules could be related to prolonged mechanical irritation with the product or to the
presence of harmless bacteria before injection. The binding of non-virulent infectious agents
at the time of the procedure may result in an immune response via the TLRs (169, 170).
Furthermore, these different late-onset adverse effects could be explained by different
process. Some HA that are highly cross-linked such as Restylane® or have large or short particle
sizes have a slow resorption (12-18 months), which would favor chronic encapsulation
reactions. This is due to the isolation and limitation of foreign body migration that cannot be
rapidly eliminated by phagocytosis or enzymes. The organism thus proceeds to the formation
of a capsule of monocytes and macrophages secreting pro-inflammatory cytokines leading to
the formation of more or less inflammatory nodules or granulomas (167, 172). Nodules are
likely to be due to product misplacement or migration and associated chronic immune-
inflammatory reaction and possibly low-grade bacterial infection (173). Nevertheless, another
aspect is poorly understood link to the difficulty to diagnose auto-immune diseases on
patients. In fact, filler treatments are not recommended in active autoimmune diseases such
as systemic lupus erythematosus, rheumatoid arthritis, or mixed connective tissue disease
(169).

Among these auto-immune diseases, a new concept is emerging. These different auto-
immune diseases have in common a low-level inflammatory microenvironment called low-
grade. However, it has not been identified whether the autoimmune disease occurs due to

low-grade inflammation or whether the low-grade inflammation is related to the disease.

44



Objectives
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Delayed adverse effect of HA-based fillers are poorly understood, but with the increasing
number of treatments, and thus the increasing number of delayed adverse effects observed,
there is a real need to more investigate the causes and pathways that leads to these late
adverse events. The scope of this work was to evaluate in partnership with AbbVie (Legacy
Allergan) whether the onset of these late complications was related to the degradation HA
based fillers products with the formation of low molecular weight of HA and/or related to an
inflammatory microenvironment that could induce inflammatory or vascular reaction with the
products. Because of the differences in adverse event rate observed with two different
crosslinking technologies products, i.e. HYLACROSS vs. VYCROSS part of this evaluation was

also to compare HA-based fillers that were manufactured using these 2 technologies.

We hypothesized a possible altered phenotype leading to these rare complications. We
focused on low-grade inflammation, which is poorly studied. Inflammatory microenvironment
could induce inflammatory or vascular reaction with the product persistent inflammatory
state could affect microvascular network and dermal skin metabolism with a focus on the
potential inflammatory responses to low molecular weight of crosslinked HA. The objectives
was to asses inflammatory effect on immune cells, preconditioned dermal skin cells and in an

inflammatory in vivo model.
In order to achieve these goals, this thesis work is divided in three parts:

Part I: The characterization size of hyaluronic acid fragments, to produce low molecular weight

of fragments using human hyaluronidase endotoxin free.

Part Il: Assess the effect of low-grade inflammation on vascular network and its impact on
dermal skin cells. Follow by dermal skin cells and immune cells responses to different range

size of fragments coming the two technologies in an inflammatory microenvironment.

Part lll: Evaluate in vivo the vascular modulation in response to HA and its degradation

products in a low-grade inflammation murine model.
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Materials and methods
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The "materials and methods" section presented here is written in the form of detailed
protocols to facilitate the understanding of the experiments and the reproduction of the

methods by the future students and members of the host team.

1.7 Invitro experiments

1.7.1  Immune cells from THP-1 lineage

Material for THP1 and Macrophages M1 culture

Complete culture medium: RPMI 1640 supplemented with 1% W/S (5mL), 10% inactivated BSF
(50mL), 4.5 g/L glucose, 10 mM HEPES (5mL), 1.0 mM sodium pyruvate (500 ul) and
supplemented with 0.05 mM 2-mercaptoethanol (500 uL). Cells: THP-1 ATCC (TIB-202) Acute
Monocytic Leukemia Human.

Complements:

e Flask T25 (25cm2) and/or T75 (75cm2) and/or 6-well plate

RPMI 1640 (Roswell Park Memorial Institute medium) (500mL) (Thermofischer
#11875093)

e HEPES BUFFER 1M (Thermofischer #15630056)

e 2-MERCAPTOETHANOL (Thermofischer #31350010)

e SODIUM PYRUVATE 100 mM (Thermofischer #11360039)

e D-glucose (powder) (Sigma-Aldrich #D9559-100G)

e PMA (Sigma-Aldrich #P8139-1MG) aliquot at 1mg/mL (50ul)

e LPSviaaliquot at 5mg/mL (40ul)

e |IFN gamma via aliquot at 100 pg/mL (5ug/mL)

Procedure for culture cells

= Upon receipt, examine the culture for macroscopic evidence of any microbial
contamination. Use an inverted microscope and carefully check for evidence of
microbial contamination.

= Incubate the flask for several hours at 37°C. Once the temperature is equilibrated,
remove the entire contents of the flask and centrifuge at 125 x g for 5 to 10

minutes. Resuspend the cell pellet in 10 ml of medium.
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=

From this cell suspension, count the number of cells using a Malassez cell. In a 96-
well plate, dilute 50ul of cell suspension at % with 50ul of trypan blue.

Adjust the cell density of the suspension to 4 x 10° viable cells/mL.

Incubate at 37°C at 5% CO2. Culture of THP1 should not exceed 1 x 106 cells/mL.
After thawing the ampoule, it is recommended to culture THP1 in 75cm?2 flasks.

The medium should be changed every 2 days.

Procedure for frozen cells

=

Thaw the cells by gentle agitation in a water bath at 37°C. To reduce the possibility
of contamination, keep the cap out of the water. Thawing should be rapid (no more
than 2 minutes).

Remove the vial from the bath as soon as the contents have thawed and
decontaminate with 70% ethanol. All operations from this point on should be
carried out under sterile conditions.

Transfer the contents of the bottle to a centrifuge tube containing 9.0 ml of
complete culture medium RPMI 1640. Centrifuge the 15mL Falcon tube containing
cells and medium at 125 x g for 5-7 minutes.

Remove the supernatant

Resuspend the cell pellet with complete medium and inoculate into a 25 cm?2
culture flask.

It is important to avoid excessive alkalinity of the medium during cell recovery. It is
suggested that before adding the contents of the ampoule, the complete culture
medium be placed in the incubator for at least 15 minutes to allow the medium to
reach its normal pH (7.0 to 7.6).

Incubate the culture at 37°C 5% CO2.

1.7.1.1 THPI1 to M1 polarization and mature Dendritic cells
Macrophages M1:
To differentiate and polarize THP1 into M1 macrophages,

=

=N

=

Seed 200,000 cells/mL are into a 6-well plate (4mL) or T25 flask (8mL) and
Stimulate cells with 100 ng/mL PMA.

Incubate for 24 hours to cause THP1 differentiation
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= Cells adheres becoming macrophages MO.

= Wash cells twice with PBS.

4

Stimulate cells with 100 ng/mL of LPS, 100 ng/mL of PMA and 20 ng/mL of IFN-y
for 66h.

Remove the medium.

Wash cells twice with PBS.

Add complete medium for 24h.

g 4 4 ¢

Macrophages polarize into M1 (174).

M1 phenotypes is then evaluate on gene expression M1 Markers such as CD68, CD64, TNF-a,
IL-6, IL-8 and IL-1B to validate the inflammatory phenotypes.
THP1 to mature dendritic cells
To differentiate THP1 into Mature Dendritic Cells (mDC) according to Berges et al. 2005 (175):
= 800,000 cells are inoculated in a 6-well (4 mL) plate
= Add 200 ng/mL of IL-4, 100 ng/mL of GM-CSF, 200 ng/mL of ionomycin (Sigma) and
20 ng/mL of TNF-a.
= Pay attention to use medium FBS-free.
= Incubate cells for 4 days and change medium with new fresh medium completed
every 2 days.
= After 4 days, wash the cells twice with PBS
= Add medium supplemented with 10% SVF.

= The morphotype of the dendritic cells can be kept for 2 weeks.

Mature dendritic cells (mDC) phenotypes is then evaluated on gene expression mDC Markers
such as CD206, Transglutaminase 2 (TGM2), TNF-a, IL-6, IL-8 and IL-1B to validate the

inflammatory phenotypes and according to Berges et al. 2005 (175).

1.7.2 Effect of crosslinked HA and degradation product on M1 and mDC
The objective of this experiments was to evaluate the inflammatory reaction to vehicle, LMW

of VYC-15L, VYC-15L, LMW of HYC-24L+, HYC-24L+ and LPS as positive control for 24h, 48h and
72h. Three different range sizes of low molecular weight of fragments were analyzed for each
filler. These 3 ranges were obtained by a short time degradation (30 minutes), medium time

degradation (2 hours) and a long-time degradation (6 hours) by human hyaluronidase. The
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cytokines release by mDC and macrophages M1 were then quantified by Luminex assay on IL-
8, TNF-a, IL-1B and proinflammatory chemokine CCL5/RANTES mainly studies in inflammation

with HA fragments.

1.7.2.1 Enzymatic degradation of HA
Objective:

Volbella (VYC-15L) and Ultra Plus XC (HYC-24L+) gels are degraded by enzymatic degradation
(human hyaluronidase named HYLENEX at 150 IU/mL) for 30 minutes, 2 hours or 6 hours and

then analyzed by SEC-MALS to determine the different range size of HA fragments obtained.

Sample preparation

= Ina 10 ml glass tube

= Weigh 400 mg of each gel

= Add 1 000 pl of PBS + 100 pl of enzyme solution

= For these first two steps, make sure to weigh the gel and introduce the solutions
directly into the bottom of the tube, avoid putting any on the walls.

= Do not shake the vortex, only by hand.

= Place the tube in the water bath at 37.0 °C for the degradation time defined for

this tube (30 minutes (short time degradation), 2 hours (medium time degradation)
or 6 hours (long time degradation).
= At the end of the degradation time, remove the tube from the bath.

= Putin an oil bath, immediately, for 10 minutes at 100°C to inhibit the action of
the enzyme.

= Remove from the bath and allow to return to room temperature in a cold-water
bath.

1.7.2.2 HPLC analysis
High-performance liquid chromatography (HPLC) allows separation, purification,

identification, and quantification of one or more compounds from a HA solution. HA
fragments produce after degradation were analyzed by steric exclusion chromatography
(steric exclusion column: Shodex OHpak SB-806M-HQ reference F6429106 and a precolumn
Shodex OHPak SB-G 6B reference F6709430) (HPLC with refractometer) by Allergan, France.
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The analyses were performed with an Alliance Waters 2690 HPLC and using a Dawn Heleos 2

Light Scattering Detector (MALS) from Wyatt Technology.

HPLC permits to have the different molecular mass distribution (kDa), the different size of HA
fragments obtained (kDa), the different polydispersity and the percentage of degradation of

each condition.

1.7.2.3 Cells stimulation with HA products
Protocol:

= One day before, HA fragments are prepared following “Enzymatic degradation of
HA” protocol

= After cells differentiation into mDC and polarization into macrophages M1, cells
are washed twice with PBS.

= Prepare solution at 100 pL/mL of HA for each condition

= Prepare LPS solution as positive control at 1ug/mL in order to induce an
inflammatory response on immune cells.

= Immune cells are then stimulated during 24h,48h or 72h according to the following
conditions:

Vehicle

VYC-15L and fragments (100 pg/mL)

HYC-24L and fragments (100 pg/mL)
LPS positive control (1 pg/mL)

Macrophages oo™ tngy
=)

M1

) ” MO, M1 or mDC oo gy o,
=@ d +
Dendritic cells .L*r' 3OO DN OO0N '"f"i;i'[ g_‘j‘> ]__ S

Jhg b e ek e o

mDC
24h, 48h and 72h
M1 egnd DC of stimulation
activated

Immune cells stimulation with HA

= After 24h, 48h and 72h of stimulation, recover the supernatant of each
conditions.

52



Collect and centrifuged at 10000 xg for 10 min at 4°C the conditioned medium
recovered

Recover the supernatant purify, in a new Eppendorf tube and store at -80°C until
analysis by Luminex assay.

1.7.3 Isolation and culture of the dermal fibroblasts
Human dermal fibroblasts were provided by the Cell and Tissue Bank (Hospital Edouard-

Herriot, Lyon, France). Normal breast and abdominal human skin tissue explants were

obtained from the surgical discard of anonymous healthy patients with informed consent of

adult donors in accordance with ethical guidelines (French Bioethics law of 2004) and declared

to the French research ministry (Declaration no. DC-2008-162 delivered to the Cell and Tissue

Bank of Hospices Civils de Lyon). Exclusion criteria were related to positive test result for

hepatitis B or C, or HIV as well as obesity history

Fibroblast isolation is performed according to the following protocol:

=

=

=

¢

4

Transfer biopsy into falcon 50 mL and add Betadine® to tubes.

Incubate for 15 minutes at RT

Prepare solution composed by dispase at 20U/mL (Dispase Il; Roche diagnostics) +
5mL of Penicillin/Streptomycin (P/S) (10 000U/mL) (Gibco) + 5 mL of Trypsin (0.02
mg/mL) (Gibco) and 7,6mL of Dubelcco’s Modified Eagle’s Medium (DMEM; Gibco)
Transfer the biopsy into petri dish and wash with Phosphate-Buffered Saline (PBS)
(Gibco)

Remove adipose tissue

Place the biopsy, epidermis side up, and add the solution previously prepared with
the dispase overnight at +4°C.

The next day, separate the epidermis from the dermis.

Place biopsies into 6-well plates

Lightly soak the dermis with one or two drops of Fetal Bovine Serum (FBS), this will
allow better adhesion of the skins.

Incubate at 37°C 5% CO2 for one night.

Add 1 ml of DMEM supplemented with 10% of FBS and 1% of P/S.

Incubate at 37°C 5% CO,.
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= The next day add 2ml of medium.

= The medium is then changed every 2 days.

= According to this protocol, fibroblast should begin to emerge from the explants

after 3-4 days of culture to colonize the wells.

Human dermal fibroblasts were cultured in a medium consisted in a ratio 1 :1 of DMEM with
Glutamax and F-12 medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% FBS
(Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 1% penicillin/streptomycin (Gibco Life
Technologies). Every 2 days, medium is changed until used. Dermal fibroblasts were used

below 20 population doubling level.

1.7.4 HDMEC culture
Human dermal microvascular endothelial cells (HDMEC) from adult donors (Promocell

Heidelberg, Germany) were cultured at 37°C 5% CO; in the endothelial cell medium from
Promocell composed by Dulbecco’s Modified Eagle’s Medium (DMEM) containing heparin
90ug/ml, hydrocortisone 1pg/ml supplemented with 2% Fetal Bovine Serum (FBS), 0.4%
Endothelial Cell Growth Supplement (Promocell) and Epidermal Growth Factor (recombinant
human) at 10ng/ml. Complete medium was supplemented with 1% penicillin/streptomycin

(Gibco, Life Technologies, Carlsbad, CA, United States) at 37°c and 5% CO..

HDMEC must be seeded between 5000 and 10 000 cells/cm?. Pay attention to this cell type
because the phenotype of the cells can change rapidly. In case of morphotype change, thaw a

new ampoule. Do not exceed 10 population doubling level.

1.7.5 Preconditioning skin cells
To induce an inflammatory phenotype on HDMEC and dermal fibroblast, different

inflammatory stimulations have been performed.

1.7.5.1 Effect of HDMEC condition medium on dermal fibroblast behavior
The first inflammatory stimulation on HDMEC was performed, using an inflammatory cocktail

composed by a mix of cytokines: recombinant human IFN-y, recombinant human TNF-a, and
recombinant human IL-1B (Promokine; Heidelberg, Germany) at 10 IU/mL or 100 IU/mL for

24h. The following protocol has been performed for the study of the “Impact of Human
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Dermal Microvascular Endothelial Cells on Primary Dermal Fibroblasts in Response to

Inflammatory Stress” published in April 2019:

=
=
=
=
=

U

Seed HDMEC in a 75 cm? flask (4 x 10° cells/flask) 24 h before stimulation.
Extemporaneously, prepare the inflammatory cocktail at 101U/mL

Wash the cells twice with HEPES buffer (Sigma)

Stimulate HDMEC with or without mix for 24h.

Conditioned media were then collected and centrifuged at 10000 xg for 10 min at
4°C.

Supernatant of each stimulation experiment was then collected and stored at -80°C

until used.

The different condition media are named CM@ as control, CM10 as conditioned medium

produced with 10 IU/mL cytokines mix (Figure 12) and CM100 produced with 100 1U/mL

cytokines mix.

Dermal cells stimulation

=

4

4

=
=
=
=

After abdominal extraction, seed dermal fibroblasts in 6 well plates (200 000
cells/well) during 24 h for cell adhesion.

Wash the cells twice with PBS

Stimulate dermal fibroblasts with the different CM obtained (CM@ or CM10)
during 48 h at 37°C 5% CO..

Remove the medium

Wash the cells with fresh PBS

Lyze cells with the appropriate lysis buffer (RNA extraction or protein extraction)

For immunofluorescence, please refer to “Immunofluorescence” protocol.

Results were obtained from 3 independent experiments from 3 donors of fibroblasts.
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Endothelial cells
stimulated with or without

10 IU/mL of cytokines mix
(TNF-o¢, IL-1B and IFNy) for 24h. Conditioned medium

= |

HDMEC

Fibroblasts
CM@ and CM10

Effect of HDMEC condition medium on dermal fibroblast behavior

Human 3D full thickness skin models

= Human 3D skin models are provided by LabSkin Creation
Do not use the skin before 41 days post maturation
Change the medium by CM100 for 5 days

Do not let the skin dry

At day 5, remove the medium and wash with PBS twice.

Put the 3D skin model on RNA later at -80°C until RNA extraction.

g & 4 3 4 0

RNA extraction protocol is the same as “Mouse skin RNA extraction”

1.7.5.2 Effect of crosslinked HA and degradation product on HDMEC and dermal fibroblasts
The second inflammatory stimulation on HDMEC and dermal fibroblasts, is the use of

condition medium produced by macrophages M1 (CM M1). Dermal cells have been stimulated
during 48h with complete medium of macrophages, diluted at 1/10 and 1/100 (Figure 12). The

last dilution factors have been considered as a low-grade inflammatory condition.
Protocol:

= Seed HDMEC and dermal fibroblast (from breast biopsies) into 6 well plates (5 x
10° cells/well) for 24 h before stimulation.

= Wash the cells with HEPES (for HDMEC) or PBS (for dermal fibroblasts

= Stimulate the cells with the three different concentration of condition medium
produced by macrophages M1 for 48h.

= After 48h of stimulation, remove the medium and wash cells.
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= Let the cells in rest phase for 24h.

= Prepare the stimulation with the appropriate medium for each cell type according

to the following table:

Conditions
1) Vehicle

2) LMW of VYC-15L (Long degradation time) at 100 pg/mL

3) VYC-15L at 100 pg/mL
4) LMW of HYC-24L (Long degradation time) at 100 pg/mL

5) HYC-24Lat 100 pg/mL
6) Positive control LPS (1pg/mL)

Dermal cells with crosslinked HA stimulation

= Stimulate cells with the different condition for 72h (Figure 12
= After stimulation, wash cells 3 times with PBS or HEPES. Pay attention to remove all HA
products.

= Lyze cells with the appropriate lysis buffer (RNA extraction or protein extraction

(See sections “Biochemical and molecular biology techniques”).

Conditions

+ Vehicle

* LMW of VYC-15L (long time degradation) (100 pg/mL)
VYC-15L (100 pg/mL)

Zonditloned medium + LMW of HYC-24L (long time degradation) (100 pg/mL)
+  HYC-24L (100 pg/mL)
prokiiEed by ME * LPS positive control (1 pg/mL)
Complete, 1/10 or 1!%

Dermal 0 HDMEC
fibroblasts r

Effect of crosslinked HA and degradation product on HDMEC and dermal fibroblasts
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1.8 Invivo and ex vivo experiments

These experiments were performed on healthy adult C57BL6/JRj male mice from Charles
River. All experiments were conducted in accordance with European Union recommendations
for animal experimentation and approved by Rhone-Alpes ethics committee and then by the

Ministry of Research - Project Authorization Service (agreement #18529).

As soon as the mice arrived, they were randomly separated in cages with 5 animals per cage
with access to water and food (animal facility EU0608 Lyon - agreement C 69 387 0601).
Special effort was made to minimize the number as well as the stress and suffering of mice
used in this study. Before experimentation, animals were acclimatized for 1 week in a
regulated environment with a constant temperature of 24°C and a day/night cycle of 12h/12h.
The animals were 6 weeks old with an approximate weight of 20 g at the beginning of the

experiments.

1.8.1 Induction of a Low-grade inflammation induction
To study the effect of crosslinked HA in a low-grade inflammatory phenotype in mice, we

developed a LPS model using super low dose of lipopolysaccharide (LPS). Inspired by the
studies of Guo and Baker to develop the model (176, 177), 25 mice were used to validate the
model, 5 mice treated with PBS (control) and 20 mice treated with LPS (low-grade

inflammatory phenotype).
Protocol

a) Treatment LPS vs PBS (6 weeks)
= Prepare the solution of LPS with stock solution at 1 mg/mL.
= Dilute with PBS stock solution to obtain 5 ng /kg of LPS Solution (E. Coli 026:B6
(L2654)) for approximately 100 uL per i.p. injection (2 injections per mouse)
= Useinsulin syringe to perform intraperitoneal (i.p.) injections in mice (after 1-week
acclimatization period)
The intraperitoneal injections of PBS for control group and LPS for low-grade inflammatory
group were performed 3 times per week for 6 weeks. The mice were daily monitored

throughout the process to ensure that no complications or pain occurred during treatment.
Every week, mouse body weight was measured.

b) Collection samples
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Protocol

=N

After 6 weeks treatment (PBS or LPS), anaesthetize the mouse under isoflurane on
a warm plate at 35°C. Place the mouse in a 4% isoflurane induction chamber with
an air flow rate of 2L/min and then under a 2% isoflurane mask with an air flow
rate of 0.5L/min (TEMSEGA, Pessac, France).

Prepare the syringe with 23G needle with heparin sodium solution to avoid
coagulation and erythrocytes lysis during the cardiac puncture.

Take blood (around 1 mL) from the heart, preferably the ventricle, which can be
accessed either via the left side of the chest or through the diaphragm. Blood
should be withdrawn slowly to prevent the heart collapsing. If blood does not
appear immediately, withdraw 0.5 cc of air to create a vacuum in the syringe.

Collect then blood samples (volume?) using blood collection tubes (BD Vacutainers,
Type 3: Lithium heparin)

Put the samples directly into ice and no more than 1 hour until plasma extraction

To collect plasma, centrifuge the tubes 15 min at 3000 rpm (1500xg), 4-C.

Collect the plasma from the top. The plasma is ready for analysis. If necessary, store
at -20°C. Analyze plasma using Luminex assay.

Collect skin samples using bio-punch 8mm of diameter from the lower back of mice
(depilated under isoflurane 2 days before)

Put Immediately the skin samples into cold RNA later (Sigma R0901), then stabilize

samples at +4°C for up to 2 weeks or indefinitely at -80 °C until RNA extraction

1.8.2 Depilation
To study the skin by iontophoresis and to inject intradermally the different products, its

necessary to remove all the back hair.

