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in various models of human diseases



Abstract :

Impaired wound healing is a major unsolved clinical problem in aging, diabetes,
sickle cell disease (SCD), glucocorticoid (GC) therapy or Cushing syndrome.

First, we investigated the mechanisms underlying SCD ulcers, using SAD transgenic
mouse model with mutated human beta globin. Old SAD mice displayed delayed
healing correlated with the severity of anemia and hemolysis, as in human SCD,
related to impaired cutaneous angiogenesis and poor endothelial progenitor cell
(EPC) mobilization from the bone marrow. CXCL12 secretion by keratinocytes and
inflammatory cells in SAD wounds was low. Noticeably, local wound therapy with
EPCs or with recombinant CXCL12 restored wound angiogenesis and healing in old
SAD mice.

Second, we questioned the role of mineralocorticoid receptor (MR) in wound healing
and proposed that MR blockade could improve reepithelialization in pathological
situations (GC-treated skin, diabetic mouse models); | also participated to the
demonstration that MR blockade limits GC-induced epidermal atrophy in human skin.
We used skin explants from mouse and humans, full thickness skin wounds on the
back of mice, and analyzed wound closure after skin biopsy in healthy volunteers
pre-treated with GC, as a post-hoc study of the SPIREPI clinical trial. We found that
MR blockers can rescue the pathological delayed wound healing while they did not
modify wound closure in normal condition. We show that the improvement of GC-
induced wound healing delay by MR blockade involves restoration of keratinocyte
proliferation and down-regulation of the epithelial sodium channel. These results
suggest an important and entirely novel role for MR in to improve delayed wound

closure.



Résumé:

Le retard de cicatrisation (RETCIC) est un probléme clinique majeur, touchant les
gens ageés, les diabétiques, drépanocytaires (DR), ou traités par les glucocorticoides
(GC). Nous avons abordé les meécanismes des ulcéres DR dans un modele
transgénique ayant un gene beta globine humain muté (SAD). Les souris SAD agées
ont un RETCIC corrélé au degré d’anémie et d’hemolyse, comme dans la DR
humaine ; le RETCIC est lié a l'altération de I'angiogenése cutanée et un faible
recrutement de cellules endothéliales progénitrices (EPC) depuis la moelle. La
sécrétion de CXCL12 dans la plaie par les kératinocytes et les cellules
inflammatoires est diminuée. Fait notable, le traitement local de la plaie par des EPC
ou du CXCL12 recombinant restaurent 'angiogenése et une cicatrisation des souris
SAD agées.

Nous avons ensuite abordé le rdle du récepteur minéralocorticoide dans la
cicatrisation cutanée, et proposé ses antagonistes (MRA) pour améliorer le RETCIC
en pathologie (traitement local GC, diabéte murin); jai aussi participé a la
démonstration de l'effet bénéfique des MRA sur l'atrophie épidermique GC-induite
chez 'lhomme. A l'aide d’explants de peau murine et humaine, de plaies cutanées
crées sur le dos de souris, et par I'analyse de la cicatrisation de biopsies chez le
volontaire sain aprés traitement GC (étude post-hoc de l'essai SPIREPI), nous
montrons que les MRA améliorent le RETCIC pathologique, et n’affectent pas la
peau saine normale. Nous avons montré que l'effet bénéfique des MRA topiques
implique une augmentation de la prolifération kératinocytaire et le canal sodium
épithelial. Ces résultats montrent un rdle inédit et important du MR cutané dans la

cicatrisation.
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CHAPTER 1 - INTRODUCTION

The primary function of the skin is to serve as a protective barrier against the
environment. Loss of the integrity of large portions of this barrier -as a result of injury
or disease- may lead to major complications or even death. The ability of the skin to
repair any wound is therefore a main skin “duty” in order to keep a proper
homeostasis. Wound healing represents therefore a major organ functional ability of

the skin in humans as well as in mammals.

Skin repair is a multistep complex biological process that requires a close interaction
of multiple cell types in a highly coordinated program. It involves hemostasis,
inflammation, angiogenesis, migration and proliferation of progenitor cells, as well as
production and remodeling of the extracellular matrix (ECM). As a peculiar example
recent studies have allowed a better understanding of the intervention of distant stem
cells derived from distant tissues such as bone marrow in order to allow cutaneous

healing.

Abnormalities of wound healing are very common. These lead mainly to impaired
repair that itself provokes chronic ulcers. The causes of such healing delays are
multiple. During the work of this PhD, we chose to focus on the mechanisms
implicated in a severe circumstance of wound healing delay, namely sickle cell
disease. We also extended my work toward the implication of a new pathway
implicated in cutaneous repair, namely mineralocorticoid receptor (MR) activation.
Such pathway may play a beneficial role in important disease with healing delay such

as diabetes and skin adverse reactions to glucocorticoid treatments.
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| - A - Mechanisms implicated in normal skin wound
healing

The normal mammalian response to cutaneous injury occurs in overlapping stages:
detersion, inflammation, new tissue formation, and remodeling (Singer and Clark
1999; Gurtner et al. 2008). Full healing is achieved only after a long lag time that may
reach one year in humans. Many cellular and molecular players are involved in well-
orchestrated dynamic and very complex processes. These phenomena include
phagocytosis, production of enzymes and reactive oxygen species, cell proliferation,
cell apoptosis, and migration that occur at different time points. Recent discoveries
have led to many attempts to cell and stem cell therapies for pathological wound
healing (Lau et al. 2009). The main achievements concerning the four phases of

cutaneous wound healing will be summarized here.
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Figure 1. Stages of wound healing process.
Schematic representation of the three different phases of wound repair (Werner and
Grose 2003).

A- Inflammatory phase: 12—-24 h after injury the wounded area is filled with a blood

clot. Neutrophils have invaded into the clot.

B- New tissue formation: at days 3—7 after injury, the majority of neutrophils have
undergone apoptosis. Instead, macrophages are abundant in the wound tissue at this
stage of repair. Endothelial cells migrate into the clot; they proliferate and form new
blood vessels. Fibroblasts migrate into the wound tissue, where they proliferate and

deposit extracellular matrix. The new tissue is called granulation tissue.
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Keratinocytes proliferate at the wound edge and migrate down the injured dermis and

above the provisional matrix.

C- Tissue remodeling: 1-2 weeks after injury the wound is completely filled with
granulation tissue. Fibroblasts have transformed into myofibroblasts, leading to
wound contraction and collagen deposition. The wound is completely covered with a

neo-epidermis.
| - A-1-Inflammatory phase

This stage corresponds to the classical early stage of wound repair although all
phases are redundant (Figure 2). Components of the coagulation cascade,
inflammatory pathways and immune system are needed to prevent ongoing blood
and fluid losses, to remove dead and dying tissues and to prevent infection. This
stage involves hemostasis first, and mechanisms of inflammatory response as the

second step.

Inflammatory Phase (Day 3)

Figure 2. The first stage of wound healing — inflammation.

Schematic representation of main cellular actors involved in wound inflammation
(Singer and Clark 1999).
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1- Hemostasis

Skin injury causes vascular disruption and extravasation of blood constituents. The
first step of wound healing is thus hemostasis to stop the bleeding. During this initial
phase, three steps occur in a rapid sequence. Vascular spasm is the first response
as the blood vessels constrict in the earlier minutes to prevent ongoing blood and
fluid losses. In the second step, the activated platelets and endothelial cells from
existing but altered dermal capillaries will play a major role. The formation of the
platelet plug results from the platelet aggregation at the sites of vessel breaks.
Platelets stick together to form a temporary seal that covers the break in the vessel
wall. This plug is fragile. Is strengthening requires the formation of a blood clot
which, leading to the formation of a fibrin clot. Such aggregated platelets on altered
endothelia provides an important matrix scaffold for neutrophils and monocytes
(Tonnesen et al. 2000). Indeed such scaffold reinforced by the fibrin clot also serves
as a gradient of cytokines, chemokines and growth factors that are able to direct
inflammatory cell recruitment. To do so, platelets secrete several chemokines and
growth factors implicated in early wound repair stage such as IL-1, TNF, TGF-q,
TGF-B, PDGF and VEGF, platelet factor IV (PF4) and complement proteins
(Broughton et al. 2006; Barrientos et al. 2008). In addition, activated endothelial cells
activate COX-2 and -synthesize products of arachidonic acid degradation, namely
various prostaglandins that cause vasodilation and an augmentation of vascular
permeability, and leukotrienes, particularly LTB4, which activate and recruit

neutrophils and macrophages (Broughton et al. 2006).