However, to study the vascular and inflammatory responses on skin mice, they were all
depilated exactly 2 days before the intradermal injections to avoid any inflammation reaction

due to depilation protocol.

Anaesthetize the mouse under isoflurane on a warm plate at 35°C. Place the mouse

in a 4% isoflurane induction chamber with an air flow rate of 2L/min and then
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under a 2% isoflurane mask with an air flow rate of 0.5L/min (TEMSEGA, Pessac,

France).

4

Shave carefully the back hair closely

4

Spread Veet Cream over the shaved area and massage to distribute the cream
evenly over the back.

Stop the contact with the skin for up to 30 seconds to limit inflammation.

Remove all cream with a moistened compress.

Dry the skin

4 4 4 3

Replace the mouse in its cage in the animal facility

1.8.3 Intradermal injection
All mice received different injections according to table 1 below 24h and 72h after the end of

their treatment (PBS for control group and LPS for low-grade inflammatory group).

Different injections

1) Volbella (VYC-15L) )
2) LMW of VYC-15L (Long degradation time)
3) UltraPlus (HYC-24L) _— In Coar:]tgolt)\g;;(;:{zd(esz)
4) LMW of HYC-24L (Long degradation time) inflammatory group (LPS)
5) Vehicle (use to degraded HA)
6) Positive control LPS at 5 pg/mL _

Different intradermal injection conditions
Protocol

= LMW of HA (induced with 6 hours degradation) and vehicle solution have been
prepared one day before (Enzymatic degradation of HA protocol)

= Anaesthetize the mouse under isoflurane on a hot plate at 35°C. The animals are
placed in a 4% isoflurane induction chamber with an air flow rate of 2L/min and
then under a 2% isoflurane mask with an air flow rate of 0.5L/min (TEMSEGA,
Pessac, France).

= Prepare insulin syringe with the different solution non diluted except for LPS as

positive control at 5 pg/mL.
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Gently fold the skin of the lower back with forceps and gently insert the needle
slowly in parallel to the skin to inject intradermally.

Do not exceed 20 pL per injection

Check that a bubble has formed after injection to validate the correct injection

Pinch for a few seconds where the needle is retracted to prevent any liquid exit

g 4 4 7

Monitor the mice afterwards to prevent them from scratching on the injected
area or being attacked by other mice.

1.8.4 Study of cutaneous vascular functionality on the back area
When assessing cutaneous vascular functionality, the animal is placed under general

anesthesia. All mice were anaesthetized with thiopental (65 mg.kg™, i.p.). A stabilization
period of 10 minutes is observed after anesthesia. The animal is then placed in an incubator
(MP4SI, Mediprema) allowing control of the ambient temperature and maintenance of a
stable skin temperature. The skin temperature is measured using a skin probe connected to a
thermocouple (Physitemp BAT-12, Physitemp instruments Inc.) and is maintained at 35°C +

0.5°C to limit temperature-related changes in blood flow.

Systolic blood pressure (SBP) is measured before and after blood flow measurements by a
non-invasive tail system to verify cardiovascular stability during experiments. The systolic
blood pressure is defined as the average of these measurements. The pressure and
temperature measurements are recorded and processed using a multi-channel acquisition

system (AcgKnowledge, Biopac Systems Inc.).

1.8.5 Blood flow measurement
The Doppler laser permits to study skin microcirculation by measuring variations in blood flow.

The Helium-Neon laser, with a wavelength of 780nm, emits monochromatic red light. This
light beam of high intensity, unidirectional photons is emitted by a photon emitter/sensor
where changes in blood flow are measured. The Doppler laser technique is based on the
principle of the Doppler effect: the frequency of the photon is changed when it encounters a

moving element. As a result, the emitted and reflected beams have different frequencies.
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The principle of laser Doppler flowmetry (Extracted from Perimed, Jarfalla, Sweden)

A transmitter produces laser light that is reflected in all directions without changing its
wavelength when it meets fixed elements. When the light meets red blood cells, the
wavelength of the reflected photons and therefore their frequency will be changed. The
frequency varies proportionally to the speed of the red blood cells. The reflected laser light

returns to the sensor and is transmitted by an optical fiber for analysis.

The Doppler laser probe is coupled with iontophoresis to record the blood flow responses

induced by a pharmacological substance.

1.8.6 lontophoretic delivery of acetylcholine
In this study we focused on the endothelial integrity of the vessels studied by the

endothelium-dependent vasodilation in response to ACh. This approach allowed us to
evaluate whether the different crosslinked hyaluronic acids and their fragments could induce
vascular modulation. It has been shown that vasodilation in response to ACh administration
predominantly involves the production of NO in humans and rats (178, 179). ACh
iontophoresis provides information on the endogenous vascular function of NO. However,

some studies have demonstrated the involvement of COX in ACh-induced vasodilation (179).

lontophoresis is a non-invasive experimental tool allowing the diffusion of positively or
negatively charged molecules through the skin (or other tissues) by the application of an

electric power (180). This technique, coupled with the Doppler laser, permits to study

62



variations in cutaneous blood flow linked to the administration of locally delivered
pharmacological substances (181). Measurements are carried out in the back area injected
with different conditions (Table 3). A direct current increases the penetration rate of ionized
compounds through the epidermal barrier and the study of the effect of pharmacological
substances on skin microcirculation. lontophoresis permits to study both dependent and
independent endothelium vasodilatory responses (182) in response to pharmacological
molecules in order to verify the integrity of the vasodilatory function of cutaneous

microcirculation (183, 184).

The iontophoresis probe consists of an adhesive bonded to the surface of the Doppler laser
probe (Periflux System 5000, Perimed AB, Jarfalla, Sweden) and an iontophoresis patch is
attached to the probe using a sticker. The foam of the patch is then soaked with 0.1 mL of a
2% ACh solution (Sigma-Aldrich, Steinheim, Germany,). The assembly is installed on the lower
back of the mouse at the injected area and is connected to the corresponding stimulator

(anodal current 0,1 mA).

1.8.7 Collection skin samples and extraction
After sacrifice, two bio punch of 8 mm of diameter were carried out at lower back, at the site

injected with HA products. One for histological analysis and the other was cut in half to protein

and RNA extraction (See section “Biochemical and molecular biology techniques”).

Note that, site use for iontophoresis was recovered for histological analysis while the other

site was recovered for protein and RNA extraction.

1.8.8 Histology
Histological sections and labeling are performed by Novotec (Bron, France) in the framework

of a collaboration. Skin samples are taken and fixed in AFA (CARLO ERBA Reagents S.A.S., Val
de Reuil, France) for 24 hours at room temperature or at 4°C for a longer period and then
included in paraffin. Sections of 5um are marked with a Hematein Eosine Saffron (HES) stain
for tissue morphology analysis. Vessels were labeled with two antibodies: anti-Col IV and anti-
CD31 to assess vascular density. Mean area of vessels in each condition have been quantified
using ImagelJ. Two images of each skin section per mouse and per condition were used for the

analysis.

63



1.9 Biochemical and molecular biology techniques

1.9.1 Endotoxin quantification by EndoSafe PTS

The solution used to degrade HA into fragments (Vehicle) and the Low molecular weight

obtained after 6h of degradation were quantified by Endosafe PTS (Charles River). The

Endosafe®- PTS (Portable Test System) is a rapid, point-of-use test system which is comprised

of a test cartridge along with a hand-held spectrophotometer. The PTS provides quantitative

LAL test results in approximately 15 minutes. For this test we have used cartridge with 0.01

EU/mL sensitivity (PTS2001F).

Protocol

= Samples are diluted at 1/100. A positive control of LPS is used and diluted at

1/100000 (from stock solution at 1mg/mL).

= Pay attention to used water certified endotoxin free.

4

Do not use cotton-filled pipette tips.

= Before samples analysis, test the LAL water reagent endotoxin quantification with

a new cartridge.

= Inject 25uL of samples into the cartridge.

= Start the read.

1.9.2 Protein assay protocol
Protein Assay with Pierce BCA Protein Assay Kit:

Standard range with albumin (stock at +4°C, Western-blot lab):

30uL

TN

Stock solution
BSAat 2
mg/ml

30pL

-

= 30pL Lysis

e

buffer

1 mg/ml

30pL

</ s

| —)

o

0,5 mg/

T 300 Lysis

buffer

mi 0,25 mg/ml

30uL

30l
Lysis
buffer

+30pL H,0
—
1 30uL Lysis 30uL Lysis
— buffer buffer
0,125 mg/ml 0 mg/ml

= Ina 96-well plate, dispense 25uL/well of each range point or sample to be tested.

= Prepare the reaction mix A+B with B at 1/50th (for 10 wells: 40uL B + 1960uL A)

= Dispense A+B mix: 200uL/well
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= Put a film on the plate and incubate 30min at 37°C.
= Remove the film and remove the bubbles with a needle.

= Reading the plate at 560nm

1.9.3 Western Blot
The following antibodies were used for WB : Rabbit polyclonal anti-collagen | (Novotec, Bron,

France), Rabbit polyclonal anti-elastin antibody (Abcam, Cambridge, Royaume-Uni), Rabbit
monoclonal anti-pro-LOX antibody (D8F2K, Cell Signaling), Rabbit polyclonal anti-B-actin
antibody (ab8227, Abcam Cambridge, Royaume-Uni) and Rabbit polyclonal anti-CD44 (Abcam,
ab157107). As secondary antibody Goat anti-rabbit IgG, HRP-linked antibody for western blot

(Cell signaling).
Protocol

1) Preparation of plates and electrophoresis system
e Alcohol plates
e Mount the plates on the rack
2) Preparation of acrylamide/Bis acrylamide gels 37.5/1
e For the composition of migration and separation gels, generally, 10%
acrylamide for medium size protein (60kDa) is recommended but decrease the
concentration for a larger or increase for a smaller protein.
e NB: after having poured the migration gel, add 200ul of isopropanol to smooth
the surface. After polymerization, remove the isopropanol.
3) Sample Preparation
e Prepare samples to the desired concentration
e Add 1X of the SB charge buffer (SB stock at 5X, you have to add 25uL of DTT
before use)
4) Migration
e Denature the proteins by heating them to 95°C for 5 min.
e Migration buffer: TG-SDS 1X (stock TG-SDS 10X to be diluted in distilled water)
e Size marker: Precision Plus Protein Standards, Kaleidoscope (Bio-rad)

o Put 10ul size marker
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e Migrate at 90V for 20 min to concentrate the samples in the concentration gel
and then once in the migration gel increase to 150V.
e Allow to migrate until the deposition blue is at the bottom of the gel.
5) Transfer
e Cold transfer buffer: TG Ethanol 20% (stock TG 10X to be diluted in distilled
water + Ethanol 20% (v/v))
e Soak the PVDF (polyvinylidene fluoride) membrane for 30 seconds in Ethanol
under the fume cupboard to activate and waterproof it.
e C(lose the assembly
e Make the transfer in a cool place at 4°C
e Transfer at 220mA for minimum 1h
6) Blocking
e Block and wash buffer: TBS 1X-Tween 0.1% (stock TBS 10X to be diluted in
distilled water)
e Prepare extemporaneously 20ml of TBS 1X-Tween 0.1% buffer with 5% milk.
e Incubate for 1 hour at room temperature.
7) Primary antibody
e Dilute the primary antibody in a solution of TBS 1X-Tween0.1% + milk 2%.
e Incubate overnight at 4°C or 2 hours at room temperature.
8) Secondary antibody
e Wash 3 times during 5 min in TBS 1X-Tween0.1% buffer (Tween reduces non-
specific interactions)
e Dilute the secondary antibody in TBS 1X-Tween0.1% solution.
e Incubate for 1 hour at room temperature with agitation.
e Wash 5 times 5min in TBS1X-Tween0.1% buffer, with shaking.
9) Chemiluminescence revelation
e Incubate the blot 5 min with ECL then reveal to the fusion camera reader.

e Analyze image using Gel analyzer software to semi quantify the different bands

obtained.
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1.9.4 Protocol Luminex R&D systems
For human samples analysis, multiplexing kits were composed by CCL2, VEGF-A, TNF-a, IL-8,

IL-6, IL-1B and CCL5/RANTES detection Ab (LXSAHM). For mice plasma analysis multiplexing
kits were composed by IL-6 and CCL2 (LXSAMSM).

Luminex® Assay Magnetic Multiplexing Kits are designed for use with the Luminex® MAGPIX
CCD imager. Alternatively, the kits can be used with typical dual-flow sorting and detection
platforms: Luminex® 200 or Bio Rad® Bio-Plex®.

The analyte-specific antibodies are pre-coated on color-coded magnetic microparticles. The
microparticles, standards, and samples are pipetted into the wells and the immobilized
antibodies bind the analytes of interest. After washing out all unbound material, a biotinylated
antibody cocktail specific to the analytes of interest is added to each well. After washing to
remove any unbound biotinylated antibody, a streptavidin-phycoerythrin (Streptavidin-PE)
conjugate, which binds to the biotinylated antibody, is added to each well. A final wash
removes the unbound Streptavidin-PE, the microparticles are resuspended in buffer and read
using the Luminex® MAGPIX analyzer. A magnet in the analyzer captures and holds the super
paramagnetic microparticles in a monolayer. Two spectrally distinct light-emitting diodes
(LEDs) illuminate the beads. One LED identifies the analyte being detected and the second LED
determines the amplitude of the signal derived from PE, which is directly proportional to the

amount of analyte bound. Each well is imaged with a CCD camera.

Use the standard concentrations on the certificate of analysis and calculate third party
dilutions for the remaining levels. Average duplicate readings for each standard and sample
and subtract the median mean fluorescence intensity (MFI). Create a standard curve for each
analyte by reducing the data using computer software capable of generating a 5-parameter
logistic curve fit (5-PL). If the samples have been diluted, the concentration read on the
calibration curve must be multiplied by the dilution factor.

Nevertheless, this technology presents some limitations. Even if, Luminex is more sensitive
than ELISA, it is not possible to analyze lysis cell or tissue. Only, plasma, serum and supernatant

can be analyzed.

1.9.5 ELISA assay
The concentrations of inflammatory and vascular markers were determined by ELISA assay

(enzyme-linked immunosorbent assay) on cells and tissues lysate, according to the
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manufacturer's specifications (Abcam). The human inflammatory markers assayed included:
IL-6 (ab178013), IL-8 (ab214030) and IL-1B (ab46052) (Abcam). The mouse inflammatory and
vascular markers assayed included IL-6 (ab100713), IL-1B (ab100705), VCAM-1 (ab201278)
and COX-2 (ab210574) (Abcam). Pay attention to use T-PER as lysis buffer to carry out ELISA
assay. Using the microplate reader (TECAN Infinite 200 PRO), record the OD (Optical Density)
at 450 nm. Calculate the average absorbance value for the blank control (zero) standards.
Subtract the average blank control standard absorbance value from all other absorbance
values. Determine the concentration of the target protein in the sample by interpolating the
blank control subtracted absorbance values against the standard curve. Multiply the resulting
value by the appropriate sample dilution factor, if used, to obtain the concentration of target

protein in the sample.

1.9.6 Invitro protein and RNA extraction

Cell protein extraction
Lysis buffer: T-PER, for ELISA assay (ThermoFischer Scientific) or RIPA (Sigma) supplemented

with supplemented with a cocktail of protease inhibitors (Complete Mini, Roche Diagnostics)
and phosphatase inhibitors (25X solution: 125mM NaF, 250mM -glycerophosphate, 25mM
Na3VO4). T-PER lysis buffer was used to carried out ELISA assay while RIPA was used to

performed Western Blot.

= After cell stimulation, wash the cells twice with the appropriate buffer (PBS or
HEPES) on the 6 well-plate

Add 200 pL of lysis buffer in each well on ice

Use a scraper to lysis and detach all the cells

Recover cells lysate and centrifuge immediately at 10 000g during 10 min at +4°C

4 4 4 &

Recover the supernatant and stored at -80°C until protein quantification

Cell RNA extraction
The total RNAs were extracted from cells using Macherey-Nagel™ NucleoSpin™ RNA Plus XS
Protocol:
= Add 100 pL of LB1 and vortex vigorously and use a scraper to lysate all cells. Carry
out on ice.

= Sample can be stored at -20°C until extraction.

= Add 100 pL volume of Lysis Buffer LB2 to the lysate and mix
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Place a NucleoSpin® gDNA Removal Column XS(yellow ring) in a Collection Tube,
transfer the homogenized lysate to the column, and centrifuge for 2 min at 100g
followed by 10 s at 10 000g. Discard the column and continue with the
flowthrough.

Add 150 pL Binding Solution BSXS to the flowthrough

Transfer the whole lysate to the NucleoSpin®RNA Plus XS Column and centrifuge
for 1 min at 300g followed by 10 sec at 10 000g

Add 100 pL Wash Buffer MDB onto the column and centrifuge for 10 s at 10 000g.
Discard the flow through

Add 500 pL Buffer WB2 onto the column and centrifuge for 10 s at 10 000g. Discard
the flowthrough

Add 200 pL Buffer WB2 onto the column and centrifuge for 2 min at full speed
~20 000g to dry the membrane.

Add 20 pL of RNase-free H20 and centrifuge 1 min at 11 000g.

RNA purity and concentration are determined by spectrophotometry using a
NanoDrop ND-2000 (Thermo Scientific).

Conserve RNA samples at -80°C until RT-gPCR.

1.9.7 Exvivo protein and RNA extraction
Mouse skin Protein extraction:

=

=

=

4

After skin sampling, put immediately samples in liquid nitrogen.

Store samples at -80°C.

The day of the protein extraction, immerge skin samples in Eppendorf containing
T-PER (ThermoFischer Scientific) supplemented with supplemented with a cocktail
of protease inhibitors (Complete Mini, Roche Diagnostics) and phosphatase
inhibitors (25X solution: 125mM NaF, 250mM -glycerophosphate, 25mM Na3V04).
Add to the tube two Stainless Steel Beads, 5 mm (Qiagen)

Lyze samples using Tissue Lyzer at 20Hz for 2 minutes. Repeat the operation 4
times

Gently remove the beads

Centrifuge tubes at 10 000g for 10 min at 4°C.

Recover the supernatant. If necessary, repeat the previous step.
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=

Store samples at -80°C until protein quantification and ELISA assay.

Mouse skin RNA extraction:

=

Immerse skin samples in Eppendorf containing cold RNAlater (Sigma R0901), then

stabilizes samples at +4°C for up to 3 weeks or indefinitely at -80 °C.

The total RNAs were extracted from mouse skin using the RNeasy Fibrous Tissue Mini Kit

(Qiagen).

=

=N

4

4 & 4 4 4 8 4 0
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Thaw tubes containing RNAlater and skin at +4°C.

Prepare the lysis buffer: RLT Buffer + 1% B-mercapto-ethanol.

Add 300 ul of lysis buffer to the each tubes and two Stainless Steel Beads, 5 mm
(Qiagen)

Lyze samples using Tissue Lyzer at 20Hz during 2 minutes. Repeat the operation 4
times

Gently remove the beads

Centrifuge tubes at 10 000g for 10 min at 4°C.

Recover the supernatant. If necessary, repeat the previous step.

Add 590uL of RNAse free water into the tube, then 10uL of Proteinase K

Invert tube 2-3 times to homogenize

Incubate 10 min at 55°C

Centrifuge tubes at 10 000g for 4 min at RT

Transfer the supernatant into a new Eppendorf tube. Be careful not to pick up the
base containing the debris

Add 450uL of 96-100% ethanol and transfer 700uL to the column

Centrifuge 30sec / 10 000g / RT, empty the bin

Transfer the rest of the sample to the column.

Centrifuge 30sec / 10 000g / RT

Add 350puL of RW1 to the column

Centrifuge 30sec / 10 000g / RT

Mix 10uL of DNase with 70uL of RDD on each column

Incubate at RT for 15min
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= Add 350uL RW1 to the column, centrifuge 30sec / 10 000g / RT and discard the
flow-through

= Add 500uL RPE on column, centrifuge for 30sec / 10 000g / RT and discard the
flow-through Add 500uL RPE to the column and centrifuge 2min30sec / 10 000g at
RT

= Place the RNeasy Mini spin column in a new 1.5 ml collection tube (supplied). Add
60 ul RNase-free water directly to the RNeasy Mini spin column membrane. Close

the lid gently. To elute the RNA, centrifuge for 1 min at 10 000g at RT.
Evaluate the quality and concentration of the extracted RNA:

= RNA purity and concentration are determined by spectrophotometry using a
NanoDrop ND-2000 (Thermo Scientific). RNA purity is evaluated by calculating a
260nm/280nm absorbance ratio indicating the absence of proteins.

= The ratio 260nm/230nm indicating the absence of contamination by organic
molecules. Extraction of RNA from mouse skin with this protocol resulted in
concentrations between 300 and 800 ng/uL.

= Conserve RNA samples at -80°C until RT-gPCR.

1.9.8 RT-gPCR
Protocol RT:

RNAs are retrotranscribed using the PrimeScriptTM RT reagent Kit (Takara refRRO37A).

Prepare the reaction mix for each RNA sample:

v S S

5X PrimeScript buffer 2 uL
PrimeScript RT Enzyme Mix 0,5puL
Oligo dT Primer (50 pM) 0,5puL
Random 6mers (100 pM) 0,5puL
Total of RNA 500 ng
H,0 RNAse free QSP 10pL

= Program the thermal cycler (Biorad) for retro transcription:
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37°C 15 min
85°C 5 secondes
4°C illimited

Immediately use the resulting cDNA for the PCR reaction or store the aliquots at -20°C. The

reaction is considered absolute, the cDNA concentration of the resulting solution is then at 50

ng / L.
Protocol qPCR:

The reaction of gPCR was performed with the SYBR Premix Ex TaqTM Il kit (Takara ref
RR820W). The gene expression results presented in this work were designed by Eurogentec
(Table 5: Primer list). All primers were standardized by the RPL13A and ACTB for mouse

samples and GAPDH and TBP for in vitro sample as housekeeping gene.

= Dilute to 1/10th the volume of cDNA required for each sample.

= Prepare the reaction mix in order to make duplicates:

Takara mix 5 pL
Primer Eurogentec 1pul
H,O RNAse free 2L
c¢DNA diluted at 5 ng/mL 2 uL

= Place the duplicate samples on a 96-well plate with transparent bottom
(Eurogentec), add a negative control (RNAse free water).
= Film the plate

= Program the Aria Mix (Agilent) to perform gPCR in real time:

Denaturation 95°C 30 sec
95°C 5 sec

Amplification 60°C 30 sec 40
72°C 30 sec
95 °C 1 min

Melting curve 60°C 30 sec 1
95°C 30 sec
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The purity is systematically verified by controlling the unicity of the dissociation peak of the

double-stranded products obtained by the melting curve, and by the absence of amplification

observed in the “negative well”. The results are expressed in relative quantity. The method

used is that of 2-AACt, with double normalization by the expression of housekeeping genes.