2- Inflammatory response

Shortly after plug formation, polymorphonuclear leukocytes (neutrophils, PMN) begin
to transmigrate into the wound site, followed later by monocytes/macrophages. They
are recruited to the wound in response to IL-1, TNF, TGF-3, PF4 mainly coming from

platelets, and later from activated endothelial cells.

As said, neutrophils invade the wound in large numbers, within a few minutes of
injury, as a result of IL-1, TNF, TGF-B, PF4 secretion locally (Singer and Clark

1999). Neutrophils transmigrate through the vascular wall by diapedesis, this being
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facilitated by the modifications of permeability induced by secreted prostaglandins.
The primary function of recruited neutrophils is the debridement of devitalized tissue
and phagocytosis of foreign particles, as well as bacteria. These neutrophils also
secrete proteolytic enzymes such as serine proteases (cathepsin G, proteinase-3,
elastase, urokinase-type plasminogen activator) and metalloproteases (Weiss 1989).
As a consequence of the functionality of myeloperoxidase (MPO), PMN generate
cationic peptides and oxygen free radicals, which display anti-microbial activity
(Broughton et al. 2006; Eming et al. 2007). Furthermore, some studies showed that
neutrophils are an important source for pro-angiogenic factors, including VEGF-A
and IL-8 (Li et al. 2003; Ancelin et al. 2004; Ohki et al. 2005; Schruefer et al. 2006).
During normal wound healing in mice, the number of PMN is maximal at day 2 of the
wound and then gradually decreases and disappears, even before complete re-
epithelialization (Kim et al. 2008). Their presence in large numbers is observed in
chronic wounds (Simpson and Ross 1972; Diegelmann 2003). Neutrophils are
eliminated primarily by apoptosis and then by phagocytosis by macrophages (Witko-
Sarsat et al. 2011).

The influx of neutrophils is quickly followed by the migration of monocytes. These are
recruited from the circulating blood and marrow to the wound site in response to
chemo-attractants and differentiate locally into macrophages (Werner and Grose
2003). In addition to these major newly recruited monocytes/macrophages, another
population of resident skin macrophage is also presented at the wound side,
although with a low density and minor role (MacDonald et al. 2010). The infiltration of
macrophages increase during the inflammatory stage, peak at day 2 of the wound
and their number gradually decreases during maturation stage, but these cells are
massively remained at later time (Martin and Leibovich 2005). There are several
evidences for characteristic of macrophages. Some reports have demonstrated
macrophages in wound as the IL4 activated cells since these macrophages express
various markers of tissue remodeling after activated by IL4 (Raes et al. 2002; Wynes
and Riches 2003; Mosser and Edwards 2008; Martinez et al. 2009). In contrast, a
work on aseptic wounds described wound macrophages as cells bearing the

activation markers such as TNFa, mannose receptor (Daley et al. 2010).

The importance of inflammatory cells in wound healing is a hot topic. Macrophages
are the cells that are responsible for ending the local inflammation steps as well as
15



the initiation of the following steps of proliferation, angiogenesis, granulation tissue
formation, fibroblasts recruitment, and remodeling of the wound (DiPietro 1995).
However all these tasks relate on two types of macrophages, called the M1 and M2
macrophages. Of note, the M1 macrophages are activated in response to microbial
agents like lipopolysaccharide (LPS) and inflammatory cytokines like IFNy. In turn,
these cells exhibit antimicrobial properties by release of many important pro-
inflammatory cytokines such as TNFa, IL-18, IL-6, or IL-12, and overexpress MHC
class Il molecules. On the other hand, M2 macrophages, which seen as a result of
activation macrophages by IL4 and IL13, are activated macrophages. They are a
much more heterogeneous population, composed of all macrophages that do not
correspond to M1 characteristics (Gordon 2003; Mantovani et al. 2004). It has been
reported that M2 macrophages play an important role in angiogenesis, wound
healing and the protection against parasitic infection (Gordon 2003). However, these

cells are also involved in several diseases, such as fibrosis, allergy (Duffield 2003).

Thus, both M1 and M2 macrophages are pivotal for healing process. Therefore, the
balance between the two phenotypes is important in the different stage of wound
healing. More M1 macrophages are needed to remove debris and to kill invading
pathogens, while M2 macrophages may have more important role in later phases. In
this context, study of Sindrilaru et al indicate that an unrestrained proinflammatory
M1 macrophage population lead to alteration of wound healing in humans and mice
(Sindrilaru et al. 2011).

The infiltration of macrophages into wound bed is changed during the healing
process suggesting different roles of these inflammatory cells in the diverse phases
of wound repair. Indeed, it has recently been demonstrated that early depletion of
macrophages during the inflammation phase of a surgical wound leads to a reduction
of angiogenesis and the formation of granulation tissue together with an alteration of
the re-epithelialization (Mirza et al. 2009; Lucas et al. 2010). In contrast, an
invalidation of macrophages during the intermediate stage of proliferation causes a
hemorrhage in wound and prevents the transition to the maturation and remodeling
phase. Finally, depletion of macrophages during the late phase of remodeling does
not affect the final result (Goren et al. 2009; Lucas et al. 2010). However, it has been
suggested that inflammatory cells are not needed for wound closure since the study
showed that wound healing on PU.1 null mice (which lacked macrophages, mast
16



cells and functional neutrophils) treated with antibiotic is similar to wild types. The
actions of macrophages are mediated by the secretion of a large number of cytokines
and growth factors including EGF, TGF-a, TGF-3, PDGF and VEGF, IL-1, IL-6 and
TNF-a (Barrientos et al. 2008). Macrophages also participate to the debridement of
wounds by releasing NO in the extracellular medium by the action of iINOS induced
by IL-1 and TNF-a (Goldman et al. 2004).

Of note, in addition to neutrophils and macrophages, other innate immune cells,
such as mast cells, dendritic cells, eosinophils and basophils can be recruited in the
wound bed (Noble and Jiang 2006). Moreover, a role for T cells and B cells in the
wound healing process has also been demonstrated. Indeed, in the absence of
dendritic cell-derived T cells, healing is delayed (Jameson et al. 2002), and
epidermally-derived T cells locally secrete growth factors in the skin during the
healing process (Toulon et al. 2009). Mice that are deficient in B-1 cells exhibit
increased inflammatory cell infiltration, particularly neutrophils, and have a delayed

healing response (Oliveira et al. 2010).

| - A -2-New tissue formation

This proliferative phase includes, angiogenesis, and proliferation and migration of
fibroblasts, synthesis of components of the extracellular matrix of the dermis and
finally keratinocyte proliferation. It is characterized by the formation of granulation

tissue and results in healing of the wound.

1- Angiogenesis and vasculogenesis

Angiogenesis is a vital component of the normal healing process. In addition to
angiogenesis which consists a sprouting of capillaries from preexisting blood vessels,
several studies suggest that the vasculogenesis process also participates in the
vascular regeneration during wound healing. It consists of generation of new vessels,
from endothelial progenitor cells (EPCs) mostly derived from the marrow or even
resident skin (Amoh et al. 2004; Eming et al. 2007) (figure 4).
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Figure 4. Angiogenesis and vasculogenesis: This is part of the proliferative
phase. Angiogenesis is predominantly regulated by macrophages, endothelial cells
and keratinocytes. The most important mediator during this phase is VEGF
(Mahdavian Delavary et al. 2011).

In setting of injury, resident skin endothelial cells (ECs) migrate into the wound at the
leading tip of capillaries, forming tube-like structures (ref) that continue to extend,
branch, and creating networks. These events are first promoted by the resident skin
progenitors, and of course require a dynamic temporally and spatially regulated
interaction between ECs various angiogenic factors, and surrounding ECM proteins
(Tonnesen et al. 2000). The angiogenic factors that can stimulate wound
angiogenesis are gradually being elucidated. Indeed, FGF-1 and FGF-2 are the first
members of FGF family to be discovered that have potent angiogenic activity (ref).
Fibrin and fibrinogen bound FGF-2 could enhance the proliferation of ECs through
induction of intergrin av3 and FGF-R1 (Sahni et al. 1999; Sahni and Francis 2004).
In addition, induction of avp3 by FGF-2 can also facilitate localization of MMP-2 to
ECs that can subsequent promote EC migration (Brooks et al. 1996). Furthermore,
FGF-2 together with VEGF, TNF-a and hypoxia could promote increase of plasmin
levels, which activates invasion of ECs into fibrin matrix, modulating EC migration
and angiogenesis (Koolwijk et al. 1996).
18



In addition to FGF, VEGF is vital angiogenic factor in wound angiogenesis. This
protein is secreted by numerous cell types including keratinocytes, macrophages,
ECs, fibroblasts. Regarding to functional activity, it has been demonstrated that
VEGF can bind to fibrin or fibrinogen, that in turn facilitates localization and mitogenic
activity of VEGF at wound sites in modulating EC proliferation (Sahni and Francis
2000). Of note, functional activity of VEGF is also enhanced through the interaction
with it receptor VEGFR. Indeed, VEGFR2 that express on surface of ECs, interacts
with VEGF and induce the activity of ECs, stimulate the formation of new capillary.
Moreover, the activity of VEGF is modulated by up-regulation of several intergrin
receptors (avp3, a1p1, and a2p1) and enhanced expression of the anti-apoptotic
protein Bcl-2 (Senger et al. 1996; Senger et al. 1997). The expression of VEGF
during wound healing is variety and is regulated by many factors including hypoxia,
eNOS derived NO, and inflammatory cytokines (Murohara et al. 1998; Murohara et
al. 1998). Of note, VEGF is highly expressed during granulation tissue formation from
day 4 through 7 after wounding, promoting the EC proliferation, migration and
modulate angiogenesis, while FGF-2 expression peak after initial wound and
declines towards day 7, suggesting the different role of these factors in wound

angiogenesis (Nissen et al. 1998).

Furthermore, there are many other molecules that are known to be involved in
angiogenesis during wound healing, such as Angiopoietins (Angs), Tie-1, Tie-2, TGF-
B. Angs comprise a family of four ligands that are EC-specific growth factors,
exhibiting separate but synergistic effects with VEGF on angiogenesis. They act by
means of the Tie2 receptor, which is mainly expressed on surface of ECs
(Papapetropoulos et al. 2000; Tonnesen et al. 2000). Ang-1 induces the association
of new vessels with pericytes and vascular smooth muscle cells, resulting in their
stabilization. In contrast, Ang-2 acts as an antagonistic ligand of Tie-2 receptor and
induces destabilization and remodeling vessels (Saharinen et al. 2011). Both Ang-1
and Ang-2 as well as Tie-2 are expressed in wound tissue, especially the
upregulation of Ang-2 and Tie-2 was observed upon injury. Interestingly,
overexpression of Ang-1 in wound of diabetic mice stimulated various events of
wound healing including angiogenesis (Bitto et al. 2008). TGF-b could promotes
angiogenesis through stimulate the recruitment of macrophages that then would

produce other active angiogenesis factors (Tonnesen et al. 2000).
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In addition to angiogenesis and vasculogenesis derived from local prognenitors,
several studies have shown the recruitment of bone marrow-originated cells into
cutaneous wounds (Asahara et al. 1999; Fathke et al. 2004; Galiano et al. 2004; Bluff
et al. 2007; Okuno et al. 2011). Fathke et al. using marrow chimeric mice
demonstrated the presence, of endothelial cells deriving from the marrow in healing
skin specimens. These authors reported that less than 0.1% of total cells from the
marrow are present in wounds and co-express CD31 by day 28 after wounding
(Fathke et al. 2004). Asahara et al. studied the bone marrow-derived cells (BMDCs)
in the skin wounds of wild-type (WT) mice transplanted with bone marrow of
transgenic lacZ protein, which was under the control of an endothelial-specific
promoter flk-1 or tie-2. The number of endothelial progenitor cells (EPCs) CD34+
CD31+ from the marrow was maximal at day 4 after surgical wound and decreased
to a very low level after 4 weeks once the healing has ended (Asahara et al. 1999). In
the same way, using the Tie2/lacZ bone marrow transplant (BMT) model, Bluff et al.
also found BM-derived EPCs in skin wounds. The kinetics was not the same, the
number of marrow derived EPC increased gradually from day 5 and peaked at 14
days post wounding (Bluff et al. 2007). This may relate to wounding differences. In
contrast, using a GFP-bone marrow chimeric mice, Okuno et al. showed that BMDCs
found in acute and chronic wounds did not express CD31, but rather the leukocyte
antigens CD45 (70%) and CD11b (45%) by flow cytometry, and F4/80 by
immunohistochemistry. These wound recruited marrow- cells appear to be M2
macrophages, recruited under the chemotactic action of CSF. They express
metalloproteinases. Indeed, pharmacological inhibition of CSF or invalidation of CSF-
1 gene led to a delayed angiogenesis and wound healing (Okuno et al. 2011). In the
same study, when the recipient mice were grafted with full VEGFR2-GFP bone
marrow cells, GFP cells co-expressing CD31 were detected in the skin wounds. In
contrast, when mice were grafted with the LysM-GFP bone marrow, GFP cells
detected in the wounds expressed F4/80 (Okuno et al. 2011). Therefore there seem
to be in the marrow a population of progenitors able to form vessels in the wounded
skin as well as another population of myeloid cells that secrete VEGFa and stimulate
paracrine angiogenesis. In addition, bone marrow-derived mesenchymal stem cells
(MSCs) are capable of differentiating into endothelial cells (Wu et al. 2007). These

reports are therefore at least partly contradictory and open the question of the degree
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of involvement of bone marrow-derived EPCs in angiogenesis and vasculogenesis

during skin wound healing.

Several recent studies have demonstrated the impact of EPCs during wound healing
process (Montesinos et al. 2004; Bauer et al. 2006; Bluff et al. 2007). By using
Tie2/GFP BMT model, Montesinos et al. have found very few (approximately 1%)
BM-derived EPCs in the newly formed vasculature of excisional wounds at day 3,
although this proportion increased to 3% by 6 days post wounding, with 3.34 £ 0.63
BM-derived EPCs per mm? at day 6 (Montesinos et al. 2004). In agreement with this,
studies of Bluff et al. showed the low frequency and temporal expression of EPCs in
newly formed vessels in granulation tissue, suggesting that they do not make a
significant contribution to the neovascularization of cutaneous incisional wounds.
Indeed, EPCs contributed only 4.4% + 1.5% of total ECs in the granulation tissue
(Bluff et al. 2007). In contrast, other investigators have shown a larger EPC

recruitment to this wound type (Bauer et al. 2006)

2- Migration and proliferation of fibroblasts

Fibroblasts proliferate, migrate to the center of wound and invade the granulation
tissue. They are activated essentially by growth factors PDGF, EGF and FGF and
inflammatory cytokines IL-1 and TNF-a secreted by platelets, macrophages and

keratinocytes (Broughton et al. 2006) (Figure 5).
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Figure 5. Migration and proliferation of fibroblast in wound
Source: (Van De Water et al. 2013)