According to the primer list below:

Species Gene Gene ID Primer Primer sequence
Forward 5’ —TGC TGT CTT GGG TGC ATT GG — 3’
VEGFA 7422
Reverse 5" —GCATAATCT GCATGG TGATGT TGG — 3’
Forward 5’ — CAG CCG CTT CAC CTA CAG C -3’
COL1A1 1277
Reverse 5" —TTTTGT ATT CAATCACTGTCTTGCC-3’
Forward 5’ — GTT GGT GGC TTA GGA GTG TCT G — 3’
ELN 2006
Reverse 5’ —CGG CAC TTT CCCAGG CTTC -3’
Forward 5’ —GCT TTC CTC CACTGC TGC T -3’
MMP1 4312
Reverse 5’ — CTT GCC TCC CAT CATTCTTC -3’
Forward 5’ —TCT TCC CCT TCACTT TCCTG -3’
MMP2 4313
Reverse 5’ — ACT TGC GGT CGT CAT CGT - 3’
Forward 5'-AGG CCA CCC CAG AGG ACA AC-3
ICAM1 3383
Reverse 5'- CCC ATT ATG ACT GCG GCT GCT A-3'
Human Forward 5'-CGT CTT GGT CAG CCC TTC CT-3’
VCAM1 7412
Reverse 5'-ACA TTC ATA TAC TCC CGC ATC CTT C-3'
Forward 5'-GAA CTC CTT CTC CAC AAG CGC CTT-3’
IL6 3569
Reverse 5'-CAA AAG ACC AGT GAT GAT TTT CAC CAG G-3'
Forward 5'-TCT GCA GCT CTG TGT GAA GG-3'
IL8 3576
Reverse 5'-ACT TCT CCA CAA CCC TCT GC-3'
Forward 5'-AGC AAG TGT CCC AAA GAA GC-3'
ccL2 6347
Reverse 5’-CAT GGA ATC CTG AAC CCA CT-3'
Forward 5'-GCA GAT GGC CCA TAC CTT CA-3'
P50 4790
Reverse 5'-CAC CAT GTC CTT GGG TCC AG-3'
Forward 5'-CCA GAC CAA CAA CAA CCC CT-3'
P65 5970
Reverse 5'-TCA CTC GGC AGA TCT TGA GC-3'
Forward 5’-CCG GGA AAC TGT GGC GTG ATG G-3’
GAPDH 2597
Reverse 5’-AGG TGG AGG AGT GGG TGT CGC TGT T-3’
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Forward 5'-TGT ATC CAC AGT GAA TCT TGG TTG—3’
TBP 6908
Reverse 5'-GGT TCG TGG CTC TCT TAT CCT C-3’
Forward 5'-CGG TGA AAC TCT GGC TAG ACA G-3'
COX2 5743
Reverse 5'-GCA AAC CGT AGA TGC TCA GGG A-3’
Forward
5'-CTC TTC TGC CTG CTG CAC TTT G-3’
TNF 7124
Reverse 5'-ATG GGC TAC AGG CTT GTC ACT C-3’
Forward
5'-CCA CAG ACC TTC CAG GAG AAT G-3'
IL-18 3553
Reverse 5'-GTG CAG TTC AGT GAT CGT ACA GG-3'
Forward
5'-CGA GCA TCA TTC TTT CAC CAG CT-3’
CD68 968
Reverse 5"-ATG AGA GGC AGC AAG ATG GAC C-3’
Forward
5'-ATA CAG GTG CCA GAG AGG TCT C-3’
CDh64 2209
Reverse 5'-CCA GCT TAT CCT TCC ACG CAT G-3’
Forward
5'-AGC CAA CAC CAG CTC CTC AAG A-3’
CD206 4360
Reverse 5'-CAA AAC GCT CGC GCA TTG TCC A-3’
Forward
5'- TGT GGC ACC AAG TAC CTG CTC A-3’
TGM2 7052
Reverse 5'- GCA CCT TGA TGA GGT TGG ACT C-3'
Forward
5'-CCA ACG CAC CGA ATA GTT ACG- 3’
P16 1029
Reverse 5'-GCT ACC TGA TTC CAA TTC CCC T- 3’
Forward
5'-AGT ATT TGG ATG ACA GAA- 3’
P53 7157
Reverse 5'-ATG TAG TTG TAG TGG ATG- 3’
Forward
5'-GGT GCC TAT GTC TCA GCC TCT T-3’
TNF 21926
Reverse 5'-GCC ATA GAA CTG ATG AGA GGG AG-3’
Forward
5'-TGG ACC TTC CAG GAT GAG GAC A-3’
IL1-B 16176
Reverse 5'-GTT CAT CTC GGA GCC TGT AGT G-3’
Mouse
Forward
5'-CTG CTC TCA AGG TTG TTC GGC T-3’
RPL13A 22121
Reverse 5'-CCT TCC GTT TCT CCT CCA GAG T-3'
Forward
5'-CAT TGC TGA CAG GAT GCA GAA GG-3'
ACTB1 11461
Reverse 5'-TGC TGG AAG GTG GAC AGT GAG G-3'
1.9.9 Immunofluorescence

Immunofluorescence was performed on dermal fibroblast after confluency on glass coverslip

to evaluate the extracellular matrix (ECM) formation in inflammatory condition. The following
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antibodies were used: Rabbit polyclonal anti-collagen | (Novotec, Bron, France) and Rabbit

polyclonal anti-elastin antibody (Abcam, Cambridge, UK) as primary antibody. As secondary

antibody, Goat anti-rabbit IgG Alexa Fluor 488 (Life Technologies). Nuclear counterstaining

using DAPI was purchased from Sigma-Aldrich.

Protocol:

1) Cell fixation

= For elastin network observation, use methanol. Add 2 ml of 100% cold methanol
to the box containing the slides for 20 minutes.

= For collagen network observation, use PFA (Paraformaldehyde) 4%: Add 2 ml of
PFA 4% 10 min at RT.

= Rinse twice with PBS 1X.

At the end of this step, keep it in the fridge with PBS 1X (+ 0.4% PFA for PFA fixation).

NB: Using PFA fixation: a permeabilization step must be performed with adding Triton X100

0.1 % for 10 min.

2)

3)

4)

Site saturation

= Add the cells (Glass slides) in a mixture of PBS 1X - Goat's milk serum 5%.

= Incubate for 1h at RT.

Hybridization with the primary antibody

= Dilute of the primary antibody (Ab) to the desired dilution in PBS 1X buffer - 0.1 %
Goat serum.

= Add 100 pl primary Ab diluted on each glass coverslip.

= Incubate at 4°C overnight (or 2h at RT).

= Wash 3 times during 5min with PBS 1X at RT.

Hybridization with the secondary antibody

= Dilute the secondary antibody to 1/1000 in 0.1% goat serum solution coupled with
a fluorescent marker.

= Place 100 pl of diluted secondary Ab on coverslip.

= Incubate for 1 hour at RT in the dark.

= Wash 3 times during 5min with PBS 1X at RT in the dark.
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5) Cell nucleus staining
= Counter-staining with DAPI diluted 500-fold in 0.1% goat serum solution.
= Incubate 5 min at room temperature in the dark.
= Wash 3 times during 5min with PBS 1X at RT
6) Assembly
= Place the mounting medium (Permafluor) on a glass slide. Then slide the glass disk
over it.

= Coverslip are ready to be analysed

Image acquisition was carried out using a Nikon microscope (Nikon TE300, Champigny-sur-
Marne, France) with a coolsnap Fx CCD camera (Photometrics, Tucson, AZ, United States) with
MetaVue software (Universal Imaging Corporation, West Chester, PA, United States). Image
analysis and semi-quantification were performed using Imagel) software. Results were
obtained from 4 independent experiments from 3 donors of fibroblasts. Two images were

acquired per condition.

1.10 statistical analysis

The data of this thesis work are expressed in mean + SD (Standard Deviation). The statistical
analyses are realized using the software GraphPad Prism (version 8.0; GraphPad). A student
unpaired t-test is performed to compare 2 unmatched samples. An analysis of variance test
(ANOVA) one way or two way is used to compare samples from 3 or more groups with Dunnett
or Bonferroni post-test. Differences to the mean are considered significant when p < 0.05.

*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, ns= not significant.

76



Experimental results

77



1.11Determination of cytokine mix concentration

It has been reviewed that TNF-a, IL-1B, and IFN-y may alter vascular processes and cells
behaviors, inducing inflammation stress. A mix of these cytokines induces synergistic effect
producing inflammatory responses, which could induce at low concentration expression of
chemokine like CCL2 or RANTES implicated in vessels permeability on endothelial cells.
Concentration of inflammatory mix was determined by gene expression on HDMEC. We
showed that HDMEC stimulated with 10 IU/mL of cytokine mix induced significant
upregulation of pro-inflammatory vascular gene respect to unstimulated cells (Control).
Indeed, IL-6, IL-8, CCL2 and VEGF-A were 380, 96, 32 and 2-fold upregulated than control
(Figure 12). While stimulation with 1 IU/mL induce non-significant upregulation of pro-
inflammatory gene except for CCL2 which was induced 5-fold than control (Figure 12C). In this
way, we decided to use for next study 10 IU/mL as cytokine concentration to induce
inflammatory conditioned medium from HDMEC.
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Figure 12: Inflammatory dose response on HDMEC
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Effect of low-grade inflammatory stimulation on HDMEC gene expression of (A) IL-6, (B) IL-8,
(C) CCL2 and (D) VEGF-A. HDMEC were stimulated with 1 lU/mL or 10 IU/mL of mix of cytokines
composed by TNF-a, IL-1B and IFN-g for 24h and compared to unstimulated cells (Control).
Gene expression was normalized with GAPDH and TBP. Data are representative of at least

three independent experiments. **P < 0.01, **P < 0.001, ****P<0.0001 vs control

(Unstimulated HDMEC).
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1.12Low grade inflammation on HDMEC, impact extracellular matrix formation

In this study entitled " Impact of Human Dermal Microvascular Endothelial Cells on Primary
Dermal Fibroblasts in Response to Inflammatory Stress" we determined the effect of a low-
grade inflammatory stimulation on HDMEC and the effect of the conditioned medium
produced by these cells on dermal fibroblasts behaviors. This study, published in Frontiers,
Cell and Developmental Biology, is presented hereafter (Front. Cell Dev. Biol., 03 April 2019 |

https://doi.org/10.3389/fcell.2019.00044).
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Impact of Human Dermal
Microvascular Endothelial Cells
on Primary Dermal Fibroblasts in
Response to Inflammatory Stress

Benjamin Sanchez'?t, Linan Li®*", Joshua Dulong'2, Géraldine Aimond?2,
Jéréme Lamartine’?, Guangrong Liu% and Dominique Sigaudo-Roussel’2**

"CNRS UMR 5305, Laboratoire de Biologie Tissulaire et Ingénierie Thérapeutique, Lyon, France, ? Claude Bernard University
Lyon 1, Villeurbanne, France, ? Infinitus Company Ltd., Guangzhou, China

The aim of the present study was to evaluate the impact of the microenvironment
produced by dermal microvascular endothelial cells, secondary to a pro-inflammatory
challenge, on 2D culture models using dermal fibroblasts and in 3D reconstructed skin
model using dermal fibroblasts and keratinocytes from healthy donors. We hypothesized
that specific microvascular endothelial low grade inflammation could change fibroblasts
phenotype and be involved in extracellular matrix (ECM) modification and skin alteration.
Following IFNy, TNFa, IL-18 pro-inflammatory stress on Human Dermal Endothelial
Cells (HDMEC) we observed the increased release of Chemokine ligand 2 (CCL2), IL-6
and IL-8 but not VEGF-A in the conditioned medium (CM). The subsequent addition
of this endothelial pro-inflammatory CM in dermal fibroblasts revealed an upregulation
of IL6, IL8 and CCL2 but no NF-kB gene expression. The resulting ECM formation
was impaired with a reduction of the collagen 1 network and a decrease in COL7A1
gene expression in 2D and 3D models. Collagen 1 and pro-LOX protein expression
were significantly reduced confirming an impairment of the collagen network related to
endothelial inflammation secretion. To conclude, this work showed that, without any
immune cells, the endothelial secretion in response to a pro-inflammatory stress is
able to activate the fibroblasts that will maintain the pro-inflammatory environment and
exacerbate ECM degradation.

Keywords: fibroblasts, endothelial cells, inflammation, extracellular matrix, collagen, elastin

INTRODUCTION

Skin microcirculation is located deep in the dermis layer up to the reticular dermis close to
the epidermis. Skin microcirculation plays a significant role in regulating skin homeostasis,
thermoregulation, blood pressure and inflammatory response (Charkoudian, 2003; Gutterman
et al, 2016). It also allows nutrients and systemic factors to reach the whole skin tissue

Abbreviations: CCL2, chemokine ligand 2; CM, conditioned medium; COL1A1, collagen 1 alpha 1; ECM, extracellular
matrix; ELN, elastiny HDMEC, Human Dermal Microvascular Endothelial Cell; ICAM-1, InterCellular Adhesion Molecule 1;
IFN-y, Interferon gamma; IL-1B, Interleukin 1 Beta; 1L-6, Interleukin 6; IL-8, Interleukin 8; LOX, Lysyl Oxydase; MMP,
Matrix metalloproteinase; pro-LOX, pro-Lysyl Oxydase; TNF-a, Tumor Necrosis Factor alpha; VCAM-1, Vascular cell
adhesion protein 1; VEGF-A, Vascular endothelial growth factor A.
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throughout the skin microvascular network from arteries to
small capillaries close to the epidermis. Microvascular endothelial
cells are the major components of dermal blood vessels and are
clearly involved in skin inflammatory process. Endothelial cells
participate to synthesize and secrete chemokine and cytokine
and are implicated in recruiting immune cells in response to
dysfunctions due to different factors (e.g., UV, heat, pathological
and physiological processes) (Swerlick and Lawley, 1993).

Specific inflammatory mediators are described as endothelium
activators like IL-1B or TNF-a, permitting vessels hyper-
permeability allowing leucocyte infiltration. These vascular
modulations are involved in skin diseases linked to a
chronic inflammation (McGee et al, 1995; Huggenberger
and Detmar, 2011). In vitro, TNF-a, IL-1p, and IFN-y may alter
vascular processes and cells behaviors, inducing inflammation
stress. A mix of these cytokines induces synergistic effect
producing inflammatory responses, which could induce at
low concentration expression of chemokine like CCL2 or
RANTES implicated in vessels permeability on endothelial cells
(Goebeler et al., 1997).

Thus, inflammation is a common condition that affects the
vasculature, but is also a skin feature that occurs in long-term
pathologies, as well as in short-term conditions at high or low-
grade level (Huggenberger and Detmar, 2011). Dermal fibroblasts
are the key cells to synthetize the ECM composed by many
components including collagen and ELN fibers. Fibroblasts are
also known to stimulate vascular inflammation through cytokines
and chemokines production (Singer and Clark, 1999), leading to
endothelial activation and leukocytes attraction (Buckley et al.,
2001; Enzerink and Vaheri, 2011).

Interestingly, the impact of microvascular endothelial cells
microenvironment on skin integrity in a low-grade inflammatory
context is poorly understood. The aim of the present study
was to evaluate the impact of the microenvironment produced
by dermal microvascular endothelial cells, secondary to a pro-
inflammatory challenge, on 2D culture models using dermal
fibroblast from healthy donors. We hypothesized that specific
endothelial low grade inflammation could change fibroblasts
phenotype and be involved in ECM modification and skin
alteration. We validated this hypothesis in 2D culture model
and then confirmed these results in a 3D full-thickness
reconstructed human skin.

MATERIALS AND METHODS
Cell Culture

Human dermal microvascular endothelial cells (HDMEC,
Promocell Heidelberg, Germany) were cultured in Endothelial
cell medium from Promocell composed by DMEM containing
heparin 90 pg/ml, hydrocortisone 1 pg/ml supplemented with
2% Fetal Bovine Serum (FBS), 0.4% Endothelial Cell Growth
Supplement (Promocell). Complete medium was supplemented
with 1% penicillin/streptomycin (Gibco, Life Technologies,
Carlsbad, CA, United States) at 37°c and 5% CO,. Human dermal
fibroblasts were kindly provided by the Cell and Tissue Bank
(Hopital Edouard-Herriot, Lyon, France). Normal abdominal

Vascular Microenvironment on Skin Integrity

human skin tissue explants were obtained from the surgical
discard of anonymous healthy patients with informed consent
of adult donors in accordance with ethical guidelines (French
Bioethics law of 2004) and declared to the French research
ministry (Declaration no. DC-2008-162 delivered to the Cell
and Tissue Bank of Hospices Civils de Lyon). Exclusion criteria
were related to positive test result for hepatitis B or C,
or HIV as well as obesity history. Human dermal fibroblasts
were cultured in a medium consisted in a ratio 1 :1 of
Dulbecco’s Modified Eagles Medium with Glutamax and F-12
medium (Invitrogen, Cergy Pontoise, France) supplemented with
10% FBS (Sigma-Aldrich, Saint-Quentin-Fallavier, France) and
1% penicillin/streptomycin (Gibco Life Technologies). HDMEC
were used below 10 population doubling level and dermal
fibroblasts below 20.

Antibodies and Reagents

The following antibodies were used: Rabbit polyclonal
anti-collagen I (Novotec, Bron, France), Rabbit polyclonal
anti-elastin antibody (Abcam, Cambridge, Royaume-Uni),
Rabbit monoclonal anti-pro-LOX antibody (D8F2K, Cell
Signaling), Rabbit polyclonal anti-B-actin antibody (ab8227,
Abcam Cambridge, Royaume-Uni). As secondary antibody,
Goat anti-rabbit IgG Alexa Fluor 488 (Life Technologies)
was used for immunofluorescence and Goat anti-rabbit IgG,
HRP-linked antibody for western blot (Cell signaling). Nuclear
counterstaining using DAPI was purchased from Sigma-Aldrich.
rhIFN-y (c-60724), rhTNF-a (c-63719), and IL-1f (c-61120)
were purchased from Promokine (Heidelberg, Germany).

Inflammatory Conditioned

Medium From HDMEC

To produce a pro-inflammatory CM from HDMEC, cells were
seeded in a 75 cm? flask (4 x 10° cells/flask) 24 h before
stimulation. HDMEC were stimulated with 0 IU/mL as control,
10 TU/mL or 100 IU/mL (for 3D skin models experiments)
of a mix of cytokines composed by rhIEN-y, rhTNF-«, and
rhIL-18 during 24 h at 37°C 5% CO, (CMQ, control;
CM10, conditioned medium produce with 10 IU/mL cytokines
mix; CM100, conditioned medium produce with 100 TU/mL
cytokines mix). Conditioned media were then collected and
centrifuged at 10000 x g for 10 min at 4°C. Supernatant of
each stimulation experiment was then collected and stored at
—80°C until used.

Effect of the Conditioned Medium on

Human Dermal Fibroblasts

Human dermal fibroblasts extracted from abdominal skin
biopsies from adult donors were seeded in 6 well plates
(200 000 cells/well). 24 h after cell adhesion, fibroblasts medium
was changed by endothelial medium during 24 h. Dermal
fibroblasts were then washed twice with PBS and stimulated with
the different CM obtained (CM@ or CM10) during 48 h at 37°C
5% CO;. Results were obtained from 3 independent experiments
from 3 donors of fibroblasts.
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Effect of the Conditioned Medium on 3D

Human Full Thickness Skin

Full-thickness human 3D skin models (from Lab Skin Creations,
Lyon, France) were cultured in 6 well plates using an insert
membrane of 0.4 pm of pore size (Millicell, Burlington,
United States). Reconstructed skins were cultured in skin
medium provided by Lab Skin Creations. 24 h before stimulation,
skins were cultured in endothelial cells medium and then
stimulated with the different CMs (CM@ or CM100). From
preliminary tests it has been established on human biopsies that
CM100 and 5 days of stimulation were necessary to observe
modifications on skin integrity in presence of CM. 3D Skin
models were then stimulated with CM100 during 5 days at 37°C
under 5% of CO;. Results were obtained from 7 independent
experiments using 3D skin models.

RNA Isolation and Real-Time

Quantitative PCR

Total RNA was isolated using RNeasy Kit for 2D in vitro
models and RNeasy Fibrous Tissue Mini Kit for 3D skin models
(Qiagen, Courtaboeuf, France) according to the manufacturer’s
instructions. 500 ng of total RNA was reverse-transcribed into
cDNA using PrimeScriptTM RT reagent kit (Takara, Shiga,
Japan) and analyzed by Real-Time QPCR using SYBR” Premix
Ex Taq II (Takara) on an AriaMx Realtime PCR system
(Agilent Genomics, Santa Clara, CA, United States). All primer
(Supplementary Table S1) were provided by Eurogentec. Results
were normalized to the GAPDH expression level for HDMEC,
and dermal fibroblast samples.

Results were obtained from 3 independent experiments and 3
donors of fibroblasts have been used for 2D experiments. Relative
quantification was calculated using the 2A ACt quantification
method. The primers are listed in the Supplementary Table S1.

Western Blotting

Dermal fibroblasts were lysed in RIPA buffer from Sigma and
supplemented with protease and phosphatase inhibitor at 4°C.
Cells lysate was centrifuged 10 min at 10000 g and 4°C.
Supernatant were collected. Proteins were denatured 5 min
at 95°C, separated on 10% polyacrylamide gel according to
protein size and transferred to polyvinylidene difluoride (PVDF)
membranes (Merck Millipore, Ref. IPVH00010). Membranes
were blocked with 1 x tris-buffered saline (TBS) 0.1% Tween and
5% non-fat milk for 1 h and blotted at 4°C overnight with primary
antibodies diluted as recommended by the manufacturers in
Ix TBS, 0.1% Tween and 5% non-fat milk. Membranes
were incubated for 1 h at room temperature with secondary
antibodies diluted as recommended by the manufacturers in
1x TBS, 0.1% Tween. Then membranes were incubated 5 min
with ECL (Thermo Fisher, Ref. 34080) and were revealed by
chemiluminescence. Western blot results were analyzed using
GelAnalyzer software.

Immunofluorescence Microscopy

For immunofluorescence, conditioned media (CM® or CM10)
were added when fibroblasts were at confluence on coverslip.
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Eight-day post confluence, cells were fixed in cold methanol
(—20°C) for 20 min to investigate ELN network or were
fixed in PBS supplemented with 4% paraformaldehyde at room
temperature for 10 min to study collagen I network. Cells
were incubated overnight at 4°C with a rabbit polyclonal anti-
collagen I (Novotec, Bron, France) antibody diluted at 1:400
in PBS - goat serum 0.1% or a rabbit polyclonal anti-elastin
antibody (Abcam, Cambridge, Royaume-Uni) diluted at 1:250 in
PBS - goat serum 0.1%, This was followed by a second incubation
with a goat anti-rabbit IgG Alexa Fluor 488 (Life Technologies)
diluted in 1:1000 PBS - goat serum 0.1% (Life Technologies) at
room temperature for 1 h. Nuclear counterstaining using DAPI
(Sigma) was carried out with a dilution 1:500 in PBS - goat
serum 0.1%. Negative controls were performed by omitting
the primary antibody. Image acquisition was carried out using
a Nikon microscope (Nikon TE300, Champigny-sur-Marne,
France) with a coolsnap fx CCD camera (Photometrics, Tucson,
AZ, United States) with MetaVue software (Universal Imaging
Corporation, West Chester, PA, United States). Image analysis
and semi-quantification were performed using Image] software.
Results were obtained from 4 independent experiments from
3 donors of fibroblasts. Two images were acquired per condition.