(A) In normal tissues, fibroblasts are shielded from “routine” external mechanical
perturbations in the skin by ECM. Following a skin injury, the wound is filled with a
provisional matrix of fibrin, fibronectin and a complement of growth factors and
cytokines. Fibroblasts, along with blood vessels, are stimulated to migrate into center
of wound, forming granulation tissue. (B) Tractional forces accompanying fibroblast
migration are responsible for local areas of increased stiffness in newly made
collagen. Focal adhesion assembly is increased with increasing stiffness and this is
accompanied by clustering of integrins within focal adhesions and increased stress
fiber assembly resulting in fibroblast acquisition of the proto-myofibroblast phenotype.
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In response to platelet, endothelial and macrophages cytokines, fibroblasts
synthesize initially a provisional extracellular matrix composed of collagen type |lI
glycosamicoglycanes, elastin, and fibronectin (Broughton et al. 2006). During this
process, cellularity at the wound site increases and this proliferative phase lasts for
several days until the wound area is filled to restore tissue integrity. The dermal-
epidermal interaction is crucial during this phase and during all the remaining healing
process. In incisional wounds, TGF- expression is maximal at day 7 and modulates
remodeling of the extracellular matrix. TGF-B stimulates the synthesis of type |
collagen by fibroblasts, inhibits the production of matrix metalloproteases (MMPs)
and increases the production of tissue inhibitors of metalloproteinases (TIMPs)
(Barrientos et al. 2008). In excisional wounds, TGF- stimulates the differentiation of
fibroblasts into myofibroblasts. Such cells express smooth muscle actin (a-SMA),
have contractile activity and cause contraction of the wound (Darby et al. 1990; Sethi
et al. 2002).

There are conflicting data on the origin of fibroblasts repopulating skin wounds. In
their model of chimeric transplanted GFP marrow mouse, Fathke et al. showed the
presence of BMDCs in the skin wounds at a late time (day 42), having a fusiform
fibroblast-like appearance, capable of contracting collagen matrix in vitro and
expressing collagen | and Ill. They also showed that collagen | was also expressed
by dermal non-bone marrow-derived cells (GFP- cells) (Fathke et al. 2004). These
results suggest that at least part of the dermal cells secreting collagen | derived from
bone marrow. In contrast to these results, it was recently shown using another
model, that wound fibroblasts expressing collagen type | were never of marrow origin
(Higashiyama et al. 2011). All these data leaves the subject of the origin of fibroblasts

involved in wound healing pending for further works.

3- Re-epithelialization

Re-epithelialization of injured skin is a major and later step in the formation of new
tissue. It generally involves the migration of adjacent epidermal keratinocytes into
center of wound, the proliferation of keratinocytes from wound edges and or hair
follicles remnants. The wound re-epithelialization is ensured by local epidermal
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progenitoes from the wound edges as well as by epithelial stem cells from hair
follicles or sweat glands (Martin 1997; Miller et al. 1998; Roh and Lyle 2006; Lau et
al. 2009). This process is activated by signaling pathways of epithelial and non-
epithelial cells at the wound edges, which release a myriad of different cytokines and
growth factors, e.g. hepatocyte growth factor (HGF), fibroblast growth factor (FGF),
epidermal growth factors (EGF), insulin-like growth factor-1 (IGF-1) (Werner and
Grose 2003). Wound re-epithelialization is also promoted by various receptors such
as G-protein coupled receptors, tyrosine kinase receptors (Sano et al. 1999; Amendt
et al. 2002; Ashcroft et al. 2003; Chmielowiec et al. 2007; Raja et al. 2007), or
nuclear receptors as peroxysome-proliferator-activated receptors, androgen,
estrogen and glucocorticoid receptors (Icre et al. 2006; Michalik and Wahli 2006;
Pullar et al. 2006)
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Figure 3. The new tissue formation phase (including reepithelialization): during
this phase active fibroplasia, neovascularization and reepithelization occurs.
Dependent on the macrophage phenotype more or less ECM is produced via

fibroblasts and myofibroblasts (Mahdavian Delavary et al. 2011)

24



Keratinocyte migration is an early event in wound re-epithelialization (Hell E et al
1979). The keratinocytes initially respond to an injury by migrating from the edges of
the wound. Desmosomes are cell-cell junctions that provide the tensile strength of
the tissue. Basal epidermal keratinocytes at the wound edge change morphologically:
they become flattened and desmosomes, are altered (Matsuzaki et al. 2004). As a
result of the morphological changes, epidermal cells at the edge of a wound display
lateral mobility and an ability to migrate. Hemidesmosomes, are junctions that link
the epidermal cells to the basement membrane. They becomes also altered in order
to allow keratinocytes to migrate (Matsuzaki et al. 2004). In addition to wound edges,

the keratinocyte migration occurs also from remaining skin appendages.

Multiple elements are involved in keratinocyte migration and re-epithelialization,
including the ECM, MMPs, integrin receptors, and growth factors. The effect of the
keratinocyte growth factor (KGF) on re-epithelialization and wound healing is still
discussed. KGF mRNA is highly expressed during wound healing (Werner et al.
1992) and KGF stimulates keratinocyte proliferation and migration (Tsuboi et al.
1993). Sanz Garcia et al. identified that EGF, KGF and basic FGF (bFGF) all
promote wound re-epithelialisation (Sanz Garcia et al. 2000). However, Guo et al.
reported that mice null for the KGF gene showed no delay in healing of dorsal
incisional wounds and tail wounds (Guo et al. 1996). In mice where FGF function had
been blocked in the epidermis using a truncated FGFR2-Illb, Werner et al. reported

healing of incisional dorsal wounds was delayed (Werner et al. 1994).

TGF-B1 is also one of the most important players for epithelial cell migration during
re-epithelialization (O'Kane and Ferguson 1997), as it stimulates the expression of

integrin subunits that promote keratinocyte migration on the provisional ECM.

Keratinocytes use their surface integrin receptors to interact with a fibronectin-rich
provisional matrix. The direction of migration is also regulated by the binding of
keratinocytes integrin receptors on the newly formed collagen molecules in the
wound bed. Dissociation of this binding allows the keratinocytes to migrate from the
edges toward the wound center. MMPs also play an important role in keratinocyte
migration by their involvement in this dissociation. Migrating keratinocytes produce
MMPs, such as MMP-9, which specifically degrades type IV collagen and laminins in
the basement membrane. This allows cells to leave the basement membrane and

migrate into the wound (Parks 1999).
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It has been shown that the decrease in caspase-8 expression in keratinocytes of
wound edges raises Kkeratinocyte proliferation (Lee et al. 2009). Migrating
keratinocytes express keratins 6 and 16, loose the expression of gap junction
proteins as connexin 43 (Brandner et al. 2004), and overexpress 31 integrin, allowing
them to interact with components of the extracellular matrix (ECM) of granulation
tissue and to migrate to cover the wound (Margadant et al. 2010). Once
keratinocytes cover all the granulation tissue, they loose the expression of keratin 6
and 16 and start to express keratins 14 and 5 of the basal layer. These keratinocytes
synthetize proteases such as MMP-1 and basement membrane proteins such as
laminin-5, which allow them to re-epithelialize the wound (Eming et al. 2007). Basal
keratinocytes differentiate thereafter following the physiological epidermal program,
giving suprabasal layers expressing keratins 1 and 10, and subsequently the terminal
differentiation markers including fillagrin, loricrin and involucrin (Singer and Clark
1999). It has been nicely shown that in addition to interfollicular epidermal
progenitors, hair follicle stem cells were also involved in wound re-epidermization (Ito
et al. 2005).