Luminex Assay

The determination of the amount of multiple cytokines in CM@
and CM10 was carried out using Human Magnetic Luminex
Assay from R&D Systems (Minneapolis, MN, United States)
according to the manufacturer’s instructions. Levels of CCL2
(MCP-1), IL-6, IL-8 (CXCL8), VEGF-A, IFN-y, TNF-o, and IL-18
were analyzed using Bio-Plex MAGPIX Multiplex Reader and
Bio-Plex Manager software from Bio-Rad (Bio-Rad Laboratory,
Hercules, CA, United States).

Statistical Analysis

All statistical analyses were performed using Prism (version 7.0,
GraphPad Software Inc.). All results are expressed as mean =+ SD.
Statistically significant differences were calculated by one-way
analysis of variance (followed by Dunnetts test post-test) or
unpaired Student’s t-test. p < 0.05 was considered statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

RESULTS

HDMEC Activation and Secretion Under

Low-Grade Inflammatory Stimulation
Human Dermal Endothelial Cells were treated with low-grade
inflammatory mix (rhIFN-y, rhTNF-«, and rhIL-18) and we
observed an upregulation of ICAM-1 and VCAM-1 (Figure 1A)
demonstrating that the low-grade inflammatory mix activated the
dermal microvascular endothelial cells, as confirmed by 2.5-fold
increase in VEGF-A gene expression (Figure 1B).

We observed a significant HDMEC transcriptional activation
of the pro-inflammatory gene expression markers, CCL2, IL-6,
and IL-8 (Figure 1C) in response to the initial inflammatory
cocktail that resulted of an increased in HDMEC protein
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secretion of CCL2, II-6, and IL-8 in the CM10 compared to
the control condition CM@ (Figure 1D). The protein fold
increases were 1.5, 12, and 2.8, respectively (Figure 1D). In
contrast, protein expression of TNF-a, IL-1f, and IFNy were
not detectable in CM10, revealing absence or non-significant
levels of these cytokines in HDMEC secretome. VEGEF-A
protein expression was not significantly different between the
two groups (Figure 1D).

Pro-inflammatory Endothelial
Conditioned Medium Stimulates
Further Fibroblast Inflammatory

Gene Expression

The secretion of increased inflammatory cytokines released from
HDMEC under low-grade inflammation could influence dermal
fibroblasts function. To investigate this possibility in a cell
culture system, dermal fibroblasts were stimulated with CM@
or CM10 for 48 h. It appeared that CCL2, IL-6, and IL-8 gene
expression were significantly up-regulated in dermal fibroblasts
in presence of CM10 compared to control condition CMQ
(Figure 2A). In contrast, no significant differences were observed
in pro-inflammatory NF-kB pathway, NF-kB sub-unit NFkBI
and RELA gene expression in fibroblasts challenged by CM10
compared to CMQ.
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VEGF-A gene expression was also 2.5-fold increased by dermal
fibroblasts under CM10 compared to CMQ (Figure 2B).

Pro-inflammatory Endothelial

Conditioned Medium Altered ECM

In order to investigate collagen type I and ELN ECM formation
in contact with CM@ or CM10, we used immunofluorescence
to analyze their production within the ECM. We confirmed that
dermal fibroblasts treated with CM10, 8-day post confluence,
synthesized less collagen I than cells treated with CM@
(Figure 3A). Collagen I network appeared to be less organized
in presence of CM10 compared to CM@. Semi-quantification
of collagen I labeling was significantly decreased in presence
of CMI10 compared to CM@ while ELN labeling semi-
quantification tended to be reduced but did not reach significant
differences (Figure 3B).

We then analyzed the expression of genes encoding proteins
involved in ECM rearrangement in fibroblasts treated with CM10
or CMO (Figure 4A). MMP1 and MMP2 gene expression were
significantly increased by CM10 while ELN gene expression
was unchanged and COLIAI gene expression was significantly
reduced. In addition, collagen I protein expression was reduced
in presence of CM10 compared to CMO (Figure 4B) confirming
the reduction of the collagen I network as observed by
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immunofluorescence (Figure 3A). Pro-LOX protein expression,
the pro-enzyme form of LOX responsible for collagen and/or
ELN cross-link, was also reduced by CM10 compared to
CMO (Figure 4B).

Effect of CM100 on 3D Human Full

Thickness Skin Gene Expression

To go further into the comprehension of the effect of vascular
pro-inflammatory CM on ECM, we used 3D reconstructed skin
including keratinocytes and fibroblasts that were challenged
with CM@ or CM100 for 5 days. Gene expression of cellular
senescence marker p16 and the stress marker p53 were both not
different between CM@ and CM 100 (Figure 5A).

In 3D skin model, COLIAI and ELN gene expression were
significantly downregulated in presence of CM100 (Figure 5B).
Nevertheless, in this model there was no upregulation of MMPs
in presence of CM100 compared to CMQ.
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DISCUSSION

In the present study, we showed that the activated endothelial cell
secretome released following pro-inflammatory stress promoted
a pro-inflammatory fibroblast phenotype that could be self-
sustained without any immune cells. Indeed, CCL2, IL-6, and
IL-8 released in the endothelial secretome following IFNYy,
TNFa, and IL-1f stress, are responsible for increasing CCL2,
IL-6, and IL-8 fibroblast gene expression generating a low-grade
inflammatory fibroblast environment. The pro-inflammatory
cocktail could thus maintain a perpetual fibroblast inflammatory
phenotype that could be responsible for an exacerbation in ECM
degradation with an increase in MMPI gene expression and
unstable collagen 1 network.

Dermal microcirculation is the conduit in which the stressors
will affect the surrounding environment. In homeostasis,
fibroblasts and endothelial cells are both involved in the
angiogenic process and in ECM formation (Slany et al., 2016).
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In a pro-inflammatory microenvironment, dermal microvascular
endothelial cells play an important role in homeostasis and
in inflammatory responses. HDMECs synthesize and secrete
chemokine and cytokines which are implicated in recruiting
immune cells in response to inflammatory disorders (Qazi
et al,, 2011). This inside-out inflammatory response has been
supplemented with an outside-in signaling involving activated
pro-inflammatory fibroblasts interacting with immune cells to
direct endothelial activation (Enzerink and Vaheri, 2011). In this
context, fibroblasts play a critical role in modulating immune
cells such as leukocytes and could be responsible for the
establishment of chronic inflammation (Buckley et al., 2001).

In the present study, we focused on activated endothelial
cell secretion without any immune cell interaction that could
impact dermal cell behaviors such as dermal fibroblast and
the ECM formation. To play their roles, endothelial cells have
to be activated in order to interact with their environment.
In an inflammatory context, endothelial cells release different
inflammatory factors like IL-1f and TNF-a or by an upregulation
of leucocyte adhesion molecule as ICAM-1 and VCAM-1, which

are two markers used to confirm the endothelial cells activation
(Detmar et al., 1992; Videm and Albrigtsen, 2008). Endothelial
cell activation permits the interaction with the environment,
playing a key role in inflammatory development (Swerlick et al.,
1992). In our models, we showed that HDMEC were activated
in presence of low-grade inflammation with an upregulation of
ICAM-1 and VCAM-1. These activation are responsible for the
loss of vascular integrity allowing secretion of cytokines and
chemokines that could interact with tissues like skin structure
(Adams and Shaw, 1994). HDMECs are described as critical
elements for releasing proteins like VEGF-A or other growth
factors. Moreover, HDMEC:s are also implicated in the cutaneous
inflammation, secreting cytokines and chemokines that could
directly interact with components of the dermis (Swerlick and
Lawley, 1993). It appeared that low-grade inflammatory mix
(CM10) composed of 10 TU/mL of IL-18, TNF-a, and IFN-y
induced upregulation of cytokines and chemokines on dermal
microvascular endothelial cells as CCL2, IL-6, and IL-8 which
are known to be chemoattractant for T cells, dendritic cells and
monocytes. The addition of the activated endothelial secretome
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onto dermal fibroblasts induced a switch from normal to
pro-inflammatory phenotype with an upregulation of CCL2,
IL-6, and IL-8 gene expression perpetuating fibroblasts pro-
inflammatory environment.

The crosstalk between endothelial cells and fibroblasts has
been studied through fibroblasts influencing endothelial cells,
since fibroblasts provide ECM support as well as the production
of several molecules like VEGF for angiogenesis (Villaschi and
Nicosia, 1994; Martin et al., 2001; Berthod et al., 2006; Stunova
and Vistejnova, 2018). In addition, (Villaschi and Nicosia, 1994)
suggested that endothelial cells might also affect fibroblasts
since cytokines, chemokines and other molecules present in
the microenvironment could affect skin integrity altering ECM
components (Van Linthout et al., 2014). In skin aging, it has
been shown that IL-8 and IL-6 are clearly linked to MMPs
modulation and COLIAI gene and protein expression (Dasu
etal., 2003; Kolar et al., 2012; Quan and Fisher, 2015). We showed
that the low-grade inflammatory microenvironment produced
by activated endothelial cells induced a strong up-regulation of
MMPI in dermal fibroblasts suggesting collagen I degradation
associated to a reduction in collagen I synthesis due to COLIAI
gene downregulation. In addition, the significant decrease in Pro-
LOX protein expression strengthens the reduction of collagen
cross-linking. Indeed, the primary function of the LOX family is
the covalent cross-linking of collagens and/or ELN into a stable,
insoluble ECM, which is important for the maintenance of tensile
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strength and structural integrity of most tissues (Noblesse et al.,
2004). The collagenous matrix deposited during LOX reduction
should be more easily degradable (Trackman, 2005). In contrast,
ELN gene expression was not modulated by the vascular
pro-inflammatory microenvironment. Only a few studies have
evaluated skin ELN production in an inflammatory context apart
from skin aging (Ganceviciene et al., 2012) and wound healing
(Almine et al., 2013) studies. We confirmed the 2D results with
a downregulation of COLIAI and the 3D skin model revealed
a significant reduction in ELN gene expression, suggesting that
specific inflammatory vascular environment could alter skin
integrity, inducing modification of gene implicated in ECM
components. These results show the significant role of skin
microvessels on skin integrity, which may vary depending on
inflammatory conditions.

Indeed, the loss of vascular integrity is involved in the
development of skin or autoimmune diseases, inducing
inflammatory processes as chronic inflammatory conditions like
psoriasis or lupus (Heidenreich et al., 2009; Achtman and Werth,
2015). Endothelial cells play a significant role in inflammatory
responses and link to pro angiogenic and pro-inflammatory
protein secretion as described. Among these pro-inflammatory
proteins, VEGF-A is described as a predominant protein
implicated in immune response. In inflammatory conditions,
it appeared that VEGF is not only secreted by endothelial cells
but also by macrophages, T cells and fibroblasts, which are
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involved in angiogenesis and inflammatory processes (Mor et al.,
2004; Enzerink and Vaheri, 2011). In our study, it appeared
that HDMEC up-regulated VEGF-A gene expression, but no
differences were observed in VEGF-A protein secretion in the
CM, after 24 h of stimulation with the low-grade inflammatory
cytokines mix. This result is probably linked to the short
biological half-life, and the rapid metabolic degradation of
VEGF-A in the medium (Lee et al., 2000).

To conclude, this study showed that the secretory micro-
environment related to endothelial inflammation could trigger
a perpetual fibroblast inflammatory phenotype that could be
responsible for an exacerbation in ECM degradation with an
increase in MMP1 and unstable collagen 1 network. In contact
with endothelial inflammatory secretion, and no immune cells,
it appears that fibroblasts switch from normal to pro-
inflammatory phenotype and are less involved in ECM synthesis.
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1.13Derma fibroblasts responses with low-grade inflammatory stimulation at 8

days
In the previous study, we showed that inflammatory microenvironment produces by HDMEC
induce ECM alteration after 24h stimulation on dermal fibroblasts. And more precisely, a
collagen | network altered correlated with a decrease in LOX expression. To evaluate ECM
formation in long time stimulation, ECM gene expression, collagen | and LOX protein
expression on dermal fibroblasts were analyzed after 8 days in contact with vascular
inflammatory conditioned medium. We showed that after 8 days of stimulation with CM10,
ECM gene expression of COL1A1, ELN and LOX were significantly downregulated respect to
CM@ (Figure 13A). And confirmed by a decrease in protein expression on collagen | and pro-

lysyl oxidase (Pro-Lox) in presence of CM10 (Figure 13B).
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Figure 13: Effect of long-time CM10 stimulation on dermal fibroblasts
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Effect of long time CM10 stimulation on fibroblast. (A) RT-qPCR expression analysis of genes
encoding COL1A1, ELN an LOX and (B) collagen 1 and pro-LOX protein expression in dermal
fibroblasts ECM cultured following CM10 stimulation versus control. Gene expression was
normalized with GAPDH. Protein expression was normalized using B-actin and quantification

was performed using Gel analyzer software. **P < 0.01, ***P < 0.001 vs CM@.

To conclude, we showed that low level of inflammation using a mix of cytokine can induce
strong inflammatory responses by microvascular endothelial cells. Inflammatory vascular
secretum impacted dermal fibroblasts behavior without any immune cell implication,
leading to ECM alteration at short time and longtime stimulation. Inflammation is the
hallmark of the innate immune response to tissue damage. Controlled inflammation
mediates the activation, expansion and recruitment to the tissues of cells and mainly by
immune cells such as macrophages and dendritic cells (41) but also stromal cells (185). Thus,
inflammation is a common condition that affects the vasculature, but is also a skin feature
that occurs in long-term pathologies, as well as in short-term conditions at high or low-grade
level (66). Inflammatory disorders can induce on endothelial cells, secretion of chemokine
and cytokine leading to immune cells recruitment (186). This inside-out inflammatory
response has been supplemented with an outside-in signaling involving activated pro-
inflammatory fibroblasts interacting with immune cells to direct endothelial activation
(187). Nevertheless, immune cells can also directly produce inflammatory
microenvironment, modulating microvascular network and also dermal fibroblast behaviors
in response to extern and intern stimuli. In this way, according to the main objectives with
AbbVie (Allergan Legacy) collaboration, we evaluated the potential inflammatory
modulation of crosslinked HA and their degradation products on inflammatory dermal cell

and immune cells.
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1.14 HA characterization and endotoxin quantification

Late adverse effect can be observed in the presence of crosslinked HA few weeks or month
after intradermal injection, suggesting a possible implication of degradation products in
nodule and granuloma development. As described in Introduction “Chapter II: Hyaluronic acid
to medical devices”, HA can be degraded by different way. According to physiological process,
we focused on human hyaluronidase to degrade two different crosslinked HA. In partnership
with AbbVie (Legacy Allergan), we evaluated the different degradation products of Volbella
(VYC-15L) from VYCROSS® technology and UltraPlus XS (HYC-24L+) from HYLACROSS®
technology after different duration of degradation. The objective was to produce different
range sizes of low molecular weight fragments (LMW) of VYC-15L and HYC-24L+ to study their

possible vascular and inflammatory effects in vitro and in vivo.

1.14.1 Low molecular weight of crosslinked HA characterization
The two crosslinked HA were degraded with human recombinant hyaluronidase for 3

different duration of degradation: 30 minutes, 2 hours, and 6 hours. We obtained different
profile between each filler and each kinetic. Indeed, we observed that the molar mass
distribution was different between the hyaluronidase-induced degradation products from
VYC-15L and HYC-24L+. VYC-15L after 30 minutes, 2 hours and 6 hours of degradation induced
lower fragments compared to HYC-24L+ degraded at the same degradation time. After 30
minutes, 2 hours and 6 hours of degradation, more of 33%, 55% and 75% of the total
hyaluronidase-induced degradation products from VYC-15L were smaller than 40kDa
respectively (Figure 14), while 10%, 27% and 55% of total HYC-24L+ fragments were smaller
than 40kDa respectively. Furthermore, degradation products from HYC-24L+ contained more
HMW fragments with a molecular weight > 500 kDa than those from VYC-15L. The results
indicate that HYC-24L+ is less degraded than VYC-15L at the same time of degradation.

These differences have been confirmed with the characterization of Mw and the
polydispersity coefficient between VYC-15L and HYC-24L+ fragments (Figure 15). Indeed, for
VYC-15L, degradation for 30 minutes, 2 hours and 6 hours induced an average of fragment
range sizes of ~100 kDa, ~90 kDa and 30 kDa, respectively. While with the same kinetics of
degradation, HYC-24L+ was degraded into fragments with an average of fragments range sizes
at ~200 kDa with 30 minutes of degradation, ~180 kDa with 2 hours and ~80 kDa with 6 hours

of degradation (Figure 15A).
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The different polydispersity coefficients between VYC-15L and HYC-24L+ showed that HYC-
241+ degradation products have equivalent heterogeneous range sizes than VYC-15L
products, except after 6 hours of degradation (Figure 15B). We showed that LMW-VYC15L
obtained at 30 min, 2h and 6h had a polydispersity at 2.2, 3.2 and 2.4, respectively, while
LMW-HYC-24L+ had coefficient of polydispersity at 2.3 for 30 min, 3.3 for 2h and 3.3 for 6h
degradation. The closer the polydispersity coefficient is to 1, the more homogeneous the
samples are. All these results are summarized in Table 4. We obtained different profile of
range sizes of HA fragments, with an average of fragments sizes from 200 kDa to 30 kDa,
confirming the main production of low molecular weight of HA fragments as described in

literature (93).
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Figure 14: Molar mass distribution of VYC-15L and HYC-24L+ fragments

94



Molar mass distribution results are obtained by SEC-MALS. A and B corresponds to molar mass
distribution of VYC-15L and HYC-24L+ fragments obtained after 30 minutes, 2h and 6h of
degradation with human recombinant hyaluronidase. Short time degradation (30min) is
represented in black column, medium time degradation (2h) in dark gray and longtime
degradation in light grey. Percentage (%) of weight distribution correspond to free HA

repartition in different range of molar mass. Molar masses are represented in kDa.
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Figure 15: HA characterization: Mw and polydispersity

Molecular weights (Mz), and polydispersity coefficients have been determined by SEC-MALS.
Al and A2 correspond to the average of Mw of LMW of HA in kDa. B1 and B2 correspond to

polydispersity coefficient. Data are representative of at least three independent experiments.
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Mw ~100 kDa ~90 kDa ~30 kDa
VYC-15L
Polydispersity 2,2 3,2 2,4
Mw ~200 kDa ~180 kDa ~80 kDa
HYC-24L+
Polydispersity 2,3 3,3 3,3

Table 4: HA fragments characterization
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1.15Skin cell and tissue responses to cross-linked HA in low-grade inflammatory

conditions

In this study entitled "Skin cell and tissue responses to cross-linked HA in low-grade
inflammatory conditions” we determined the effect of HA degraded and non-degraded under
a low-grade inflammation on dermal skin cells, immune cells and in vivo model. This study,

will be submitted in Frontiers, Cell and Developmental Biology.
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Skin cell and tissue responses to cross-linked HA in low-grade
inflammatory conditions

Sanchez B, Ferraro S, Josset-Lamaugarny A, Pagnon A, Hee C, Nakab L, Sigaudo-Roussel D, Fromy B

1. Introduction

Hyaluronic acid (HA), a major glycosaminoglycan of the extracellular matrix, plays an
important role in a number of biological processes such as wound healing, cancer or
embryonic development (93). The size of HA fragments generated during degradation can also
play a role in migration, apoptosis or immune regulation by activating the immune cells, such
as macrophages and dendritic cell (99). The high molecular weight of HA (HMW-HA) (>500kDa)
are commonly described to have an anti-inflammatory effect, while low molecular weight of
HA fragments (LMW-HA) (10 kDa to 500 kDa) and oligomers of HA (0.1 to 10 kDa) have been
described as involved in inflammatory responses, functioning as an alarm signal to immune
system, particularly for monocytes/macrophages (93, 188). Indeed, some studies showed that
pro-inflammatory cytokines, such as TNF-a and IL-1B, are released in the presence of LMW-
HA (93). Moreover, the accumulation of LMW-HA fragments seems to be strongly related to
the severity of inflammatory pathologies and chronic diseases such as rheumatoid arthritis,
liver injury, asthma and lung injuries, suggesting dysregulation in HA metabolism (88, 189). It
has been reviewed that LMW-HA accumulation was correlated to an increase in HA catabolism
with turnover of the matrix in these inflammatory diseases. In normal condition, LMW-HA
were commonly described as pro-inflammatory. However, controversial studies have shown
that the inflammatory responses observed on in vitro and ex vivo murine immune cells were
due to an endotoxin contamination on samples rather than the size of the fragments (103,

190, 191); depending on the source of HA and hyaluronidase used (103).

Cross-linked HA is used in a variety of medical applications, including as a dermal filler in
aesthetics applications. Although typically regarded as an inert, biocompatible material due
to its similarity with native HA, there have been rare instances of adverse effects which can
occur from 4 weeks to > 1-year post-treatment (169, 192). Although the etiology of these
events is unknown, a number of hypotheses have been proposed, including biofilm-related

response, a result of mechanical irritation with the product, or the presence of bacteria
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transferred into the skin during injection (171, 193). They have also been proposed to be
related to LMW-HA in the filler products, either as a component of the product or following
its degradation (192, 193).

An additional factor that has been proposed in these events is an activation of the systemic
immune response, like which occurs with flu, cold, or seasonal allergies (192, 193). Moreover,
filler treatments are not recommended in case of active auto-immune diseases such as
systemic lupus erythematosus, rheumatoid arthritis, or mixed connective tissue disease (169)
that all share a low-grade inflammatory microenvironment (194). This low level inflammation
may impact cell-cell interactions between immune cells, microvascular endothelial cells, and
dermal fibroblasts leading to extracellular matrix alteration (195). A chronic low-level
inflammation could worsen cells alteration in time, and auto-immune diseases leading to
chronic diseases (194, 196, 197).

Although the effects of HA on the inflammatory response have been examined, the effect of
cross-linked hyaluronic acid and its degradation products on the skin, under low-level
inflammatory conditions, remains unexplored. In the present study we used two different
cross-linking technologies, VYCROSS™ (VYC-15L) and HYLACROSS™ (HYC-24L+), and their
hyaluronidase-induced degradation products (165, 166). We hypothesized that, in a low-grade
inflammatory microenvironment, the LMW degradation fragments could induce immune
responses that could affect cells found in the dermis. Macrophages M1 and mature dendritic
cells, both derived from monocytes THP-1 lineages (as immune cells models), inflammatory
dermal fibroblasts and inflammatory human dermal microvascular endothelial cell (HDMEC)
were used in vitro to study the effects of HA products and their LMW degradation fragments
in the low-grade inflammatory environment. To further study in vivo the vascular and
inflammatory responses, we used HA and their LMW degradation fragments in a low-grade

inflammatory murine model.

2. Material and methods
2.1 Hyaluronic acid degradation and characterization
Hyaluronic acid VYC-15L and HYC-24L+ (Allergan Aesthetics, Pringy, France) were degraded

using the human recombinant hyaluronidase PH20 HYLENEX® (Halozyme Therapeutics, San
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Diego, California), for 6 hours at 150 Ul/ml at 37°C. The enzyme was inactivated using silicon-
bath at 100°C for 10 min. A vehicle control solution was comprised of inactivated
hyaluronidase. VYC-15L fragments and HYC-24L+ fragments were analyzed by HPLC and ASTRA
software (Wyatt technology). Each analysis was carried out 3 times coming from different

preparation of same lot.
2.2 Endotoxin quantification

The vehicle control, VYC-15L fragments and HYC-24L+ fragments were quantified by Endosafe
PTS (Charles River). The Endosafe®- PTS (Portable Test System) is a rapid, point-of-use test
system which is comprised of a test cartridge along with a hand-held spectrophotometer. For
this test we used cartridge with 0.01 EU/mL sensitivity (PTS2001F). All experiments were

carried out according to the manufacturer’s instructions.
2.3 Macrophages M1 polarization

THP-1 monocytes were incubated for 24h at 5 % CO2 37°c with PMA (Phorbol 12-myristate 13-
acetate from Sigma) to induce the differentiation into macrophages MO0. Then macrophages
MO were polarized into pro-inflammatory M1 for 66 hours in the presence of 100 ng/ml of
LPS, 100ng/ml of PMA and 20 ng/ml of IFNy (Peprotech, France). Polarization of macrophages
M1 were confirmed via cytokine profile (Supplementary Table 1 and Supplementary Figure 1)

and were then put at rest for 24h, as previously reported (174).
2.4 Mature Dendritic cell (mDC) differentiation

THP-1 monocytes were harvested by centrifugation, resuspended in serum-free culture
medium (without 10% heat-inactivated FBS) at a concentration of 2*10°cells/ml, into 6 well
plate with 200 ng/mL of IL-4, 100 ng/mL of GM-CSF, 200 ng/mL of ionomycin (Sigma) and 20
ng/mL of TNF-a (Peprotech) and incubated for 4 days at 5 % CO,37°C. Medium exchange was
performed every 2 days with fresh cytokine-supplemented medium. After cell differentiation
confirmed via cytokine profile (Supplementary Figure 2), cells were cultured with complete

medium (175).
2.5 Human Cell culture

Macrophages M1 from THP-1 were cultured at 37°C 5% CO, in RPMI1640 (Gibco Life

Technologies) and supplemented with 10% heat-inactivated FBS, 4.5 g/L glucose (Sigma-
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Aldrich, Saint-Quentin-Fallavier), 1% penicillin/streptomycin 10 mM of HEPES, 1 mM sodium
pyruvate and 0.05 mM of 2-mercaptoethanol (Gibco Life Technologies). Mature Dendritic cell
(mDC) from THP-1 were cultured in RPMI1640 (Gibco Life Technologies) and supplemented
with 10% heat-inactivated FBS, 4.5 g/L glucose (Sigma-Aldrich, Saint-Quentin-Fallavier), 1%
penicillin/streptomycin 10 mM of HEPES and 1 mM sodium pyruvate in a humidified incubator
at 37°C and 5% CO2. Human dermal fibroblasts were kindly provided by the Cell and Tissue
Bank (H6pital Edouard-Herriot, Lyon, France). Normal breast human skin tissue explants were
obtained from the surgical discard of anonymous healthy patients with informed consent of
adult donors in accordance with ethical guidelines (French Bioethics law of 2004) and declared
to the French research ministry (Declaration no. DC-2008-162 delivered to the Cell and Tissue
Bank of Hospices Civils de Lyon). Exclusion criteria were related to positive test result for
hepatitis B or C, or HIV as well as obesity history. Human dermal fibroblasts were cultured in
a medium consisted in a ratio 1 :1 of Dulbecco’s Modified Eagle’s Medium with Glutamax and
F-12 medium (Invitrogen, Cergy Pontoise, France) supplemented with 10% FBS (Sigma-Aldrich,
Saint-Quentin-Fallavier, France) and 1% penicillin/streptomycin (Gibco Life Technologies).
Human dermal microvascular endothelial cells (HDMEC) from adult donors (Promocell
Heidelberg, Germany) were cultured at 37°C 5% CO, in the endothelial cell medium from
Promocell composed by Dulbecco’s Modified Eagle’s Medium (DMEM) containing heparin 90
ug/ml, hydrocortisone 1 pg/ml supplemented with 2% Fetal Bovine Serum (FBS), 0.4%
Endothelial Cell Growth Supplement (Promocell) and Epidermal Growth Factor (recombinant
human) at 10ng/ml. Complete medium was supplemented with 1% penicillin/streptomycin
(Gibco, Life Technologies, Carlsbad, CA, United States) at 37°c and 5% CO,. THP-1 cells, dermal

fibroblasts and HDMEC were used below 20, 20 and 10 population doubling level, respectively.
2.6 Effect of HA and HA degradation products on immune cell response

Macrophages M1 and mDC were seeded at 200 000 cells/ml and stimulated with the vehicle
control, VYC-15L fragments, VYC-15L, HYC-24L+ fragments and HYC-24L+ at 100 pg/ml for 24h.
LPS at 1pug/mL was included as a positive control. Cell supernatants were then collected and
centrifuged at 10000 xg for 10 min at 4°C. The amount of cytokines in macrophages M1 and
mature DC (mDC) supernatant was determined using Human Magnetic Luminex Assay from
R&D Systems (Minneapolis, MN, United States) and the levels of IL-8 (CXCL8), TNF-a, and IL-

1B were analyzed using Bio-Plex MAGPIX Multiplex Reader and Bio-Plex Manager software
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from Bio-Rad (Bio-Rad Laboratory, Hercules, CA, United States). Results were obtained from 3

independent experiments.
2.7 Effect of HA and HA degradation products on preconditioned dermal skin cells

HDMEC and dermal fibroblasts were seeded at 50 000 cells/ml for 24h. After cell adhesion,
cells were preconditioned using inflammatory medium produced by macrophages M1 at
1/100 dilution factor for 48h to induce a low-grade inflammatory phenotype as previously
described (195). The preconditioned cells were then washed twice with PBS or HEPES,
depending on cell type, and stimulated with the Vehicle Control, VYC-15L fragments, VYC-15L,
HYC-24L+ fragments, or HYC-24L+ at 100 pg/ml for 72h. LPS at 1ug/mL was included as a
positive control. Results were obtained from 3 independent experiments from 3 donors for
HDMEC and dermal fibroblasts. Cell supernatants were collected and centrifuged at 10000 xg
for 10 min at 4°C. IL-8, IL-6 and IL-1B were quantified in Dermal fibroblasts and HDMEC
supernatant using ELISA assay on from Abcam. Preconditioned cells were compared to

unstimulated cells (@).
2.8 Induction of low-grade inflammation in healthy mice

Experiments were carried out in healthy male C57BL/6 mice (20g body weight) from Charles
River (Le Genest-St-Isle, France). Mice were housed with ad libitum access to food and water,
in a regulated environment with a constant temperature of 24°C and a day/night cycle of
12h/12h. All experiments were conducted in accordance with European Union
recommendations for animal experimentation and approved by Rhone-Alpes ethics
committee and then by the Ministry of Research - Project Authorization Service (agreement
#18529). Special effort was made to minimize the number as well as the stress and suffering
of mice used in this study. Before experimentation, animals were acclimatized for 1 week. To
induce a systemic low-grade inflammatory phenotype, 100 ul of super low dose of LPS
(026:B6) at 5 ng/kg or PBS (control) was injected by intraperitoneal injection (IP) 3 times per
week for 6 weeks as previously described (176, 177). In order to characterize the low-grade
inflammation phenotype, blood was collected after sacrifice by intracardiac puncture and
centrifuged at 3000 rpm during 10 min at 4°C to study CCL2 and IL-6 in the plasma using
Luminex assay (R&D system). Cutaneous biopsy (punch 8mm @ at the back) was also

performed for histological analysis and to study in the skin TNF-a and IL-1 B gene expression
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using RT-qPCR and COX-2, IL-6 and VCAM-1 protein quantification using ELISA assay. These
parameters collected from low-grade inflammatory mice were compared with those from
healthy mice. Acute intradermal injection (20ul) of LPS at 5ug/ml was used as a positive

control to induce strong inflammation in healthy mice.
2.9 Assessment of acetylcholine (ACh)-mediated vasodilation

Two days prior to the microvascular experiments, the back was depilated with a depilatory
lotion in mice under isoflurane to provide hairless areas for skin blood flow measurements
and iontophoretic delivery of acetylcholine (ACh 2% Sigma) performed in low-grade

inflammatory mice.

One day prior to the microvascular experiments, low-grade inflammatory mice received an
acute intradermal injection (20ul) of the Vehicle Control, VYC-15L fragments (5.5 mg/ml), VYC-
15L (15 mg/ml), HYC-24L+ fragments (8.8 mg/ml) or HYC-24L+ (24 mg/ml).

For the microvascular experiments, all mice were anaesthetized with thiopental (65 mg.kg™,
i.p.) and placed in an incubator (MMS, Chelles, France) to maintain a stable skin temperature
(35.04£0.5°C). The cutaneous blood flow was measured using a laser Doppler probe (PF 4001
Master, Periflux, Perimed, Sweden) in response to iontophoretic delivery of ACh with an
anodal current application (100 pA for 10 s) at the site of intradermal injection. The laser
Doppler signal expressed in arbitrary units (a.u.) was digitized with a 200 Hz sampling
frequency using a computerized acquisition system (MP 100, Biopac System, CA). Local
iontophoretic drug delivery was chosen to assess the in vivo cutaneous microvascular function
while avoiding any systemic effects. Data collection started with a 1-minute control period

before the ACh delivery and was continued for 20 minutes.
2.10 Mouse skin analysis

For histological analysis, mouse skin was taken from the lower back 24h after an acute
intradermal injection (20ul) of the Vehicle Control, VYC-15L fragments, VYC-15L, HYC-24L+
fragments, or HYC-24L+. Skin biopsy was fixed in AFA solution (alcohol, formalin, acetic acid).
Samples were embedded in paraffin and sectioned at a thickness of 5 um. After dewaxing, the
cuts were successively stained with Harris hematoxylin, eosin G and saffron. The matrix
elements were colored in pinkish-yellow, the cytoplasm in pink, the nuclei in purple and HA in
dark violet.
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Skin tissue lyzate was analyzed by ELISA assay on IL-6 from Abcam (Cambridge, UK). Skin tissue
lysate was prepared by homogenization in T-PER lysis buffer and supplemented with protease
and phosphatase inhibitor (Thermofisher Scientific) in Tissue Lyzer using magnetic beads. Skin
tissue lysates were centrifuged 10 min at 10000g and 4°C. Supernatant were then collected

and quantified.
2.11 Mouse RNA Isolation and Real-Time Quantitative PCR

Total RNA of skin samples was isolated using RNeasy Fibrous Tissue Mini Kit for skin biopsies
(Qiagen, Courtaboeuf, France) according to the manufacturer’s instructions. 500 ng of total
RNA was reverse-transcribed into cDNA using PrimeScriptTM RT reagent kit (Takara, Shiga,
Japan) and analyzed by Real-Time QPCR using SYBR® Premix Ex Taq Il (Takara) on an AriaMx
Realtime PCR system (Agilent Genomics, Santa Clara, CA, United States). All primers were
provided by Eurogentec. RPL13A forward GATGGTGGTTCCTGCTGCCC and reverse
GGCTTTCTCTTTCCTCCTCTCCTCC; ACTB forward CATTGCTGACAGGATGCAGAAGG and reverse
TGCTGGAAGGTGGACAGTGAGG; TNF-a forward GGTGCCTATGTCTCAGCCTCTT and reverse
GCCATAGAACTGATGAGAGGGAG and IL-1B forward TGGACCTTCCAGGATGAGGACA and
reverse GTTCATCTCGGAGCCTGTAGTG. Results were normalized to RPL13A and ACTB. Relative

guantification was calculated using the 2AACt quantification method.
2.12 Statistical analyses

Statistical analyses were performed using Prism (version 8.0, GraphPad Software Inc.). The
results are expressed as mean+SD. ACh-mediated vasodilation was expressed as the
percentage changes of the cutaneous blood flow over the basal values, calculated as the
average over the 1-min control period before the iontophoretic delivery of ACh. An unpaired
t-test or one-way analysis of variance followed by Dunnett’s multiple comparison test was
used to compare two or more independent groups, respectively. A p-value less than 0.05 was

regarded as statistically significant.
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3. Results
3.1 HA degradation products: characterization and endotoxin quantification

After a 6-hour incubation with hyaluronidase, VYC-15L and HYC-24L+ were degraded into
fragments with a mean molecular weight of 30 and 80 kDa and a polydispersity of 2.4 and 3.3,
respectively (Table 1).

VYC-15L fragments, HYC-24L+ fragments, and the Vehicle Control contained less than 0.02
EU/ml of LPS (Figure 1), showing that the degradation process did not introduce endotoxin

and can be considered endotoxin free in comparison to the positive LPS control (500 EU/ml).

3.2 Cytokines release by M1 and mDC in response to HA and HA degradation products

In the condition medium of macrophages M1 at the 24h time point (Figure 2A), TNF-a protein
was overexpressed in the presence of VYC-15L fragments (233113 pg/ml), VYC-15L (40710
pg/ml), HYC-24L+ fragments (22718 pg/ml) and HYC-24L+ (38410 pg/ml) compared to the
vehicle control (18715 pg/ml). IL-1B protein was only overexpressed in the presence of VYC-
15L (29619 pg/ml) and HYC-24L+ (25545 pg/ml) compared to the vehicle control (9413 pg/ml).
In contrast, IL-8 protein was not modified in any HA treatment compared to the vehicle control
(21475+390 pg/ml). However, the overexpression of cytokines by M1 mentioned above was

much lower compared to the positive LPS control (Supplementary Figure 3A).

In the condition medium of mDC at the 24h time point (Figure 2B), no difference of TNF-a
protein level was observed between conditions. Level of IL-1B was too low to be detectable
by Luminex assay except for LPS condition as positive control (Supplementary Figure 3B). IL-8
protein was only over expressed in the presence of VYC-15L fragments (4842+325 pg/ml)
compared to the vehicle control (29431242 pg/ml), although this overexpression was much

lower compared to the positive LPS control (29697500 pg/ml) (Supplementary Figure 3B).

No differences were observed for any cytokines and any HA treatment group at the 48h and
72h time points (Supplementary Figure 4), suggesting a transient effect of HA products in

contrast to the positive LPS stimulation that lasted up to 72h (data not shown).
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3.3 Cytokines released by preconditioned fibroblasts (low-grade inflammatory phenotype)

in response to HA and HA degradation products at 72h

Compared to non-inflammatory dermal fibroblasts, IL-8, IL-1p and IL-6 were overexpressed in
fibroblasts preconditioned with M1 macrophages, but to a lesser extent than the positive LPS
stimulation (Supplementary Figure 5), showing a low-grade inflammation in 72h post-

preconditioned fibroblasts.

In preconditioned dermal fibroblasts, VYC-15L fragments, VYC-15L, HYC-24L+ fragments and
HYC-24L+ did not induce overexpression of cytokines (IL-8, IL-1B and IL-6) compared to the
vehicle control at 72h (138+17pg/ml for IL-8; 105+5pg/ml for IL-1B and 68+1.7pg/ml for IL-6)
(Figure 3), except a slight down-regulation of IL-1B (1.2-fold) in response to VYC-15L, HYC-24L+
fragments and HYC-24L+. In contrast, the positive LPS stimulation induced a strong
overexpression for IL-8 (40719 pg/ml), IL-1B (14045 pg/ml) and IL-6 (5037 pg/ml) in

preconditioned dermal fibroblasts (Supplementary Figure 5).

3.4 Cytokines released by preconditioned HDMEC (low-grade inflammatory phenotype) in

response to HA and HA degradation products at 72h

Compared to non-inflammatory HDMEC, IL-8, IL-1B and IL-6 were overexpressed in
preconditioned HDMEC, but to a lesser extent than LPS stimulation (Supplementary Figure 6),

showing a low-grade inflammation in 72h post- preconditioned HDMEC.

In preconditioned HDMEC, VYC-15L fragments, VYC-15L, HYC-24L+ fragments, and HYC-24L+
did not induce overexpression of cytokines (IL-8 and IL-1B) compared to the vehicle control at
72h (756+6.9 pg/ml for IL-8 and 44+3.9 pg/mL for IL-1B) (Figure 4). However, IL-6 expression
(Figure 4A) decreased in the presence of VYC-15L fragments (25+2 pg/ml) and VYC-15L (5316
pg/ml) compared to the vehicle control (7613 pg/ml). In contrast, the positive LPS stimulation
induced a strong overexpression for IL-8 (794113 pg/ml), IL-1B (764 pg/ml) and IL-6 (79215

pg/ml) in preconditioned HDMEC (Supplementary Figure 6).
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3.5 In vivo mouse model of low-grade inflammation

The plasma level of IL-6 was higher in low-grade inflammation mice (194 pg/ml) than in
control mice (8+1 pg/ml), representing an increase of 225%. Similarly, CCL2 plasma level was
higher in low-grade inflammation mice (239450 pg/ml) than in control mice (148+43 pg/ml),

representing an increase of 161%.

In the skin, the upregulations of TNF-a (2.8-fold) and IL-1B (1.3-fold) gene expression in the
skin of low-grade inflammation mice were not significant compared to control mice
(Supplementary Figure 7A). Similarly, the increase of +130% in COX-2 protein concentration in
the skin of low-grade inflammation mice (2410+385 pg/ml) was not significant compared to
control mice (1868+312 pg/ml), such as positive control (17644256 pg/ml) (Supplementary
Figure 7B). No increase of IL-6 protein concentration in the skin of low-grade inflammation
mice (103.9+22 pg/ml) was observed compared to control mice (10216 pg/ml)
(Supplementary Figure 7B). Again, the increase of +123% in VCAM-1 protein concentration in
the skin of low-grade inflammation mice (8493+1418 pg/ml) was not significant compared to
control mice (6903+1695 pg/ml) (Supplementary Figure 7B). These moderate increases of
cytokine expression validated our mouse model of low-grade inflammation in the skin, in
comparison to the strong inflammation obtained in the positive control mice (Supplementary
Figure 7). Interestingly, low-grade inflammation increased intragroup heterogeneity as shown
by the increased coefficient of variation (CV) in low-grade inflammation mice compared to
control mice: 21% vs 7% for IL-6 plasma level, 29% vs 20% for CCL2 plasma level, 47% vs 39%
for TNF-a gene expression, and 103% vs 71% for IL-1B gene expression and correlated with

standard deviation observed.

In addition, no differences were observed between control mice and low-grade inflammation
mice on skin structure by histological analysis. No higher immune cell infiltration and
differences in thickness were observed in comparison to the infiltration observed in the

positive control mice (Supplementary Figure 7C).

On the vascular aspect, basal skin blood flow was not different between control mice (45+13
arbitrary units (a.u.)), low-grade inflammation mice (49111 a.u.) and positive control mice
(4949 a.u.). Similarly, the ACh-mediated vasodilation was not different between low-grade

inflammation mice (32+15%) and control mice (43+12%), in contrast to the augmented ACh-
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mediated microvascular reactivity in the positive control mice (69+32%) (Supplementary

Figure 7D).

3.6 Effects of HA and HA degradation products on skin structure in mice

To study the effects of HA and HA degradation products in a low-grade inflammation
environment, the histological analyses were performed 24h after the intradermal injections
of vehicle, VYC-15L fragments, VYC-15L, HYC-24L+ fragments, and HYC-24L+ in low-grade

inflammation mice (Figure 5).

Vehicle induced a very limited inflammation (Figures 5A). The injection of VYC-15L fragments
and VYC-15L induced a moderate inflammation around the products (Figures 5B and 5C) with
immune cell recruitment. While, in the presence of HYC-24L+ products (Figures 5D and 5E)

immune cells seemed to be less infiltrated than in the presence of VYC-15L products.

3.7 Skin IL-6 in response to HA and HA degradation products in control and low-grade

inflammation mice

In low-grade inflammation mice, IL-6 protein was only overexpressed in the presence of VYC-
15L (23852 pg/ml) compared to the vehicle control mice (102+20 pg/ml) (Figure 6),

associated with an enhanced intragroup heterogeneity.
3.8 Effects of HA and HA degradation products on skin microcirculation in mice

In low-grade inflammation mice, basal skin blood flow was only increased by the injection of
VYC-15L (674£18 a.u.) compared to the vehicle control (49411 a.u.) (Figure 7A), But, ACh-
mediated vasodilation was increased by the injection of VYC-15L (87+33%) and VYC-15L
fragments (72+40%) compared to the vehicle control (32+15%) (Figure 7B). This enhanced ACh-
mediated vasodilation was associated with an elevated heterogeneity as shown by an increased

standard deviation.
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Mean Mw
Degraded (6h Polydispersit
g (6h) (kDa) ydisp y
PAAGE L 30+4,6 2,4
fragments
HYC-24L+
80x1,2 3,3
fragments

Table 1. characterization (HPLC) of VYC-15L fragments and HYC-24L+ fragments after 6 hours
of degradation. Mean (n=3) value * SD for molecular weight (MW) and polydispersity of

samples.
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Figure 1. Endotoxin quantification. MeanzSD of LPS level (EU/ml) in the vehicle control (n=2),
LMW VYC-15L (n=2), LMW HYC-24L+ (n=2) and LPS (positive control, n=2) samples. ****p <

0.0001 vs vehicle.
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Figure 2: Effects of HA and HA degradation products on Cytokines release by M1 and mDC at
the 24h time point. MeanzSD of protein level (pg/ml) of TNF-a, IL-8 and IL-1B (except for
mDC), in the condition medium of M1 after stimulation with vehicle, LMW VYC-15L, VYC-15L,
LMW HYC-24L+ and HYC-24L+. *P<0.01, **P<0.001, ****P<0.0001. vs vehicle.
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Figure 3: Effects of HA and HA degradation products on cytokines release by preconditioned
dermal fibroblasts at the 72h time point. Mean*SD of protein level (pg/ml) of IL-6, IL-1B and
IL-8 in preconditioned dermal fibroblasts stimulated with vehicle, VYC-15L fragments, VYC-
15L, HYC-24L+ fragments and HYC-24L+.
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Figure 4: Effect of HA and HA degradation products at 72 h on cytokine release by
preconditioned HDMEC. Mean+SD of Protein level (pg/ml) of IL-6, IL-1B and IL-8 in
preconditioned HDMEC stimulated with vehicle, VYC-15L fragments, VYC-15L, HYC-24L+
fragments and HYC-24L+.. **P<0.001, **** P0.0001 vs the vehicle control.
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Vehicle control

Figure 5: Representative HES coloration skin (X20) in low-grade inflammation mice 24h after
an acute intradermal injection (20ul) of the vehicle control (A), LMW VYC-15L (B), VYC-15L (C),
LMW HYC-24L+ (D) and HYC-24L+ (E). e=epidermis, d=dermis, hy=hypodermis, i=inflammation
and HA=hyaluronic acid. Hyaluronic acid is colored in dark violet, extracellular elements in

yellow and nuclei of cells in purple.
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Figure 6: IL-6 protein concentration in skin in low-grade inflammatory mice (n=5), 24h after
an acute intradermal injection (20pl) of the Vehicle Control, VYC-15L fragments, VYC-15L, HYC-
241+ fragments, and HYC-24L+. All samples were normalized to 1000ug of total protein.
***P<0.001 vs the Vehicle Control.
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Figure 7: Basal skin blood flow (A) and ACh-mediated vasodilation (B) in low-grade
inflammatory (n=5) mice 24h after intradermal injection of the Vehicle Control, VYC-15L
fragments, VYC-15L, HYC-24L+ fragments, and HYC-24L+. *P<0.05, ****P<0.0001 vs the

Vehicle Control. Each point represents one measurement of microvascular experiments.
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Cytokine
TNF-a
IL-8
CCL2
IL-1B
IFN-gamma

CCL5/RANTES
GMC-SF

VEGF-A

MO (Mean pg/mL + SD)
11942
4151451
198114

255115

88+2

202+7
12010

72+2

M1 (Mean pg/mL + SD)
18712
21475439
213+11

9412

181+7

410+8
30845

14742

P-value *<0.05

0,0211

<0,0001

ns

<0,0001

0,0014

<0,0001

<0,0001

<0,0001

Supplementary Table 1: Characterization of the pro-inflammatory M1 culture medium
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Supplementary figure 1: Macrophages M1 phenotype

Pro-inflammatory Macrophages M1 phenotypes. M1 markers gene expression of TNF-a, IL-6,
IL-8, IL1B, CD44, CD64 and CD68. Genes expressions are normalized with GAPDH and TBP and
data are represented in fold change. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs.