A restoration of an intact basement membrane that connects the epidermis and
dermis occurs through proteins secretion by keratinocytes and fibroblasts (Li et al.
2007; Gurtner et al. 2008) (Figure 3).

| - A-3-Tissue remodelling phase

After the recruitment of inflammatory cells, the angiogenesis, cell proliferation, and
re-epithelialization steps, have finished; we are facing healed skin but that still is far
from a normal skin. At that time point, begins the remodeling phase. This stage aims
to restore a better tissue structural integrity and functional competence. This last
phase consists in the synthesis of the dermal extra cellular matrix and its subsequent
changes over time. During this period, there is a balance between the synthesis of
new components of the extracellular matrix and their degradation by proteases. The
processes of regression of granulation tissue are not well known. Key elements of
this stage are the regression of vascular structures, decrease of leukocyte infiltrate
which returns progressively to a normal level and substitution of transient

components of the extracellular matrix as vitronectin, fibronectin and type Ill collagen
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by the permanent collagenous fibrous components such as type | collagen (Li et al.
2007). The apoptosis of leukocytes and endothelial cells is a major mechanism,
responsible for the decrease of their number in the granulation tissue (Desmouliere
et al. 1995). Other mechanisms involve the reduction of local expression of growth
factors and chemokines, decreasing the recruitment and proliferation, and the
augmentation of expression of anti-inflammatory and anti-angiogenic cytokines
(DiPietro 1995).

The formation of the extracellular matrix follows a specific process during wound
healing. Initially, the matrix is composed of fibrin and fibronectin as a result from
hemostasis. Glycosaminoglycans and proteoglycans are then synthesized by
fibroblasts (Broughton et al. 2006). This primary matrix will then be replaced by a
more resistant and organized matrix composed of collagen. In healthy skin, collagen
in the dermis consists of 80-90% of type | and 10-20% type Ill. However, during early
steps of wound healing, type Ill collagen becomes the predominant collagen
synthesized by fibroblast in granulation tissue. Col Il first appears after 48 to 72
hours (30%) and is maximally secreted between 5 and 7 days. The peak of type Il
collagen is precocious and matches with a peak of fibronectin (Ehrlich and Krummel
1996; Li et al. 2007). MMPs and their inhibitors (TIMPs) are responsible for the
remodeling of extracellular matrix components. Their activity and synthesis is
influenced by changes in local concentrations of TGF, PDGF, IL-1 and EGF (Henry
and Garner 2003). Collagen synthesis is continued for 4 to 5 weeks after wound. The
initially deposited collagen is thinner than that in a non-injured normal skin and
oriented parallel to the skin surface. It will be subsequently digested, and new, thicker
and organized collagen is deposited in bunches along the skin tension lines.
Nevertheless, the dermis will never recover its original structure and the wound will
not recover its strength at 100%: at one week, the healing skin displays 3% of its
original strength. It increases progressively to 30% in 3 weeks, and 80% after 3

months (Diegelmann 2003; Broughton et al. 2006).
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Figure 6. Tissue remodeling phase: During this phase the balance between ECM-
breakdown and -formation is important and determines the eventual scar result. The
balance is determined by among others the micro-environment, macrophage

phenotype and T-cell response (Mahdavian Delavary et al. 2011).

| - B - Endothelial progenitor cell- a key actor of
angiogenesis and wound repair

EPCs are bone marrow-derived progenitor cells that were first discovered as
significant contributors to neovascularization by Asahara et al. (Asahara et al. 1997).
In response to injury, these cells are recruited into circulation and homed to ischemia
sites; these cells undergo in situ differentiation, and ultimately participate to the

formation of new vessels (Asahara et al. 1999; Carmeliet 2004) (Figure 7).
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Figure 7 : Implication of EPCs in wound angiogenesis and vasculogenesis

Light microscopic detection of EPCs in wound-healing site created in skin of Flk-1/LZ/
BMT and Tie-2/LZ/BMT mice. Flk-1—expressing EPCs in granulation tissue (A) of Flk-
1/LZ/BMT and Tie-2—expressing EPCs in blood vessels (D) of Tie-2/LZ/BMT were

observed 4 days after wounding (Asahara et al. 1999).

Although the molecular identification of EPCs remains a topic of debate, studies
suggest that two functionally distinct subpopulations exist based on in vitro isolation
techniques: early outgrowth EPCs and late outgrowth EPCs (Sieveking et al. 2008;
Asahara et al. 2011). Specifically, early outgrowth EPCs appear to function in a
paracrine role in promoting neovascularization whereas late growth EPCs directly
differentiate into endothelial tubes (Sieveking et al. 2008). EPCs have been
characterized and classified based on multiple markers. However, none of the
markers used are specific for EPCs (Timmermans et al. 2009). However, a common
feature of EPCs is their functional ability to mobilize and home to injured areas and
promote vessel formation (Lamping 2007). Although the mobilization of EPCs is a
complex event and that the mechanisms that specifically recruit these cells to wound
sites remain under investigation, numerous molecules and signaling pathways have
already been addressed and showed to be implicated in this process. EPCs are
thought to mobilize from BM and home to areas of endothelial damage via adhesion
molecules. Alternatively, resident EPC may be present at low levels in tissues (ref).
The secreted proteases cathepsin L and MMP2 regulate the transmigration of EPCs.
These cells may subsequently mature and differentiate towards the endothelial
lineage (Urbich et al. 2005; Cheng et al. 2007).
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Of note, nitric oxide (NO) signaling and reactive oxygen species (ROS) have also
been implicated in EPC mobilization and activity (Gallagher et al. 2007; Hamed et al.
2009). Moreover, previous studies indicate that EPCs are mobilized in response to
tissue ischemia. This probably results through cytokine and/or chemokine secretion
from ischemic tissue, thereby augmenting neovascularization of ischemic tissues
(Takahashi, T 1999; Ishida, Y 2012).

Among cytokines implicated in EPC mobilization and angiogenesis, the family of
vascular endothelial growth factors (VEGF) and their receptors have been identified
as the most potent and predominant ones (Roskoski 2008; Carmeliet and Jain 2011).
VEGFs are endothelial cell specific mitogens and potent inducers of vascular
permeability. They play a crucial role in endothelial cell motility; stimulate vascular
endothelial cell growth, survival, and proliferation and eventually increase the number
of capillaries. This wide range of effects is mediated in part by the multiple VEGF
members, VEGF-A through VEGF-D and in associated with three VEGF receptor-
tyrosine kinases, known as VEGFR-1, -2 and -3, as well as with co-receptors
including neuropilins (Nrp) (Figure 8) (Ferrara 2004; Olsson et al. 2006; Eming et al.
2007).

VEGF-A165 VEGF-A VEGF-A
PIGF-2 PIGF-1/-2 VEGF-C VEGF-C
VEGF-B VEGF-B VEGF-D VEGF-D
VEGF-E VEGF-E

sVEGFR-1 8

Neuropilin VEGFR-1 VEGFR-2 VEGFR-3

Figure 8. Schematic representation of interactions between VEGF family
members and their receptors. This is a complex network of interactions of VEGF
family members with transmembrane and soluble VEGFR-1 (sVEGFR-1), VEGFR-2,

VEGFR-3, and Nrp (Eming et al. 2007) .
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Each subtype of VEGF is secreted by one or several cell types and appears to be
involved in angiogenesis and vasculogenesis via different signaling pathways. VEGF-
A, the first and the most important member of VEGF family, has been shown to
promote vasculogenesis, by signaling through VEGF receptor-2 (Asahara et al.
1999). Studying a diabetic murine model, Frank et al. have provided for the first time
a causative link between decreased VEGF-A activity, impaired wound angiogenesis
and delayed wound healing (Frank et al. 1995). Since then, several studies have
shown that VEGF levels are indeed increased following tissue injury, and that this
level correlated with the migration of EPCs to ischemic area (Asahara et al. 1999;
Tepper et al. 2005). In addition, it has been shown that topical VEGF-A application
improves the delayed wound healing in diabetic mice through local upregulation of
other angiogenic cytokines and recruitment of BMDCs (Galiano et al. 2004). VEGF-A
has also been reported to regulate the expression of endothelial cell surface proteins,
known as integrins, that link cells with various members of the ECM. Integrins, which
comprise a family of transmembrane heterodimeric proteins, play a major role in
controlling EPC mobilization and homing to injury and ischemic areas (Caiado and
Dias 2012). According to its powerful angiogenic ability, VEGF-A even has been
applied in clinical therapy for some human ischemic diseases (you need reference

here).