Macrophages MO. Data are representative of at least three independent experiments.
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Pro-inflammatory mDC phenotypes. mDC markers gene expression of TNF-a, IL-6, IL-8, IL1p,

CD44, CD64 and CD68. Genes expressions are normalized with GAPDH and TBP and data are

represented in fold change. *P<0.05, **P<0.01, ***P<0.001. vs. THP1. Data are representative

of at least three independent experiments.
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Supplementary figure 3: LPS effect on M1 and mDC cytokine production at 24h

Supernatant produced by immune cells. (A) macrophages M1 secretion and (B) mDC secretion
after 24h stimulation of LPS at 1ug/mL. TNF-a, IL-8 and IL-1B were quantified. Data are
representative of at least three independent experiments. **P<0.01, ****P<0.0001. vs.

immune cells unstimulated.

120



A Macrophage M1 cytokine secretion

TNF-a IL-1p

600 500

Ak e

*x

300 ek

(pgimL)
g

Protein concentration
(pg/mL)
Protein concentration

Vehicle LMW VYC-15L VYC-15L LMW HYC-24L+ HYC-24L+ Vehicle LMW VYC-15L VYC-15L LMW HYC-24L+ HYC-24L+

IL-8
80000

60000

40000

20000

Protein concentration
(pg/mL)

Vehicle LMW VYC-15L VYC-15L LMW HYC-24L+ HYC-24L+

B mDC cytokine secretion

TNF-a IL-8
50 6000- POC ek
c s
5 . 5 .
E E 4000
c — s —~
gd 30 g
£E 2E - -
8220 = 38
- s £ ™ 2000
[0}
£ 10 . g
o o
0 0
Vehicle LMW VYC-15L VYC-15L LMW HYC-24L+ HYC-24L+ Vehicle LMW VYC-15L VYC-15L LMW HYC-24L+ HYC-24L+

Supplementary figure 4: long-term exposure 48h and 72h with HA and HA degradation
products

Supernatant produced by immune cells. (A) macrophages M1 secretion and (B) mDC secretion
after 24h, 48h and 72h stimulation. TNF-a, IL-8 and IL-1B (except for mDC) were quantified in
the presence of vehicle, LMW of VYC-15L, VYC-15L, LMW of HYC-24L+ and HYC-24L+. Each
column of each condition corresponds to a different kinetics of stimulation, left column
corresponds to 24h, middle column corresponds to 48h and right column corresponds to 72h
stimulation. Data are representative of at least three independent experiments. **P<0.01,

*¥*¥%%P<0.0001. vs. vehicle
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Supplementary figure 5: low-grade inflammation phenotype for preconditioned dermal
fibroblasts

Cytokine release in unstimulated (J), preconditioned (PC) and LPS-stimulated dermal
fibroblasts. Protein level (pg/ml) of IL-8, IL-1B and IL-6 72h post preconditioning. LPS is
considered as the positive control for inflammation. ***P<0.001, ****P<0.0001. vs non-

preconditioned (non-inflammatory) Fibroblast Unstimulated (@).
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Supplementary Figure 6: low-grade inflammation phenotype for preconditioned HDMEC

Cytokine release in unstimulated (d), preconditioned (PC) and LPS-stimulated dermal
endothelial cells (HDMEC). Protein level (pg/ml) of IL-8, IL-1B and IL-6 72h-post
preconditioning. LPS is considered as positive control for inflammation. ****P<0.00001. vs

non-preconditioned (non-inflammatory) HDMEC (@).
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Supplementary figure 7: low-grade inflammation phenotype in mice

124



Scatter dot plot showing A, fold change gene expression of TNF-aand IL-1p in skin biopsy from
control mice (n=5), low-grade inflammation mice (LGl) induced by a chronic treatment of low
dose of LPS (n=15) and positive control mice treated with an acute intradermal injection of
LPS (n=5); B, Protein level of IL-6, IL-13, VCAM-1 and COX-2 in control mice (n=5), low-grade
inflammation mice (n=5) and positive LPS control mice (n=5); C, Representative histological
analysis with HES coloration skin in one control mouse, one low-grade inflammation mouse
and one positive LPS control mice; D, vascular properties with basal skin blood flow and
acetylcholine (ach)-mediated microvascular reactivity in control mice (n=17), low-grade
inflammation mice (n=18) and positive control mice (n=15). *P<0.05, **P<0.01, ***P<0.001,

****P<0.0001 vs Control (PBS).

125



1.16Complementary Results

1.16.1 Effect of range sizes of HA on immune cells
To assess the potential inflammatory effect of different range sizes of HA, cytokines released

by macrophages M1 and mDC were quantified by Luminex assay. Immune cells were
stimulated for 24h, 48h and 72h with the negative vehicle control, the 3 range sizes of HA
fragments degraded from VYC-15L and HYC-24L+ and the two non-degraded HA.

On M1, we showed that IL-8, TNF-a and IL-1B were not overexpressed in presence of the 3
different range sizes of each crosslinked HA at 24h, 48h and 72h (Figure 16). As described
above, only HA non-degraded induced cytokine overexpression of TNF-a and IL-13 at 24h.
However, the overexpression of cytokines by M1 mentioned above was much lower compared

to the positive LPS control.

In the condition medium of mDC, no difference of TNF-a protein level has been observed
between conditions at 24h, 48h or 72h (Figure 17). IL-8 protein was overexpressed in the
presence of VYC-15L fragments compared to the vehicle control. Indeed, at the 24h time point,
VYC-15L fragments of 100kD, 90kDa and 30kDa induced 59354222, 4047+153 and 4842+320
pg/mL of IL-8, respectively, while vehicle induced 29904242 pg/mL of IL-8. Interestingly, we
showed that HYC-24L+ fragments induced a decrease in IL-8 secretion. IL-1B was too low to

be detectable by Luminex assay but was observed in presence of LPS as positive control.

126



IL-8

800001 VYC-15L and fragments HYC-24L+ and fragments

60000+

40000+

20000+

Protein concentration
(pg/mL)

Vehicle VYC-15L 100kDa 90kDa  30kDa HYC-24L+ 200kDa 180kDa 80 kDa
TNF-a

VYC-15L and fragments HYC-24L+ and fragments

6001

400

]

(=3

o
1

Protein concentration
(pg/mL)

Vehicle VYC-15L 100kDa 90 kDa 30kDa HYC-24L+ 200kDa 180kDa 80 kDa

IL-1p

VYC-15L and fragments HYC-24L+ and fragments

Protein concentration

Vehicle VYC-15L 100kDa 90 kDa 30kDa HYC-24L+ 200kDa 1B80kDa 80 kDa

Figure 16: Cytokine secretion of M1 macrophage in the presence of HA

Supernatant produced by macrophages M1 was quantified by Luminex assay. IL-8, TNF-a, IL-
18 and CCL5/RANTES were analyzed after 24h, 48h and 72h in the presence of vehicle, LMW
of VYC-15L (at 100kDa, 90kDa and 30kDa), VYC-15L, LMW of HYC-24L+ (at 200kDa, 180kDa
and 80kDa) and HYC-24L+. Each column of each condition corresponds to a different kinetics
of stimulation, left column corresponds to 24h, middle column corresponds to 48h and right
column corresponds to 72h stimulation. Data are representative of at least three independent

experiments. **P<0.01, ***P<0.001 and ****P<0.0001 vs vehicle condition.
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Figure 17: Cytokine secretion of mDC in the presence of HA

Supernatant produced by mDC was quantified by Luminex assay. IL-8, TNF-a and CCL5/RANTES
were analyzed after 24h, 48h and 72h in the presence of vehicle, LMW of VYC-15L (at 100kDa,
90kDa and 30kDa), VYC-15L, LMW of HYC-24L+ (at 200kDa, 180kDa and 80kDa) and HYC-24L+.
Each column of each condition corresponds to a different kinetics of stimulation, left column
corresponds to 24h, middle column corresponds to 48h and right column corresponds to 72h
stimulation. Data are representative of at least three independent experiments. **P<0.01,

**¥*¥p<0.001 and ****P<0.0001 vs vehicle condition.

1.16.2 CD44 receptor overexpression is not correlated with inflammatory responses
The main receptor of HA and transmitter of the HA bioactivity and reviewed as involved in

inflammatory process has been quantified on the two immune cells model. We wanted to
evaluate if these inflammatory modulations could be correlated with a CD44 overexpression
on immune cells. CD44 expression was not modified by any HA treatment compared to the
vehicle control on M1 and mDC (Figure 18A and B) at the 24h time point, excluding correlation

with cytokine modulation.
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Figure 18: CD44 protein expression on M1 and mDC in the presence of HA

CDA44 protein expression in M1 and mDC cells in the presence of HA products. A corresponds to
CD44 expression on M1 by Western Blot. B corresponds to CD44 expression on mDC by Western
Blot. Immune cells, were lyzated after 24h stimulation in the presence of vehicle (1), VYC-15L
(2), LMW VYC-15L 100kDa (3) ), LMW VYC-15L 90kDa (4), LMW VYC-15L 30kDa (5), HYC-24L+
(6), LMW HYC-24L+ 200kDa (7), LMW HYC-24L+ 180kDa (8) and LMW HYC-24L+ 80kDa (9).
Protein expression was normalized using 8-actin and quantification was performed using Gel

analyzer software. Data are representative of at least two independent experiments.
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1.16.3 Differences between control mice and low-grade inflammatory mice responses
1.16.3.1 Skin histology in control group
Skin from the control group with vehicle are subnormal and no lesions are observed with rare

circulating macrophages and polynuclear cells (Figure 19A).

HA fragments were not detected by HES staining 24h after the injection of HA fragments, but

some rare macrophages/mast cells/polynuclear are detected mainly in the hypodermis

(Figure 19B and C).

With VYC-15L and HYC-24L+ injection, it has been observed a long and wide amorphous patch
of purple color with the HES staining. Small or larger HA were present above the panniculus
carnosus in the hypodermis, but some are detected under the panniculus carnosus. These HA

localizations induces a limited macrophagic and polynuclear inflammatory reaction (Figure

19D and E).
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Figure 19: Skin histology of control group
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Histological skin analysis of control group. A corresponds to vehicle condition, B to LMW VYC-
151 conditions, C to LMW HYC-24L+, D to VYC-15L condition and E corresponds to HYC-24L+. e
= epidermis, d= dermis, hy = hypodermis, i= inflammation and HA= hyaluronic acid. Hyaluronic
acid is colored in dark violet, extracellular elements in yellow and nuclei of cells in purple.
Representative images from n= 5 mice per conditions. All staining and observations were

carried out by NOVOTEC.

1.16.3.2 No cytokine overexpression in control group mice
Without reaching significance, VYC-15L also tended to increase the production of IL-6 (177+68

pg/mL) in the control group compared to vehicle (103431 pg/mL). In contrast, IL-6 was not

increased in any other conditions in control (Figure 20A).

No significant differences were observed for IL-1B protein quantification between all
condition. Nevertheless, it has been observed higher heterogeneity in IL-1B inflammatory
responses in LGl group. Indeed, for LGl group the coefficient of variation for vehicle, LMW
VYC-15L, VYC-15L, LMW HYC-24L+ and HYC-24L+ were respectively 38%, 45%, 28%, 24% and
35%, while in the control group the coefficients of variation were respectively 29%, 20%, 8%,

23% and 23% (Figure 20B).

The positive LPS stimulation induced by an intradermal injection of LPS at 5pg/mL induced
significant overexpression of IL-6 in control group (350+130 pg/mL) and LGI group (3501147
pg/mL) compared to vehicle condition (102420 pg/mL). Similarly, the positive LPS stimulation
induced a significant overexpression of IL-1B in control group (374+122 pg/mL) and in LGI group

(419495 pg/mL) compared to vehicle condition in control group (137+/39 pg/mL).
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Figure 20: Inflammatory modulation in low-grade phenotypes in the presence of HA

Inflammatory modulation in low-grade phenotypes. Skin IL-6 and IL-1f3 in control mice (n=5)
and low-grade inflammation mice (n=5) in response to vehicle, LMW VYC-15L, VYC-15L, LMW
HYC-24L+ and HYC-24L+ after 24h intradermal injection. IL-6 and IL-1B were quantified by
ELISA assay and samples were normalized to 1000ug of total protein per conditions. *P < 0.05,
**%*P<0.0001 vs respective vehicle.

1.16.3.3 Control group did not induce higher ACh-mediated vasodilation

ACh-mediated vasodilation was not different between control and LGI groups except in the
presence of VYC-15L and its fragment in LGI group (Figure 21B) as described previously (Table
5). These differences, confirmed that low-grade inflammatory model reacted differently in
presence of VYC-15L (Figure 21B). LGl microenvironment modulated vasodilation pathway in

the presence of crosslinked HA and their degradation products.

Furthermore, we showed that an acute intradermal injection of LPS (positive control) strongly
increased basal skin blood flow in LGl group, but not in control group (Figure 21). In these

conditions (dilated vessels), Ach could not induce vasodilation in the presence of LPS in LGI
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group. In contrast, ACh-meditated vasodilation was increased by LPS (69+32%) compared to

vehicle (43£12) in the control group as described previously (Table 6)
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Figure 21:Vasodilation responses to VYC-15L and HYC-24L+ in a low-grade phenotype

Basal skin blood flow (A) and ACh-mediated vasodilation (B) in control (PBS) and low grade
inflaimmatory (LGI) mice in the presence of vehicle, LMW VYC-15L, VYC-15L, LMW HYC-24L+
and HYC-24L+. **P<0.01, ***P < 0.001 vs respective vehicle. Each point represents one

measurement of iontophoresis. 5 mice were used for each condition.
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Basal skin blood flow (a.u): Mean +SD

Conditions Control LGI group P-value*<0.P,5 Vs
group (1) (2) resp. vehicle
Vehicle control 45113 49111

VYC-15L fragments 3817 54118 ns

VYC-15L 4916 67118 <0.048 (2)
HYC-24L+ fragments 35115 56+10 ns
HYC-24L+ 3819 44110 ns

LPS 49110 114+39 <0,0001 (2)

Table 5: Basal skin blood flow in control and LGl group

Vasodilation responses: Mean % + SD

- Control LGI group P-value*<0.0,5 vs
Conditions .
group (1) (2) resp. vehicle
Vehicle control 43112 32+15
VYC-15L fragments 42113 72+40 <0,0011 (2)
VYC-15L 28115 87+33 <0,0001 (2)
HYC-24L+ 1347 3749 ns
fragments
HYC-24L+ 1315 34+15 ns
LPS 69132 816 <0,0261 (1)

Table 6: Vasodilation responses in control and LGl group
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1.16.3.4 Vasodilation responses are not correlated with VCAM-1 and COX-2 expression
It appeared that VCAM-1 and COX-2 were not significantly overexpressed in the presence of

VYC-15L and HYC-24L products compared to vehicle condition either in control or low-grade
group after 24h stimulation (Figure 22A and B). In contrast, VCAM-1 was overexpressed in the
presence of the positive LPS control in control group (13668+3400 pg/mL) and LGI group
(17380+3600 pg/mL), compared to vehicle condition (less than 9000 pg/mL) (Figure 22).
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Figure 22: Vascular markers quantification

Vascular markers quantification. VCAM-1 and COX-2 were quantified after 24h of stimulation
with vehicle control, LMW VYC-15L, VYC-15L, LMW HYC-24L+, HYC-24L+ and LPS as positive
control by ELISA assay. Each condition has been compared to control condition (vehicle) in each

group (Control or LGI group).
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Discussion
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Hyaluronic acid fillers are designed to lift the tissue and add volume to improve the aesthetic
appearance of wrinkles or loss of volume to counteract effect of aging. Nevertheless, some
rare late adverse effect, as described in “Introduction”, lead to inflammatory and non-
inflammatory nodule and granuloma development few month or year after the first injection
(192). Link to the low percentage of late complication developed, we supposed, that
degradation of crosslinked HA in time, inducing different range sizes of HA fragments, could
be involved in these late complications. Furthermore, it has been reported that delayed onset
nodules are more common in immune-reactive patients and particularly those with active
autoimmune diseases (173). Main auto-immune disease such as rheumatoid arthritis or lupus
have in common a low-grade inflammatory microenvironment (194). The possible
inflammatory role of low molecular weight of HA and HA non degraded in a low-grade

inflammatory environment, has never been explored.

In this context, the objective of this thesis was to evaluate the inflammatory and vascular
responses of crosslinked hyaluronic acid and its degradation products in an inflammatory
environment. For this purpose, we used two different crosslinked HA, from VYCROSS®
technology and UltraPlus XS (HYC-24L+) from HYLACROSS® technology. In order to study the
potential different behavior of dermal skin cells in high or low-grade inflammatory
environment in presence of these crosslinked HA and their low molecular weight degradation

product. Vascular aspect was assess using low grade inflammatory mice model.
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1) Microenvironement and cells interactions

Understanding the effect of hyaluronic acid and its degradation product, implies taking into
account the microenvironment. Microenvironment, is complex environment involving all cell
type in the skin. It can be modulated by phenotypes of cells, by intern and extern stimuli
inducing inflammatory environment. In case of homeostasis dysregulation, altered
microenvironment may become persistent leading to chronic inflammation as observed in
aging (198). Immune cells have long been considered to be the major players in inflammatory
deregulation. Nevertheless, it is now well known that other cell type such as fibroblasts and
endothelial cell play a major role in immune responses. Dermal fibroblasts are the key cells to
synthetize the ECM composed by many components including collagen and ELN fibers. But
they are also known to stimulate vascular inflammation through cytokines and chemokines
production (199), leading to endothelial activation and leukocytes attraction (187, 200, 201).
This can amplify the pro-inflammatory effect on the microvascular system. Microvascular
endothelial cells are the major components of dermal blood vessels and are clearly involved
in skin inflammatory process. Endothelial cells participate to synthesize and secrete
chemokine and cytokine in response due to different factor (202). IL-1B and TNF-a are specific
inflammatory mediators, activating endothelium and permitting vessels hyperpermeability
allowing leucocyte infiltration. And these vascular modulations are described in skin diseases
linked to a chronic inflammation (66, 203). Thus, inflammation is a common condition that
affects the vasculature, but is also a skin feature that occurs in long-term pathologies, as well
as in short-term conditions at high or low-grade level (66). Inflammatory disorders can induce
on endothelial cells, secretion of chemokine and cytokine leading to immune cells recruitment
(186). This inside-out inflammatory response has been supplemented with an outside-in
signaling involving activated pro-inflammatory fibroblasts interacting with immune cells to
direct endothelial activation (187). In this context, fibroblasts play a critical role in modulating
immune cells such as leukocytes and could be responsible for the establishment of chronic
inflammation (200). We showed that activated endothelial cell, without any immune cell
interaction, could impact dermal cell behaviors such as dermal fibroblast and the ECM
formation. HDMEC secreted pro-inflammatory cytokines leading to a loss of vascular integrity
which is involved in in the development of skin or autoimmune diseases, inducing

inflammatory processes as chronic inflammatory conditions like psoriasis or lupus (204, 205).
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We showed that the secretory microenvironment related to endothelial inflammation could
trigger a perpetual fibroblast inflammatory phenotype that could be responsible for an
exacerbation in ECM degradation with an increase in MMP1 and unstable collagen 1 network.
In contact with endothelial inflammatory secretion, and no immune cells, it appears that
fibroblasts switch from normal to pro-inflammatory phenotype and are less involved in ECM

synthesis.

Vascular inflammation has long been considered an inside-out response, starting with
endothelial activation and extravasation of leukocytes, and eventually leading to an
inflammatory response that spreads outwardly inducing a change in the tissue
microenvironment. While another signaling pathway has emerged: the microenvironment can
modulate vascular inflammatory responses by way of outside-in signaling, whereby activated,

proinflammatory fibroblasts and leukocytes may altered the endothelium (201, 206).
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2) Low molecular weight of HA
Hyaluronic acid has different biological role, in homeostasis but also in pathologies as
described in introduction (93). During healing process, cancer or aging, HA is degraded using
hyaluronidase mainly, inducing HA fragments. Among these fragments, it has been
established, that size matters in biological responses. Indeed, high molecular weight of HA
fragments (>500kDa) are described to be anti-inflammatory, while oligomers (<10 kDa) are
commonly described as pro-inflammatory and implicated in healing process (88). HA
fragments are considered as low molecular weight when they weigh less than 500 kDa to 10

kDa.

In the present work, we have produced different range sizes of HA fragments coming from
two different crosslinked HA. LMW of HA were obtained from 200kDa to 30 kDa depending
on the time degradation and of the filler degraded. Indeed, we showed that VYC-15L induced
smallest fragments than HYC-24L+ after long time degradation and correlated to mass molar
distribution with two different profiles for each crosslinked HA. These results could be
explained by the initial concentration of HA per filler and by their different crosslinking degree.
Indeed, it has been shown that VYC-15L was composed by 15mg/mL of HA while HYC-24L+
was composed by 24mg/mL of HA (166). And that HYC-24L+ was more resistant to
compression and then cohesive than VYC-15L. HYC-24L+ have also better capacities to take up

water than VYC-15L (166).

These differences in composition induce, certainly, a resistance to degradation of HYC-24L+
using hyaluronidase PH-20 (HYLENEX) comparatively to VYC-15L. Furthermore, the difference
in crosslinking degree, induce a different network of polymer, increasing elasticity and
viscosity, giving chemical and physical barrier to enzyme. The enzyme then degrades more
slowly than cross-linked HA, which has a higher degree of cross-linking (76). Nevertheless,
after short time, medium time, or long-time degradation, we have obtained 3 range sizes of
fragments with an average of molecular weight lower than 500kDa. Confirming that we have
produced range sizes of low molecular weight of HA fragments. According to physiological
degradation, we have then obtained a large spectrum of sizes of LMW of HA in order to

evaluate their potential effect of dermal skin cells and in vivo model.

Another important aspect was the endotoxin contamination. We have shown that our

samples were endotoxin free, with less than 0.03EU/mL inside samples degraded. In fact, it
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has been reviewed that studies describing low molecular weight of HA fragments, as pro-
inflammatory, used different sources of HA or enzyme contaminated by endotoxin leading to
inflammation (103, 207). Caution is needed to ensure that the effects are not due to picogram
levels of endotoxin contamination, from either the HA source or from the hyaluronidase used
to generate the fragments (101). Nomenclature and methods to degrade HA must be
considered, and endotoxin quantification must be plan. Nevertheless, choice of type
hyaluronidase and type of degradation must be considered to be in the most physiological
condition. PH-20 is a testicular enzyme encoded by the sperm adhesion molecule 1 (SPAM1),
located on the human sperm surface and inner acrosomal surface. HYLENEX enzyme is
produced by genetically engineered Chinese Hamster Ovary (CHO) cells containing a DNA
plasmid encoding for a soluble fragment of human hyaluronidase (PH-20). But, it has been
found that a similar hyaluronidase to PH-20 was expressed by chondrocytes, synoviocytes and
dermal fibroblasts (208). To be in better skin physiological condition, it will be interesting to
use different type of hyaluronidase, such as HYAL-1, HYAL-2 which mainly use in skin HA
metabolism. Nevertheless, in the body, HA degradation is predominantly mediated by these
hyaluronidases but, it has been reported that all human hyaluronidase have similar catalytic

mechanisms (209).

In addition, as previously mentioned, late complications may appear a few months to a year
after the injection. And we cannot confirm that the products of degradation are not key player
in adverse effects. Indeed, even if we produced range size of fragments, we never tried to
stimulate dermal skin cells with a unique size of fragments purified. It would therefore be
interesting to increase time of degradation, to assess if smaller fragments than 30kDa for VYC-
15L and 80kDa for HYC-24L+ could induce inflammatory responses and ideally identify and

extract size of fragments which could lead to inflammatory reaction.
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3) Inflammation module cell inflammatory responses to crosslinked HA and their degradation
products

An important outcome of studies on molecular mechanisms that underlie inflammation was
that an inflammatory response is not a specialized function of cells of hematopoietic origin
(macrophages, neutrophils, lymphocytes etc.), but rather a fundamental attribute of all
cellular types. Fibroblasts play a critical role in modulating immune cells and could be
responsible for the establishment of chronic inflammation (200, 210). Furthermore, among
skin immunity, endothelial cell plays a major role in homeostasis and pathogenesis,
modulating leucocytes recruitment (41, 211). It appeared then that skin immunity and HA
interaction is a complex model, involving a certain number of cells and mechanisms. In this
way, we assessed crosslinked HA degraded and non-degraded on dermal fibroblasts, HDMEC,

macrophages M1, mature DC and in an integrative model.

4) Crosslinked HA and immune cells
In this work, exogenous LMW HA fragments obtained from crosslinked HA, and non-degraded
HA exhibited different pattern of cytokines release depending on the cell type that was
exposed to a previous inflammatory microenvironment. Macrophages and DC as an important
antigen-presenting cell play a crucial role in inflammatory response and modulate the
pathogenesis of diseases (212, 213). The macrophages M1 can secrete several
proinflammatory cytokines, such as TNF-a, IL-1B, IL-8 (CXCL8) and IL-6 in inflammatory
pathogenesis (214). DC function as immune sentinels and instigators of T cell responses,

secreting chemokine such as CCL5 and CXCL8/IL8 (213, 215).

In 2D model of M1, we showed, that both non-degraded HA induced an increased secretion
of IL-1B and TNF-a at 24h. Nevertheless, this increase in inflammatory markers in the presence
of the two non-degraded HA were not persistent in time, with no differences observed at 48h
and 72h. These results are in accordance with Baeva et al. that reported no inflammation due
to HMW HA added to M1 that were previously stimulated with LPS and IFNE at 72h (100).
Another study, showed that murine macrophages under the inflammatory states, and in
presence of HMW-HA suppressed nitric oxide production (191). Furthermore, the levels of
cytokines induced by HA non degraded in M1 and at 24h were much lower than those

observed after LPS stimulation, as positive control (Supplementary Data).
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LMW HA fragments from the two HA did not increase cytokine level on M1 and mDC, except
for IL-8 on mDC which was overexpressed at 24h in presence of the three range sizes of LMW-
VYC15L. Nevertheless, these differences, as for HA non degraded, were not persistent in time
with no differences at 72h. However, similar to the non-degraded HA results the pro-
inflammatory effect did not last in time revealing possible feed-back mechanisms that allow
cells to adapt from initial inflammatory response (216). It has been described by Avenoso et
al. that miRNA, was involved in the inflammatory modulation in presence of HA
oligosaccharides. miRNAs, are small noncoding RNA molecules (approximately 22 nucleotides
in length) which regulate gene expression binding the 3’-UTRs of their target mRNAs,
degrading mRNAs for cleavage or repressing their translation. In this study, they showed that
mirl46a reduced the inflammatory cascade by modulating TLR4 and NF-kB activation in
presence of 6-mer oligosaccharides (216). Nevertheless, no studies have been done on
implication of miRNA modulation in presence of LMW-HA and HA non degraded. In this way,
it will be interesting to go further in their possible implication, to understand why
inflammatory responses observed at 24h were not persistent in time. Another aspect to study,
is the plasticity of macrophages to modulate their phenotypes and activation according to the
inflammatory context and in presence of HA (217). Indeed, it has been shown that murine
macrophages in presence of HMW-HA promoted an alternatively activated-like state with
gene up regulation such as arginasel, IL.-10 and CCL2 while LMW-HA induced pro-
inflammatory activation (137). Macrophages and dendritic cells can then modulate their
response in presence of HA inducing different step of polarization. It has been also observed
that SOD3 (Extracellular Superoxide Dismutase) plays a role in inhibiting skin inflammatory
response induced by HA fragments with no implication of TLR4. SOD3 inhibited also DC
maturation (218). Nevertheless, in this study, no information was given on the source and

method of degradation of the fragments.

In this work, we supposed that the non-persistent differences between condition could be link
to feed-back mechanisms that allow cells to adapt by anti-inflammatory cytokine secretion.
IL-4 and IL-13, the two main cytokines involved in the switch M1 to M2, were undetectable on
M1 and mDC supernatant, suggesting that these non-persistent inflammatory state with LMW

HA and HA non degraded were not correlated to anti-inflammatory process.
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Furthermore, direct LPS stimulation on M1 and mDC induced a strong and sustained
inflammation up to 72h compared to the mild and transient response obtained with non-
degraded and degraded HA products. LPS is one of the most potent biological response
modifiers known. Indeed, picomolar concentrations are sufficient to stimulate cells of the
immune/ inflammatory/ vascular systems (219, 220) compared to micromolar concentration
of HA (100). LPS is involved in the development of chronic inflammation through massive
increase in pro-inflammatory cytokines that promote the secretion of other inflammatory
mediators and recruiting macrophages to the site of inflammation which contribute to the
disease worsening (221). In addition, LPS has a higher affinity for the TLR4 receptor than HA
(222).

A recent study highlighted that glycosylation, a reversible posttranslational modification, may
regulates the activity of intracellular proteins on murine macrophages and human monocyte-
derived macrophage via B-N-acetylglucosamine (one of the degradation products during HA
degradation). Indeed, they showed that LPS treatment induces a marked increase in protein

O-GlcNAcylation and this glycosylation may reduce inflammation (223).

We showed that M1 and mDC down expressed RANTES (CCL5) in presence of free-endotoxin
HA contrary to literature (224, 225). According to Dong et al. that persistent inflammatory
responses observed with LMW-HA was link to endotoxin contamination. Furthermore, no
differences in CD44 protein expression was observed in presence of each condition on M1 and
mDC while HA binding in response to HA is generally accompanied by an increase in CD44
expression and typically takes 2—3 days on immune cells (99). Suggesting that another
receptor or mechanisms, implicating co-interaction with TLR4 for example, could explain these

different inflammatory responses in presence of HA as illustrated below (Figure 23).
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Figure 23: Receptor pathway implicated in proinflammatory signals by HA fragments
(Adapted from (99))

Indeed, it has been reviewed that different receptors were implicated in mediating the
proinflammatory signals induced by HA fragments from o-HA to LMW-HA. HA fragments lower
than 500 kDa have been described to stimulate proinflammatory cytokine production via TLR4
alone (1), TLR2 alone (2), both TLR2 and TLR4 (3), a complex of TLR4 involving CD44 (4), or via
TLR4 and CD44-mediated uptake that leads to inflammasome activation such as NLRP3 (129,
158, 188, 226, 227). Nevertheless, main publication describing these pathways used human
umbilical cord and it has been reviewed that this type of HA sources was contaminated by
nucleic acid endotoxin (103, 228). Indeed, they showed that HA from umbilical cord was
endotoxin contaminated even after polymyxin B treatment. Furthermore, they showed that
inflammatory responses observed was independent of CD44 using murine macrophages CD44"
/-and IL-1B was not overexpressed in presence of HA (103), questioning a certain number of

studies on HA and its fragments.

5) HA and dermal skin cells
Dermal fibroblasts are the main cell type involved in skin integrity through ECM synthesis.
However, fibroblasts can also dysregulate ECM in the presence pro-inflammatory
microenvironment (195) and are considered as sentinel cell in immune reaction (39, 42, 43).
Microvascular endothelial cells as major components of dermal blood vessels participate to
synthesize and secrete chemokine and cytokine and are implicated in recruiting immune cells
in response to dysfunctions due to different factors (e.g. UV, heat, pathological and
physiological processes) (202, 229). The crosstalk between endothelial cells and fibroblasts

has been studied through fibroblasts influencing endothelial cells, since fibroblasts provide
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ECM support as well as the production of several molecules like VEGF for angiogenesis (230-
233). In addition, (230) it has been suggested that endothelial cells might also affect fibroblasts
since cytokines, chemokines and other molecules present in the microenvironment could
affect skin integrity altering ECM components (234). In skin aging, it has been shown that IL-8
and IL-6 are clearly linked to MMPs modulation and COL1A1 gene and protein expression (235-
237). We showed that the low-grade inflammatory microenvironment produced by activated
endothelial cells induced a strong up-regulation of MMP1 in dermal fibroblasts suggesting
collagen | degradation associated to a reduction in collagen | synthesis due to COL1IA1 gene

downregulation.

In normal condition, we showed that dermal fibroblasts with LMW VYC-15L were able to
upregulate collagen 1 and elastin gene expression showing that HA could promote fibroblast
main function such as ECM synthesis. However, this LMW VYC-15L beneficial effect was lost
in inflammatory fibroblasts (Appendices 6). Fibroblasts stimulation occurs by direct binding of
filler to cellular receptors and addition of exogenous HA has been reported to trigger TGF-f3
signaling and collagen production (238, 239). Collagen production following filler injection is
also observed by enhancing structural support within dermal ECM through mechanical
properties (240). While, endothelial cells in presence of LMW-HA has been reported to
stimulate vascular proliferation, migration, and tubule formation in vitro, secreting cytokines,
MMPs (93) and involved in EC barrier disruption (241) and HMW-HA as antiangiogenic,

inhibiting proliferation and motility (242).

Most knowledge about the different effect of HA on fibroblasts and endothelial cells are based
on endogenous HA and mainly in injuries context. Indeed, it has been reviewed that HA has
both a pro- and anti-inflammatory effect in vivo, and these contradictory functions depend
upon sizes of HA and which receptors is engage (93). Indeed, it is commonly known that o-HA

and native HA can interact with CD44 and RHAMM in fibroblasts and endothelial cells.

Principal function of HA with fibroblast described are in proliferation, migration,
inflammation, cancer, and wound healing. It has been shown that oligosaccharides of HA (o-
HA) accelerated wound closure using CD44 and RHAMM receptor interaction and LMW-HA
increased fibroblast proliferation in wound repair process (243, 244). While native HA induced
a decrease in proliferation (245). And interestingly, in chronic dermal fibroblast, the LMW of

HA fragment at 70kDa reduced fibroblast proliferation (245). Another study, have shown that
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crosslinked HA could induce fibroblast proliferation activity, depending on the bioavailability
of certain binding domains of the HA (246). As said previously, endothelial cells behaviors is
modulated with HA (247). High molecular weight of HA is described as antiangiogenic while o-
HA is a strong stimulator to endothelial cell proliferation using RHAMM receptor on EC

membrane, but not CD44 (248).

In contrast, in the present work, we showed that high or low inflammatory preconditioned
dermal fibroblasts and HDMEC did not induce strong pro-inflammatory cytokines when
degraded and non-degraded HA were added, comparatively to a LPS stimulation at 1ug/mL
(Appendices 3 and 4). Indeed, LPS stimulation induced higher amount of IL-6, IL-8 and IL-1B in
these models. And specific inflammatory mediators are described as endothelium activators
like IL-1B or TNF-a, permitting vessels hyper-permeability allowing leucocyte infiltration, while
IL-6 and IL-8 are described as involved in ECM modulation. Vascular modulations are involved
in skin diseases linked to a chronic inflammation (66, 203, 249, 250). Nevertheless, we showed
that low level of inflammation at less than 10 IU/mL of cytokine can induce important vascular

inflammation leading to ECM alteration.

Contrary to literature we did not observed important anti-inflammatory effect in presence of
crosslinked HA non-degraded. Interestingly, we showed that HA degraded and non-degraded
induce low differences in cytokines release depending on the degree of inflammation and the
cell type. Indeed, we showed that IL-6 was overexpressed in presence of LMW VYC-15L on
HDMEC in high-grade inflammatory state while a low-grade inflammatory state induced down

expression of this cytokine.

These observations, could be explain by a different clustering of HA receptor leading to
different biological effect. Indeed, it has been described that the clustering of CD44 at the cell
membrane can be disrupted when HA is degraded under inflammatory conditions leading to
fragments. CD44 signaling pathway is then altered by declustering, and this modification
increased its availability to interact with other receptor proteins such as RHAMM, TLR4, or
TLR2 (32). Nevertheless, no studies have identified if different degree of inflammation impact

HA receptor clustering.

These in vitro experiments confirm that HA and their biological effects are modulated

depending on the microenvironment (93). We confirmed that LMW-HA did not induced
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strong inflammation on dermal skin and immune cells in endotoxin-free condition, as recently
described and comparatively to an acute LPS stimulation (103). We demonstrated that
depending on the microenvironment and cell types, degraded and non-degraded HA can
induce opposite action to those reviewed in the literature in normal conditions (94). An
unidentified mechanism seems to modulate the cytokine secretion in presence of crosslinked
HA and their degradation products in 2D models from healthy donor, it will be therefore
interesting to evaluate the inflammatory responses using primary cells from sick patients and
more precisely with low-grade inflammatory pathologies. In order to evaluate if the low
inflammatory modulation with crosslinked HA are correlated to altered phenotypes or if an
altered phenotype induce an exacerbate inflammation in presence of HA degraded. Indeed,
an increases in HA are associated with chronic disease processes with unremitting
inflammation such as diabetes (251), rheumatoid arthritis (252), asthma (253) or lupus (254)
have dysregulation of HA metabolism such as overexpression of HAS-2 or in activity of

hyaluronidase leading to inflammatory development.

To conclude this part, we showed that using inflammatory in vitro model, dermal skin cells
and immune cells may slightly respond to HA and their degradation product depending on the
degree of inflammation, on the type of cells and on the type of crosslinked HA. According to
recent study, we confirmed that LMW-HA did not induce exacerbate inflammation and we did
not identify the pathway involved in inflammatory modulation in the different model. These
inflammatory modulations have not been explained but different regulation mechanisms have
been proposed. Previously, we have shown that low-grade inflammation induces a high
inflammatory release of HDMEC which can alter dermal fibroblasts and the synthesis of
extracellular matrix components. In this way, homeostasis and diseases involved different

type of cells and mechanisms leading to regulation or dysregulation.
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6) Crosslinked HA in a mouse low-grade inflammatory model
However, in vitro models present limitations and cannot reflect complexity of the skin whose
homeostasis relies on a finely tuned equilibrium of well-regulated interactions between the
different layers of the skin with their cellular and subcellular structures (255). To better
characterize the cellular response observed after crosslinked HA injection in humans (93, 171),
we also used an in vivo murine model. Super low dose endotoxin in the blood circulation is
one of the emerging risk factors that can cause chronic low-grade inflammation in humans
and animals (256, 257). In the present study, a low-grade inflammation phenotype was
induced by repeated intraperitoneal injections of a super low dose of LPS for 6 weeks in
healthy mice, based on previous studies (176, 177). Furthermore, no signs of suffering or pain
were observed during the entire time of experience, according to NC3R guidelines. This
chronic LPS treatment increased pro-inflammatory cytokines (IL-6 and CCL2) in the plasma,
associated with a moderate skin inflammation revealed by a trend to increase inflammatory
markers (TNF-a, IL-18 and COX-2) within the skin, validating our mouse model of low-grade
inflammation. Indeed, it has been described that a prolonged low dose of LPS stimulation
could induce alteration either on cells or in vivo (176, 258). It’s also described that obese-
diabetic mice, presenting a low-grade inflammation, had an increase of COX-2 level on skin
biopsy correlated to systemic inflammation-associated (259), suggesting that vascular
behavior is altered. In addition, low-grade inflammation is characterized by persistent micro-
inflammation, which is difficult to detect, not symptomatic and could lead to the development
of pathology in time (260, 261). Nevertheless, it’s unclear if low-grade inflammation is cause
of chronic diseases or chronic disease induce this low-grade inflammation. This in vivo mouse
model of low-grade inflammation was then used to study the effects induced by intradermal
injections of crosslinked HA and its degradation products and evaluate differences between

the two crosslinking technologies on skin integrity and microvascular reactivity.

Histological analysis revealed intact skin tissue architecture around the injection site in all mice
that received vehicle, even in the presence of low-grade inflammation, revealing the non-
traumatic nature of the intradermal injection in healthy adult mice. In addition, IL-6 protein
concentration in the skin was not increased 24h after intradermal injection of vehicle in
healthy and inflammatory microenvironment, excluding confounding effects from native HA

degraded by a chronic low-grade inflammation. Nevertheless, it has been shown, that low
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dose of LPS can induce higher production of reactive oxygen species (ROS) (262), and these
products are involved in HA degradation (83). We considered that after 24h of intradermal
injection, native and crosslinked HA cannot be totally degraded at this kinetics in addition to
the non-differences observed in ECM structure between control and low-grade inflammatory

group.

Regarding the injection of exogenous HA and its degradation products, we showed that an
inflammatory infiltration into the skin was more pronounced with VYC-15L compared to HYC-
241+, particularly in mice with a low-grade inflammatory phenotype. Likewise, non-degraded
VYC-15L was the only product to increase the IL-6 concentration in the skin in healthy
conditions (more than 1.6 respect to corresponding vehicle, without reaching significance)
and in the presence of low-grade inflammation (more than 2.3-fold than vehicle), confirming
the results highlighted by histological analyses. Indeed, it has been shown that IL-6 was
essential in recruitment of leucocyte, regulating their infiltration, angiogenesis, and collagen
accumulation (263). Nevertheless, skin labeling of CD31 and Collagen IV did not show
differences in vessels quantity between VYC-15L and HYC-24L+ after 24h intradermal injection
(Data not shown), suggesting that after 24h, IL-6 produced by VYC-15L, does not induce higher
angiogenesis process or that 24h time stimulation was not enough to observed vessels
formation. Nevertheless, IL-13 levels were not different between each condition. Even if, we
observed that low-grade inflammatory group present a certain heterogeneity in inflammatory
responses respect to control condition. It has been reported that patient with low-grade
inflammation respond differently to the same treatment suggesting a possible individual
alteration in response (264). Moreover, working on vivo models, many parameters have to be
taken into account that can lead to heterogeneous responses, such as the stress of the mice,
the environment, population in the cages or the individual factors of each mouse even if these

mice come from the same lineage.

We suggest that this cutaneous inflammation induced by VYC-15L injection was more due to
mechanical effects due to filler injection and/or tissue integration rather than its biological
effects, since LMW degradation products did not increase IL-6 protein concentration. In
contrast, HYC-24L+ did not modulate IL-6 concentration in the skin independently of
inflammatory microenvironment. These different observations between VYC-15L and HYC-

24L+ can be explained by their different compositions, structure, or rheological properties
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known to influence filler performance (166). Indeed, it has been described that rheological
properties, degree of cross-linking and concentration of HA inside the gel may have different
biological and physical effects, but mainly on degradation process (265, 266) as explained

above.

In contrast to our results, native HA, crosslinked HA and HMW degraded products of HA are
commonly described as anti-inflammatory and in inflammatory model of interstitial cystitis,
these HA decreased level of IL-6, IL-8 and permeability (267), and thus used as treatment in
osteoarthritis (268) to reduce inflammation. While LMW-HA, commonly described as pro-
inflammatory can also be used as anti-inflammatory, modifying their chemical structure (269).
Furthermore, it has been shown that depending on the type of chemical modification, LMW-
HA can be highly inflammatory or anti-inflammatory (269). This highlight different effects of
HA and/or its degradation products according to the chemical modifications and properties,
to the tissue (skin vs cartilage) and the inflammatory phenotype of the microenvironment, as

observed on in vitro study.
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7) Crosslinked HA modulate vascular function in low-grade inflammatory group
About vascular function, we showed that VYC-15L was the only product capable of modulating
this function of the skin in the presence of a low-grade inflammation. Indeed, basal vascular
tone of the skin was not changed by the injection of HA and their degradation products in all
mice, except following the VYC-15L injection in low-grade inflammatory mice. In addition, we
showed that endothelium-dependent vasodilation in response to acetylcholine (ACh) were
increased by VYC-15L and its degradation product compared to vehicle in low-grade
inflammatory mice, associated with an enhanced intragroup heterogeneity. This enhanced
ACh-mediated vasodilation illustrates an abnormal endothelial function, which was not
observed with HYC-24L+. We showed that higher vasodilation responses were not correlated
to higher number of vessels in these conditions by histological observation (Data not shown).
Nevertheless, it has been shown that crosslinked HA can induce angiogenesis (240). After 1,
2, 4 and 12 weeks post intradermal injection on aged individual, no inflammation by
histological analysis was observed (240) but an increase number of blood vessels in the mid
to deep dermis in filler-injected skin, using endothelial cell marker CD31 quantification (240)
have been reported. While in this work we did not see differences in vessels density after 24h
injection. It will be therefore interesting, to evaluate in a low-grade phenotype if an increase
number of vessels can be observed in presence of VYC-15L in a long time post intradermal

injection.

ACh is the most widely used drug to assess the endothelial L-arginine/nitric oxide (NO)
pathway. In normal condition, it has been shown that vasodilation in response to ACh
administration predominantly involves the production of NO (178, 270). Inhibition of
endothelial NOS abolishes ACh-induced vasodilatation whereas specific and non-specific
inhibitions of COX-1 and COX-2 have no effect on this vasodilatation (271). While in obese-
diabetic mice associated with low-grade inflammation ACh-stimulated vasodilation could rely
on COX-2 pathway, as previously reported (259). We showed a slight COX-2 overexpression in
low-grade inflammatory mice respect to control that could contributes to this inflammation-
linked adaptation in dermal microvascular reactivity. However, how VYC-15L and its
degradation products could interact with COX-2 or the related vasodilators PGI2 and PGE2
remains unknown in the skin, although a link between the hyaluronan-mediated inflammation

and arachidonic acid metabolism via the COX pathway was identified for monocytes and

152



macrophages (272). Moreover, interaction of HA with arachidonic metabolism and COX-2 was

recently identified in other cell types like astrocytes involved in neuroinflammation (104).