There are various sources for VEGF-A secretion during wound healing. These
include keratinocytes, macrophages, platelets, neutrophils and mast cells. The
expression of these proteins can be regulated by numerous factors including growth
factors, pro-inflammatory cytokines, hormones and cellular stress (Fukumura et al.
1998; Kishimoto et al. 2000; Pages and Pouyssegur 2005). One of the best
characterized mechanisms of VEGF-A synthesis in wound healing as well as other
settings is hypoxia-inducible factor-1 (HIF-1). HIF-1 is a transcription factor that exists
as a dimeric complex, consisting of a cytoplasmic a subunit and a nuclear 3 subunit
(Ceradini and Gurtner 2005). During hypoxia, HIF-1a translocates into the nucleus to
form a complex with HIF-1pB, initiating the transcription of genes inducing
angiogenesis including VEGF and chemokine stromal cell-derived factor-1o. (SDF-

1a). Thus, strategies to stabilize HIF-1a. may enhance EPC mobilization and function
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(Ceradini et al. 2004; Hoenig et al. 2008) and therefore improve delayed wound
healing (Botusan et al. 2008; Thangarajah et al. 2009).

Besides VEGF, other peptides have been shown to modulate EPC recruitement
during wound healing. Chemokines also crucial players in EPC and hematopoietic
stem cell (HSC) trafficking and angiogenesis during wound healing process.CCL5 is
one of these. An elegant study by Ishida et al. was able to demonstrate that
CCLS/CCRS interaction is an important molecular pathway for modulation of EPCs
and eventual neovascularization during wound healing process. Indeed, CCLS is
secreted at day 1 post wounding by F480 infiltrating macrophages and allows
mobilization of CCR5+ EPC from marrow to granulation tissue. (Ishida et al. 2012).
This study also demonstrated that EPCs are important not only as the progenitors of
endothelial cells, but also as the source of growth factors during tissue repair

important for other healing steps (Ishida et al. 2012).

The chemokine CXCL12 (also known as SDF-1) and its specific receptor CXCR4 is
another important factor mediating recruitment of various stem/progenitor cells like
EPCs or Hematopoietic stem cells. Indeed, CXCL12 that express in different tissues
can stimulate the adhesion, migration and homing of progenitor cells from circulation
to ischemic tissues. In contrast, blockade of this chemokine in ischemic tissue or
CXCR4 on circulating cells reduce the mobilization of progenitors to sites of injury
(Ceradini et al. 2004). Importantly, the level of SDF-1 expression in injured tissue
correlates with stem cell recruitment and healing. The EPC recruitment into tissue
depends on the upregulation of SDF-1 (Askari et al. 2003; Yamaguchi et al. 2003;
Ceradini et al. 2004). Consistent with this view, it has been reported that the impaired
EPC homing and poor angiogenesis in diabetic wounds are due to decreased level of
SDF-1. And this defect could be reversed by therapy of this chemokine into wounds
(Gallagher et al. 2007). In contrast, inhibition of SDF-1 leads to further impairment of
wound healing, decrease angiogenesis in the diabetic mice (Bermudez et al. 2011).
Of note, the expression of SDF-1 is regulated by many factors, such as hypoxia or
the activity of eNOS (Ceradini et al. 2004; Gallagher et al. 2007).
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Figure 9. Critical cytokines,
chemokines implicated in

vasculogenesis.

Signaling molecules such as VEGF,
SDF-1, FGF, sphingosine-1-
phosphate (S1P), eNOS, MMP9, and
TGFp regulate the function of EPCs
during  vasculogenesis. Pericyte
activity during vasculogenesis
appears to be modulated by PDGF,
TGFB, and possibly S1P

Victor W. Wong and Jeffrey D. Crawford 2013

| - C - Re-epithelialization: role of nuclear receptors
and ligands

Re-epithelialization is an important step in the formation of new tissue after
wounding, involving both proliferation and migration of keratinocytes from the edges
of wound to reconstitute a complete barrier. This process is promoted by many
signaling pathways with the critical involvement of various families of receptors
including nuclear receptors (NR), such as peroxysome-proliferator-activated
receptors (PPAR), androgen (AR), estrogen (ER) and glucocorticoid (GR) receptors
and their ligands (Icre et al. 2006; Michalik and Wahli 2006; Pullar et al. 2006). It is
generally considered that estrogens enhance wound repair, while androgens impair
wound healing. Role of estrogens and its receptor are different between male and
female. Activation of estrogen receptor by its ligand estrogen markedly delays wound
re-epithelialization in male mice (Gilliver et al. 2010), while systemic or topical
estrogen treatment can reverse age-related impaired healing in animal models and
humans females, in association with accelerated re-epithelialization, reduced local
inflammation and enhanced matrix deposition (Ashcroft et al. 1997; Ashcroft et al.
1999; Hardman et al. 2008). The sex difference in the effects of systemic estrogen
treatment on wound re-epithelialization may partly be explained by a fundamental

difference in the response of keratinocytes to estrogens: cells cultured from female
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mice migrate more rapidly following treatment with an estrogen 17-B-estradiol
(Emmerson et al. 2009); those from male donors were unresponsive to estrogen in
the same assay. Another critical actor in wound re-epithelialization is AR. Lai and
colleagues have demonstrated that monocytes/macrophages-specific deletion of AR
lead to improvement of wound healing, whereas keratinocyte- and fibroblast-specific
ARKO mice do not. Even though AR in keratinocytes and fibroblasts is dispensable
for overall wound healing, AR in these 2 cell types plays key but opposing roles to
regulate re-epithelialization. Keratinocyte AR promoted re-epithelialization, while
fibroblast AR suppressed it (Lai et al. 2009). Among three subtypes of PPAR, PPARa
and B are important modulators for the re-epithelialization during wound healing and
each of them plays a specific role in this process. PPARa is mainly involved in the
early inflammation phase of the healing, whereas PPARJ is implicated in the control
of keratinocyte proliferation (Michalik et al. 2001). In contrast, PPARS has been
reported to contribute to the wound healing, not only by accelerating the migration of
keratinocytes but also by promoting extracellular matrix-mediated cellular interactions
at the wound edge through TGF-1/Smad3 signaling-dependent or - independent
pathway (Ham et al. 2010). Moreover, according to Nakamura et al. this receptor is
also involved in the corneal epithelial wound healing (Nakamura et al. 2012). Vitamin
D hormone metabolites and analogues inhibit the proliferation of cultured
keratinocytes that may bring benefits in human hyperproliferative skin diseases such
as psoriasis (Lehmann 2009). In contrast, the thyroid hormones stimulate
keratinocyte proliferation, and therefore accelerate wound healing (Safer et al. 2005).
Finally, GR and its ligands are classical modulators of skin proliferation and
differentiation. Glucocorticoids derivatives are frequently used in acute and chronic
inflammatory diseases; however, unwanted side-effects, such as epidermal atrophy
or delayed wound healing are common, limiting their long-term use (Schacke et al.
2002; Barnes and Adcock 2009; De Bosscher and Haegeman 2009). Study of
Sanchis et al. showed that overexpression of GR in keratinocytes lead to a reduced
re-epithelialization and delayed wound healing, in correlation with repressed KGF
expression and decreased ERK activity (Sanchis et al. 2012). The role of GR and
glucocorticoids in skin and cutaneous wound healing will be detailed later (MR

chapter).
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| - D - Abnormal wound healing in human and/or mice
context

As detailed above, normal wound healing is crucial in restoring the cutaneous barrier
in order to allow the skin to perform its dedicated functions, such as preventing
infection by foreign agents and fluid loss. The healing process is not only complex
but also fragile. The kinetics and quality of skin healing are major parameters in the
clinical practice. They are under the influence of several factors. Various
abnormalities in any of these may alter normal healing leading to chronic wounds.
Again, such situation can be responsible for a significant morbidity and mortality that

place chronic wounds as a major public health problems that we will discuss below.

| - D -1 - Age-related delayed wound healing

The ageing process in humans is well known to be detrimental to wound healing.
Although the exact mechanisms of this age related process are remained unclear, it
has been demonstrated that an increase in fragility of aged skin together with
impaired immune response and cellular ageing contribute to impaired wound healing
in the elderly, associated to disruption of the normal phases of repair, leading to an

increase in healing time following injury (Thomas 2001).