The VCAM-1 protein mediates the adhesion of immune cells to vascular endothelium and is
involved in endothelial cells permeability. VCAM-1 is also used as marker with ICAM-1 to
evaluate endothelial cells activation (273). Furthermore, it has been shown that an
upregulation of VCAM-1 may contribute to impaired endothelium-dependent relaxation (274)
and it can be activated by pro-inflammatory cytokines and also by ROS or toll-like receptor
agonists. VCAM-1 expression may be modulated by HA. Indeed, it has been shown that LMW-
HA at 40 kDa and o-HA at 6.9-kDa induced overexpression of VCAM-1 while native HA induced
less VCAM-1 expression on synovial cells from patient with rheumatoid arthritis (275). In this
work, similarly to COX-2, VCAM-1 was not overexpressed in presence of HA degraded and non-
degraded even if a heterogeneity intra-group have been observed either on control and low-
grade inflammatory group. Therefore, besides endothelial cells, we cannot rule out the
possible involvement of other cells such as macrophages in the enhanced response to Ach in
inflammatory context. Among vasodilation pathway, other markers have to be evaluated to
determine what mechanisms is involved. Indeed, vasodilation can be induced by different
pathway. Endothelial cells in presence of ACh induce eNOS upregulation and its activity is also
regulated at the transcriptional level by VEGF (Vascular Endothelial Growth Factor), insulin
and bFGF (basic Fibroblast Growth Factor) leading to NO production (276). And in this work

we did not quantified VEGF and NO production in presence of HA products.

To conclude, we showed that depending on the microenvironment, HA crosslinked and more
precisely VYC-15L induced higher ACh-mediated vasodilation respect to control group with no
direct implication of COX-2 and VCAM-1, suggesting that another pathway is involved.
Furthermore, vasodilation response is correlated to an increase of IL-6 in these conditions
suggesting that low level inflammation seems to be involved in vasodilation response. Low-
grade inflammatory phenotypes induced a sensitivity to ACh in presence of VYC-15L while
HYC-24L+ did not, suggesting that vascular modulation could be link to mechanical and

rheological properties of the filler.
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Conclusion & Perspectives
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For almost 20 years, hyaluronic acid has been the main filler used in corrective aesthetics to
counteract the effect of time on the skin. It is described as non-immunogenic and
biocompatible. However, as with any medical device, certain complications may appear to be
mainly related to a technical problem. Nevertheless, some rare late adverse effect has been

reported inducing delayed complication such as late-onset inflammatory nodules reactions.

In this preliminary project in collaboration with AbbVie (Legacy Allergan), we hypothesized
that the complication could be related to a predisposition of patients to have a low-grade
inflammatory environment and that degradation products of crosslinked HA could be the key
of complication in this microenvironment. We evaluated two different crosslinked HA using
different crosslinked technology VYCROSS® and HYLACROSS®. We highlighted that, range sizes
of LMW-HA did not induce directly exacerbate inflammation on dermal skin cells and immune
cells under different degree of inflammation as described recently. Furthermore,
inflammatory modulation observed on these models were not persistent and were specific to
HA degraded but also HA non-degraded. We have shown that a highly inflammatory
microenvironment induced reverse responses in a low-grade inflammatory environment.
Suggesting that depending on the cellular inflammatory phenotype, degraded and non-
degraded HA induced different mechanisms. Nevertheless, apart from immune cells, we used
primary dermal fibroblasts and HDMEC coming from healthy donors. In this way, it will be
interesting to used primary cells, such as PBMC, fibroblasts and EC coming from patient having
a low-grade inflammatory phenotype to evaluate in these condition HA metabolism and
pathway which could react differently in presence of HA degraded and non-degraded. We can
underline that range size of fragments could be lower than an average at 30kDa for VYC-15L
and at 80 kDa for HYC-24L+. It will be interesting to increase time of degradation to produce
o-HA which are clearly involved and described as pro-inflammatory. We decided to used range
size of fragments to be the more in physiological condition but it will be interesting to purify
and concentrate LMW-HA of the same size and treat cells to assess if LMW-HA effect is

dependent of the concentration.

The development of an integrative model using the LPS mouse model induced by a super-low
dose of LPS, has shown that LMW-HA according to in vitro results did not induce any
inflammatory or vascular reaction while VYC-15L and in a low-grade inflammatory phenotype

induced higher ACh-mediated vasodilation correlated with an increase of IL-6. Highlighting,
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that VYC-15L non-degraded induced a sensitivity to ACh follow by a basal skin blood flow
increased while the other crosslinked HA did not modulate vasodilation responses, illustrating
an abnormal endothelial function depending on the type of crosslinked HA. To go further in
the comprehension of this differences, it will be necessary to do the link between IL-6 increase
in skin biopsy, the physico-chemical properties and ACh-mediated vasodilation. To establish if
the vascular response and inflammatory response observed in low-grade inflammatory
phenotype, is correlated to the difference in crosslinked technologies, it will be interesting to
evaluate other VYCROSS® products and compare it to VYC-15L. Furthermore, we evaluated
vascular and inflammatory responses, with no increase in vessels density. In this sense,
evaluating the effect of cross-linked HA in a low-grade inflammatory model on angiogenesis

and inflammation over a long period of time could answer a certain number of points.

furthermore, it would be useful to evaluate the degradation of HA in an in vivo inflammatory
model by injecting hyaluronidase leading to the production of different fragments directly into
the tissue and thus assess during degradation whether the degraded products may lead to an
alteration of vascular functions correlated with exacerbated inflammation. Furthermore, LPS
mice model is an experimental model and according to our hypothesis, suggesting that
complication could be related to pathologies undiagnosed such as auto-immune diseases. It
will be therefore necessary to use chronic inflammatory model or auto-immune models such
as diabetic mice (NOD), Lupus mice model (NZM2410) or intestinal hyperpermeability mice
model leading to systemic endotoxemia in order to evaluate if HA mechanism altered induce

inflammatory response to crosslinked HA.
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Biological effect of hyaluronic acid products and wound healing

Abstract

Hyaluronic acid is a molecule whose constant synthesis and degradation allow a
multitude of biological processes. It is a finely regulated process to maintain tissue
regulation and homeostasis. In the human body, different studies demonstrated that
endogenous and exogenous HA were mainly degraded or altered inducing modulation
of their physico-chemical properties and biological effects such as wound healing, and

inflammation according to different mechanisms, described in this review.

Keywords

Hyaluronic acid, metabolism, inflammation, wound healing

International Journal of Cosmetic Science

172



oONOULT DA WN =

International Journal of Cosmetic Science

1. Introduction

In 1934 Karl Meyer and John Palmer discovered hyaluronic acid, a combination of uronic
acid and an aminoglycan, in the vitreous humour of eyes. It is by associating the terms
uronic acid and the word hyaloid, from the greek "hyalos" meaning vitreous, that they
proposed the term hyaluronic acid (1). It was only in the 1950s that HA structure and its
properties were discovered (2-5). They have shown that HA was composed of a
repeating disaccharide units and they highlighted the sensitivity of HA to UV or X-ray
inducing its complete degradation (5, 6). Each disaccharide has a molecular weight
around 400 Da but depending on the number of repeating units in a polymer it can reach
to 20 MDa (7, 8). As mentioned above in the body, the proportion of HA and its size

depends on the tissue and the type of synthesis.

More than 50% of the total HA content of the whole body is located in the skin.
Endogenous HA has other important functions in the skin but also in other tissues
playing a role in organogenesis (9), angiogenesis (10), reactive oxygen species (11),
cancer (12, 13), chondrocytes (14), lung injury (15), inflammation (16) and immune
regulation (17). It exists in many forms of HA: circulating, associated within tissue and
inserted into the extracellular matrix. This hydrophilic molecule is used in the treatment
of osteoarthritis, giving elasticity at the cartilage and increasing the viscosity of the
synovial fluid using exogenous HA (18). Hyaluronic acid thus plays a valuable role in the
joints as a lubricant and shock absorber. These various effects have been studied in
recent years, highlighting the complexity of this regulation (19, 20) .

These commercial products use HA crosslinked with crosslinking agent to increase the
longevity of HA and their rheological properties. The most common agent used and
studied over 15 years in industry is the BDDE (21) according to its biodegradability and
stability (21). Contrary to endogenous HA which has a half-life of 24 to 48 hours in the
skin, exogenous crosslinked HA can have a clinical duration that can reach or exceed 1
year (21). The interest of these fillers are their properties to counteract the loss of
moisture and elasticity in the skin and the development of wrinkles improving skin

quality and appearances.
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2. HA metabolism
2.1 Intrinsic synthesis
Hyaluronic acid is a molecule whose constant synthesis and degradation allow a
multitude of biological processes to be precisely modulated. It is a finely regulated

process to maintain tissue regulation and homeostasis.

The mechanism of synthesis of hyaluronic acid is a fast and efficient process (19).
Hyaluronic acid is produced mainly on the surface of the fibroblasts by extrusion into
the extracellular matrix in association with numerous receptors such as CD44. Unlike
other GAGs, hyaluronic acid is not synthesized in the Golgi apparatus but on the inner
surface of the plasma membrane of the cell by transmembrane proteins: the HAS
(Hyaluronan synthases). The intrinsic production of HA is provided by three mammalian
hyaluronan synthases: HAS1, HAS2 and HAS3 (22, 23). The sequence homology between
the three HA is very high (24) but these enzymes differ in their stability and in the length
of the HA chain produced. Indeed, HAS1 and HAS2 produce a hyaluronic acid twice as
long as HAS3. In this way, long linear chains of HA are formed on the cell surface and
play an essential role in the cell microenvironment in keratinocytes, fibroblasts,

endothelial cells and cells of the immune system (25).

It has been reported that HAS plays different roles in the development according to the
different tissues or cells types, synthesizing different sizes for different functions (26,
27). The different activations of HAS have been reported in vitro to be modulated by
cytokines, growth factor or chemokines in homeostasis and diseases like rheumatoid
arthritis. For example, TGF-B activates HAS1 while it suppresses HAS3 activities in
synoviocytes (28); and IL-1B and TNF-a induces HAS2 mRNA on lung fibroblasts (29).

Intrinsic hyaluronic acid is finely regulated leading to different size and proportion of HA
dependent of the tissue. Indeed, in healthy condition, HA in human synovial fluid has
an average molecular weight around 6 to 7MDa, in normal blood serum is mainly
relatively low from 100 to 300 kDa, while in human normal skin the average of molecular

weight is around 4 to 6 MDa (30).

International Journal of Cosmetic Science

174



ONOUV DA WN =

U uUuuUuuuUuuUuUuUuUuBEDDDE,DBEBDDEDAEDDDAWWWWWWWWWWNNNNNNNNNN=S = = =2 23 3 23 339
OCOWONOUPAWN=—_O0O0VWONOCTUDBDWN=—_OVONOIOTUDRARWN-_OVONIOTURARWN=-=OOVONOOULDWN=O

International Journal of Cosmetic Science

2.2 Extrinsic synthesis

Hyaluronic acid can be obtained by tissue extraction or produced by bacterial
fermentation. Tissue extraction can be carried out from tissues containing large
amounts of HA such as the rooster crests. With tissue extraction from animals, 10 000—
15 000 monomeric units per chain corresponding to an average of 4-6 MDa can be
extracted (7). Nevertheless, these methods have drawbacks such as cost and difficulty
in purification, which increases the risk of allergies and infections.

Recombinant HA production has emerged as an alternative using Gram-positive and
Gram-negative bacteria as hosts, including Bacillus sp, Lactococcos lactis and Escherichia
coli (31-33). Bacterial fermentation is the most common process to produce HA (34). HA
is synthesized in the cell membranes and excreted into the media to facilitate
manipulation and purification. With this technique, some risks remain with the
existence of a possible contamination by endotoxins (35, 36). Bacterially produced HA
can vary in molecular weight, producing low molecular weight of HA to very high
molecular weight, depending on the monomeric units per chain (7).

Then, some chemical modifications are carried out in order to increase the half-life of
HA in the body or modify its rheological properties according to the desired indications

(Figure 1) (37, 38).

The main chemical modification is the use of crosslinking agents, inducing the formation
of the gel producing a network of polymer, imposing a chemical and physical barrier to
enzymatic and free radical breakdown. Indeed, enzymes and free radicals degraded then
slowly crosslinked HA than native HA due to the large size of crosslinked HA and theirs

difficulties to penetrate the gel (7).

3. Crosslinked HA and its properties
Crosslinked hyaluronic acid is a biocompatible, viscoelastic, and hygroscopic compound
(39, 40). One of the main properties of HA is its capacity to surround itself with water
molecules, being a highly hydrophilic polymer, preventing dehydration and maintains
skin structure. These properties can be modulated by the length, the molecular weight
and the different degree of polymerization of HA (7) and give different rheological

properties, clinical indications and durations depending on the crosslinking (38, 41).
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Their characteristics can be modulated depending on the cross linker used, its degree of
crosslinking, the gel hardness, its consistency and the total HA concentration, which is
the amount of HA per milliliter of finished product. All these characteristic modulations
change the lifetime of HA in the skin (7, 42).

According to its capacity to have different rheological properties and actions, hyaluronic
acid has been studied in many fields in order to understand its action on the organism,

its metabolic role but also its interest in therapeutics and corrective aesthetics.
Its properties give the possibility to develop a large variety of filler.

4. Degradation
In the human body, in vivo and in vitro experiments demonstrated that endogenous and
exogenous HA were mainly degraded or altered inducing modulation of their physico-
chemical properties and biological effects (5) according to different mechanisms: by
enzymatic degradation by hyaluronidases and B-glucuronidases and -
acetylglucosaminidases (43), by action of hydroxyl radicals (44), UV (45), PH in solution

(46), Heat (46, 47) or combination of sonication, ultrasound, H,0,, and copper lon (48).

Hyaluronidases cleave the B1-4 bond Hyaluronic acid and generate hyaluronic acid
fragments on variable sizes. There are six genes in the human genome coding for
hyaluronidases of varying tissue distribution (49). In humans, genes coding for
hyaluronidases include HYAL-1, HYAL-2, HYAL-3, HYAL-4, HYALP1 and PH-20 and form
two clusters on two different chromosomes (50). These enzymes are found in organs

such as the spleen, skin, eyes, liver and in some body fluids.

HYAL-1 and HYAL-2 are the predominant isoforms to cleave HA and have ubiquitous
expression. HYAL-2 begins by cleaving high molecular weight HA into intermediate sized
fragments (about 20 kDa) that is mostly bound to the CD44 receptor. Its expression is
limited to lysosomes. HYAL-1 cleaves the biopolymer into monosaccharides follow by
lysosomal enzymes (B-glucuronidases and B-acetylglucosaminidases) leading to the
formation of tetrasaccharides (800 Da) and then ending by single sugars formation

(Figure 2) (50).
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The fragments of HA during the enzymatic process have been reported to induce
transcription of MMPs (51) and stimulated endothelial cell activation (52) while
oligomers (6 to 20 kDa) have been reported to be proangiogenic, pro-inflammatory and

immune-stimulatory (53).

The role of HYAL3 in the degradation is not completely elucidated, but it seems to
contribute to HA metabolisms by increasing the HYAL1 activity (54). PH-20 is a testicular
enzyme encoded by the sperm adhesion molecule 1 (SPAM1), located on the human
sperm surface and inner acrosomal surface. These enzymes are not totally specific to

hyaluronic acid, HYAL4 can cleave chondroitin sulfate (50) for instance.

The progressive degradation of large polymers of hyaluronic acid by enzymatic reactions
generates polymers of variable sizes. It has been reported that these different sizes of
HA exert extremely diverse and often opposing biological functions. The mechanisms
underlying this opposite signaling are still poorly defined but could involve competition
for membrane receptors and induce inflammatory, immuno-stimulatory and angiogenic

responses (55).

Nevertheless, hyaluronic acid can be degraded by other factors than enzymes like UV
rays, y, a combination of ultrasounds, ultrasound, H,0,, and copper lon, by oxidation-
reduction depolymerization (by hydrogen peroxide and or ascorbate) or by heat and/or

under pressure (48, 56, 57).

The use of HA crosslinked as filler is also subject to be degraded. Crosslinking agents
used to increase the HA stability in the skin have been shown not to interfere with the
natural enzymatic process described above (58). In fact, it has been reviewed by De
Boulle et al. 2013 that crosslinked HA have the same enzymatic, hydrolytic and oxidative

degradation process as native HA in the body (21) .

5. HA Receptors
Secreted into the extracellular matrix, HA molecules and fragments are incorporated
into the extracellular matrix and are capable of interacting with receptors in order to
transmit different cellular signals and thereby influence the behavior of the cells, which

could in turn modify their differentiation, migration and phenotypes (59, 60).
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HA acts through its binding to various cellular receptors of the transmembrane type.
CD44 is the main receptor, the most studied today. Its state of glycosylation is one of
the elements conditioning its ability to bind with HA. The other receptors are: RHAMM,
TLR (Toll-Like-Receptors) 4, HARE and LYVE-1.

5.1CD44

CD44 is the major hyaluronic acid binding protein and its function has been extensively
studied. CD44 is widely expressed in almost all types of cells in humans and mice. Within
this family, there are many post-translational modifications that can modulate the
affinity of CD44 to HA (61). The smallest isoform, without variant, is called "standard"
CD44s and is expressed in most tissues. Its main role is that of receptor for hyaluronic
acid. This molecule is involved in cell/cell and cell/matrix extracellular adhesion (62). It
is involved in many biological processes, such as lymphocyte recruitment,
hematopoiesis, embryogenesis and wound healing (63-65). CD44-HA binding is
important not only for intercellular interactions, but also for interactions between the
cells and the ECM and affects numerous functions, including inflammation, cancer and
metastasis (66, 67) as well as cell migration (68). This receptor is essential for the
inflammatory process in correlation with TLR4 in presence of lipopolysaccharides (LPS)
(69-72). Furthermore, it has been shown that CD44 and its isoforms are overexpressed
or involved in some inflammatory pathologies, such as cancer (73), asthma (74) or

rheumatoid arthritis (75).

5.2 RHAMM

The second major HA receptor is the Receptor for Hyaluronan Mediated Motility
(RHAMM). RHAMM can be located on the cell surface, the cytoplasm, the nucleus, or
the ECM. RHAMM is a functional receptor in many cell types including endothelial cells.
In interaction with HA, RHAMM plays an important role in tissue injury and repair (76).
Furthermore, it has been shown that RHAMM was not an absolute requirement for
normal development (77) and RHAMM is not directly involved in the inflammatory
process in presence of HA and HA fragments unlike CD44.

5.3 Toll-Like Receptor 2 and 4
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The TLRs are involved in the different inflammatory process. There are about 10
different TLRs. Among them, TLR2 and TLR4 have been identified as initiators of immune
responses in presence of lipopolysaccharides, mycobacteria and gram-positive

organisms (69, 78, 79).

Many types of cells have Toll-like receptors (TLRs) on their surfaces such as
macrophages, dermal fibroblasts and endothelial cells (80). The activation of TLRs by
binding to their natural ligand leads to signaling cascade resulting in the nuclear
translocation of the NF-kB transcription factor, which modulates the transcription of
different target genes. Thus, genes coding for pro-inflammatory chemokines and
cytokines will be activated such as TNF-a and IL-6, resulting in the local recruitment of
various cells such as polynuclear cells and macrophages. The activation of TLRs also leads
to the release of certain natural antimicrobial molecules and to an increased

phagocytosis process of the cells.

Among all its interactions, TLR2 and TLR4 seem to be receptors of HA. Some studies
show that in the absence of TLRs, and in the presence of HA fragments, there is no
induction of cytokines and chemokines (81) and that HA oligomers induce dendritic cells

maturation via TLR4 (53).

Del Fresno et al. showed that hyaluronic acid upregulates IL-1R-associated Kinase-M, a
negative regulator of TLR signaling inhibiting IRAK4/1 complex, to deactivate human
monocytes via CD44 and TLR4 (82). In a melanoma, small HA fragments stimulate
expression of MMP2 and IL-8, leading to NF-kB activation, enhanced the motility of cells,

in part in a TLR4-dependent manner (83).

Nevertheless, this part is controversial. In fact, there is no direct evidence that LMW of
HA binds to TLR2 or TLR4, and some reports have suggested that the inflammatory
response in the presence of fragments of HA was linked to samples contamination by

endotoxin during the degradation process done in vitro using hyaluronidase (84).

5.4 Other receptors

Other receptors are known to interact with hyaluronic acid such as: HARE and LYVE1

regulating lymphatic endothelial cells functions, Brevican and neurocan modulating
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neuronal development and brain tumor invasiveness and SHAP-1 and TSG-6 involved in

osteoblastic differentiation, in fertility, in complement activation and injury and fibrosis.

6. Biological effect of HA and its degradation products in wound healing

Physical properties and size distribution induce different signaling pathways leading to
different biological effects. According to its high molecular weight, hyaluronic acid
possesses structural effect allowing its association with the fibers of the extracellular
matrix in the tissues. It contributes to the hydration of the extracellular matrix and
tissues through its hydrophilic and viscoelastic properties due to its helical structure and
negative charges. But during the different process of ECM remodeling, pathologies,
aging or healing, hyaluronic acid can be degraded using specific enzymes named
hyaluronidase and some lysosomal enzymes. These enzymes can produce different
range sizes of molecular weight of hyaluronic acid fragments, including oligomers of HA
(0-HA) from 10 Da to 10kDa, low molecular weight of HA (LMW-HA) from 10kDa to
250kDa, medium molecular weight of fragments (85) from 250kDa to 1000kDa and high
molecular weight of HA (HMW-HA) from 1000 kDa to ~6000 kDa (20, 86, 87) (Table 1).

Endogenous hyaluronic acid and its degradation products have different biological
effects. The two main effects are its role in wound healing process and the second and

most controversial is its role in regulating the immune response.

Hyaluronic acid plays a role in the 3 phases of wound healing. During the first phase,
specific hyaluronidases and lysosomal enzymes degrade hyaluronic acid into oligomers
of variable sizes. The high concentration of oligomers, which interact with CD44, causes
diapedesis of leukocytes and macrophages and stimulates the production of pro-
inflammatory cytokines (88). During the proliferative phase, the increase in the
concentration of oligomers allows the organization and stabilization of the extracellular
matrix that facilitates the migration of fibroblasts, leading to the formation of capillaries
and a granuloma in the wound. During the remodeling phase, the cells produce native
hyaluronic acid and it is this that binds to CD44 stopping the signaling pathway leading

to stop the proliferation of endothelial cells.
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Concerning high molecular weight of HA, it is considered as anti-inflammatory. By
inhibiting the activation of the nuclear factor NF-kappa B in wound healing process,
Baeva et al. observed that monocytes and macrophages under different inflammatory
stimuli and in presence of high molecular weight of HA suppressed IL-1f production (89).
Indeed, it has been discovered that HA macromolecules mask the membrane receptors
of the cells involved in the inflammatory reaction, thus preventing their activation and

contributing to the anti-inflammatory action (20, 90).

Numerous studies have evaluated HA in inflammation link to their degradation products
but the recent controversy suggest that inflammatory responses are correlated to o-HA

size dependent and not link to low molecular weight of HA.
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