Archival studies highlight several events which contribute to age-related delayed
healing. First, platelet function was found to be impaired in the elderly patients,
indicated by a significantly longer “closure time”, and assessed by measuring the
time taken for platelets to occlude a Platelet Function Analyser-PFA 100™ (Boldt et
al. 2001). In addition, Fukaya et al. determined that platelet aggregation is increased
with age, indicating a delayed wound hemostasis in aged individuals (Fukaya et al.
2000). Second, the impaired healing of the elderly has been strongly linked to
excessive inflammation; especially neutrophil recruitment and protease production in
response to the increased pro-inflammatory cytokine production (Ashcroft et al. 1998;
Ashcroft and Ashworth 2003). Moreover, study of Reed et al. showed that together
with aging, dermal fibroblast proliferation and migration are impaired (Reed et al.
2001). The proliferation and migration of epithelial cells during wound healing is also
delayed with intrinsic ageing in both healthy human subjects and animal models (Holt
et al. 1992; Ashcroft et al. 1997). More interestingly, the majority of studies have
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associated ageing with a decreased angiogenesis in relation with a defect in the
production of VEGF (Swift et al. 1999) and TGF- (Rivard et al. 1999) or with an
alteration in matrix synthesis and reduced proliferation of progenitor endothelial cells
(Reed and Edelberg 2004).

I-D-2-Chronic wounds

Chronic wounds are wounds that have failed to progress through the normal stages
of healing leading to a prolonged loss of substance. In the human setting, chronic
wounds are usually defined by a persistence of an unhealed wound for at least 3
months. However, such classification does not fit with all situation since normal
healing depends also of the age, surface of initial wound as well as the medical care

that has been given.. .

Figure 10. Types of chronic wounds: A) pressure ulcer (Inui et al. 2010), B)
venous leg ulcer (Grey et al. 2006), C) diabetic foot ulcer (Olea et al. 2014)

In Western countries, the most common causes of chronic ulcers are vascular
diseases that are responsible for up to 70% affected patients (Nwomeh et al. 1998)
(Figure 10). The vascular disorders causing chronic wounds can either derive from
large diameter vessels diseases or in contrast small diameter vessels diseases.
Disorders of lower limbs large diameter arteries or veins can indeed lead to ischemia.
Once ischemia having led to tissue necrosis, a complete wound repair cannot occur
because of the same ischemic mechanisms. Causes of lower limbs atheroma are
mainly (a) tobacco intake, (b) overweight, (c) elevated cholesterol levels, (d)
diabetes, (e) hypertension. Causes of venous insufficiency are (a) genetic
background, (b) repeated pregnancies in females (c) overweight, (d) prolonged
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standing at work. More rarely, ischemia can result from microangiopathies which
are small vessels diseases. These are found mainly in diabetes and more rarely in
neuropathies, nutritional deficiencies, some genetic diseases, systemic auto-immune
diseases (Fonder et al. 2008). In developing countries, the most common causes of
chronic wounds are specific infections, arterial disease and traumatisms (Sibanda et
al. 2009).

As mentioned above, diabetes is responsible for frequent delayed healing. Diabetes
can induce tissue hypoxemia through the induction of large vessels atheroma,
neuropathy induced pressure ulcers, increased susceptibility to infections or
microangiopathy. The mechanisms of microangiopathy have been addressed by
animal model studies or in humans. Microangiopathy has been shown in db/db mice
to result from an alteration of EPC mobilization from marrow to wounds (Gallagher et
al. 2007; Marrotte et al. 2010). Therefore the importance of these EPC mobilization is

illustrated by its implication in diabetic wounds.

In addition to the cases of the chronic wounds mentioned above, many issues of
delayed wound healing have been reported are steroids related. Indeed,
glucocorticoids, that are wide used to treat chronic inflammatory or auto-immune
diseases, usually accompanied by side-effects including skin atrophy and delayed
wound healing (Hengge et al. 2006). In the same context of wound healing, while
estrogen is considered to enhance wound repair and therefore the deprivation of this
steroid as the major factor controlling delayed healing in elderly subjects; androgen,
incontrast, is important factor of the delayed wound healing. Indeed, many genes,
that are known to be associated with delayed healing, such as growth factor alpha
(TGFa), arginase 1 (ARG1) have been found to be altered in elderly male subijects,
are also known to be estrogen regulated (Hardman and Ashcroft 2008), while the
deletion of androgen receptor in monocytes/macrophages lead to improvement of
wound healing (Lai et al. 2009).

Chronic ulcers are sources of various and sometimes serious complications in
patients. These may include skin infections, contact dermatitis, subcutaneous
fibrosis with secondary functional limitation of the adjacent joints (ankylosis), and
moreover chronic pain with risk of depression or mood disorders. These
complications, in addition to functional impairment, have psychological impact and

lead to a worsening in the quality of life of affected patients.
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When chronic wounds are severe and worsen despite adapted treatment, amputation
may be necessary. In the United States, the incidence of secondary amputation to a
diabetic leg ulcer is estimated to reach 11.3/1000 patient-years (Adler et al. 1999).
Importantly, prolonged ulcers may be complicated by the development of squamous
cell carcinoma arising on one part of the wound (Menke et al. 2007). The incidence of
burn scars undergoing malignant transformation has been reported to be 0.77 to 2%
of affected cases. All parts of the body can be concerned, but the extremities and the

scalp are most frequently affected (Copcu 2009).

In USA currently 1 to 2% of individuals will be affected by leg ulceration during their
lifetime, and this figure will likely increase with the aging population (Fonder et al.
2008; Piel et al. 2013). Every year in the United States, about 6.5 million people
present one or several chronic skin ulcers secondary to venous insufficiency,
diabetes or pressure ulcers (Singer and Clark 1999). In Europe, 5-15% of individuals
between 30 and 70 years suffer from venous insufficiency, including at least 1% with
varicose ulcer (Welt et al. 2009). Similarly, the prevalence of type Il diabetes in the
United States is 2% and the incidence of leg ulcers in these diabetic patients is 15%
(Reiber 1996). In addition, an increase of these numbers is expected due to the
aging of the population and the high prevalence of the causes of poor healing in the
elderly (Nelzen et al. 1996). Indeed, healing mechanisms are modified in aging skin.
Even, in the absence of any specific disorder, skin in old patients will heal in a longer
kinetics (Taylor et al. 2005). This relates with various mechanisms including a

reduction in stem cell compartment.

Medical care for chronic ulcers has a very high cost from society. In the US, the total
cost of care and morbidity of skin wounds is estimated 13 to 15 billion USD per year
and the treatment of venous ulcers alone amounted to 3 billion (Bergan et al. 2006;
Fonder et al. 2008). It has become mandatory to develop new treatments that are
effective and easily accessible for wound healing problems. This makes it crucial to

understand the cellular and molecular mechanisms involved in this phenomenon.
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Il - Aims of work

As detailed above, impaired wound healing is a major clinical problem in various
situations including in subjects treated by corticosteroids/dcorticoids, in the elderly
and in pathological conditions, such as diabetes, sickle cell disease or Cushing
syndrome. Efforts towards improving wound healing represent a major challenge, to
improve quality of life. It is therefore important to further improve the understanding
about the mechanisms underlying the normal and abnormal wound healing in those

situations. In this work, we aimed to address two questions :

1. Develop a murine model for SCD ulcers to improve the understanding of the
cellular and molecular pathways responsible for a long-lasting and severe

sickle cell leg ulcers.

2. Investigate specific targets in delayed cutaneous wound healing in various
pathological situations such as glucocorticoid treated patients, diabetes) and

more specifically the implication of the mineralocorticoid receptor inhibition.
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CHAPTER 2 - DELAYED WOUND HEALING IN MURINE

MODEL OF SICKLE CELL DISEASE

| - Introduction

| - A - Sickle cell disease

I-A-1-Genetics

Sickle cell disease (SCD) is a recessive autosomic disorder of the b globin chain of
hemoglobin. It is one the most common severe genetic disease reported in many
countries worldwide (Weatherall et al. 2005; Piel et al. 2010). It results from a single
mutation at the B-globin gene in which the 17th nucleotide thymine is replaced by
adenine and as a consequence, the sixth amino acid in the 3-globin chain changed to
valine instead of glutamic acid (Pauling et al. 1949; Bunn 1997). Hemoglobin S (HbS)
produced as a result of this defect, is poorly soluble and polymerizes under
deoxygenated condition, giving sickle-shaped red blood cells (RBCs) (Bunn 1997).
These cells are heterogeneity in genotypes and phenotypes as Herrick first described
in 1910 (Figure 11) (Herrick 2001; Rees et al. 2010).

Figure 11. Peripheral
S blood smear of a patient
« NR with sickle-cell anemia.

This blood film shows
HJB == * irreversibly sickled cells (S),
a nucleated red blood cell
(NR), and a Howell-Jolly
Body (HJB) (Rees et al.

2010).
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| -A-2-Epidemiology

Sickle cell anemia (SCA) occurs with the highest prevalence in low- and middle
income countries. Especially, the greatest burden of the disease lies in sub-Saharan
Africa, with the prevalence of sickle cell trait ranges between 10 and 45% (Okwi et al.
2010; Piel et al. 2013). According to a recent report, more than 230 000 children with
SCA were born in this region every year, that represents about 79.2% of the global
total SCA world wideband this proportion is expected to increase to 88% by 2050
(Modell and Darlison 2008; Piel et al. 2013). Moreover, this disorder is of growing
importance. Indeed, beyond its old geographical distribution, and due to population
migrations, it became recently the most frequent genetic disease diagnosed in
Western countries such as the United Kingdom and France (Piel et al. 2010; Piel et
al. 2013). In these two countries, the incidence of SCD is around 1/1500 to 1/3800
newborns per year (Piel et al. 2010; Thuret et al. 2010).

| - A - 3-Clinical presentation

SCD begins usually in infancy. It is characterized by different signs and symptoms.
These include many life-threatening complications including acute chest syndrome,
but also various tissue damage such as stroke, pulmonary hypertension, renal
damage, and bone infarct. These complications of SCD have long been as driven by
any of two major pathophysiological processes: micro-vascular occlusion and
hemolysis (figure 12) (Lane 1996; Rees et al. 2010)
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Figure 12. Pathophysiology of sickle cell disease

The roles of HbS polymerisation, hyperviscosity, vaso-occlusion, haemolysis, and
endothelial dysfunction are shown. Deoxygenation causes HbS to polymerise,
leading to sickled erythrocytes. Vaso-occlusion results from the interaction of sickled
erythrocytes with leucocytes and the vascular endothelium. Vaso-occlusion then
leads to infarction, haemolysis, and inflammation; inflammation enhances the
expression of adhesion molecules, further increasing the tendency of sickled
erythrocytes to adhere to the vascular endothelium and to worsen vaso-occlusion.
Reperfusion of the ischaemic tissue generates free radicals and oxidative damage.
The damaged erythrocytes release free haemoglobin in to the plasma, which strongly
bind to nitric oxide, causing functional nitric oxide defi ciency and contributing to the
development of vasculopathy. HbS=sickle haemoglobin. NO=nitric oxide.
VCAM-=vascular cell-adhesion molecule. (Rees et al. 2010)
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Sickle cell vascular occlusion: under deoxygenated condition, HbS Hb loose their

solubility and become polymerized. Such polymerized b chains lead to the sickle
rigid, RBCs. These are stiff cells that cannot easily circulate in narrow capillary beds
and therefore they occlude microvessels in various tissues. Progressively, the
entrapment of erythrocytes and leucocytes in the microcirculation increases. This,
occlusion induces an interaction between these sickle erythrocytes and endothelial
cells of vessel wall that lead to vascular adhesion of erythrocytes and leukocytes as
well as tissue ischemia. HERE you should speak about the adhesion molecules that
play a role There is no enough molecular data although there are lot of papers. It is
important to note that beside the polymerization of HbS, the inflammatory trapped
cells play a role to enhance the vascular obstruction. Indeed, in transgenic mice
expressing HbS, cycles of experimental hypoxia but also treatment with pro-
inflammatory drugs lead both to enhance endothelial leucocyte-erythrocyte adhesive
interactions in the postcapillary venules leading to vascular occlusion (Osarogiagbon
et al. 2000; Frenette 2002; Turhan et al. 2002; Belcher et al. 2003). Such ischemia
events are followed by reperfusion. These ischemia reperfusion cycles induce
oxidant stress, with activation of vascular oxidases (Wood et al. 2005) and
inflammatory stress (Frenette 2002; Belcher et al. 2003; Belcher et al. 2005).

Hemolysis: Apart from vaso-occlusion, ischemia and reperfusion, hemolytic anemia
with hemolysis is another consequence of polymerization of HbS. Several data
indicate that hemolysis is another pathophysiological mechanism in SCD tissue
damage. However, controversial data are still found. Hemolysis has been known to
be a causative reason of anemia, fatigue, and cholelithiasis, but there is now
evidence that it also contributes to the development of vasculopathy and tissue
damage. Patients with SCD have a risk of vasculopathy, characterized by systemic
and pulmonary hypertension, endothelial dysfunction, and proliferative changes in
the intima and smooth muscle of blood vessels (Pegelow et al. 1997; Ohene-
Frempong et al. 1998; Gladwin et al. 2004; Kato et al. 2006). Studies have suggested
that some complications of SCD namely priapism, pulmonary hypertension and leg
ulceration were associated with low concentration of steady state hemoglobin and
high level of intravascular hemolysis (Ataga et al. 2006; Kato et al. 2007). An

association between the development of pulmonary hypertension and the level of
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hemolytic anemia was noted in several studies of SCD patients (Gladwin et al. 2004;
Ataga et al. 2006; De Castro et al. 2008; Minniti et al. 2009).

How hemolysis leads to tissue damage? Briefly, high level of free hemoglobin is
released after intravascular hemolysis in capillaries. Such free Hb quenches Nitric
Oxide (NO) and leads to the generation of reactive oxygen species. This may happen
either directly or indirectly via NADP oxidase or via xanthine oxidase. Decreased NO
bioavailability is responsible for platelet and tissue factor activation leading to the

activation of the coagulation cascade (Figure 13) (Gladwin and Kato 2008).

metHb Hemostatic Activation
Intravascular “
Hemolysis " Platelet Activation
Hb Tissue Factor
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Figure 13. Hemolysis-associated hemostatic activation in SCD.

Intravascular hemolysis releases hemoglobin into plasma which quenches NO and
generates ROS (directly via fenton chemistry or via induction of xanthine oxidase and
NADP oxidase). In addition, arginase | is released from the red blood cell during
hemolysis and metabolizes arginine, the substrate for NO synthesis, further impairing
NO synthesis. The depletion of NO is associated with pathological platelet activation
and tissue factor expression. Hemolysis and splenectomy are also associated with
phosphatidylserine exposure on red cells which can activate tissue factor and form a
platform for coagulation (Gladwin and Kato 2008).

Besides, low NO availability induces the release of Endothelin-1 (ET-1), -a potent
vasoconstrictive peptide- by activated endothelial cells: ET-1 plasma levels have
been reported abnormally high in SCD patients and murine models while the levels of

ET-1 were found to be elevated in the kidney and lung after vaso-occlusive crisis
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(Rybicki and Benjamin 1998; Tharaux et al. 2005; Sabaa et al. 2008). Finally,
endothelin receptor antagonist (bosentan) treatment was shown to prevent kidney
and lung damage in hypoxia/reoxygenation induced SCD events in a transgenic

mouse model of sickle cell disease (Sabaa et al. 2008).

| - B - Sickle cell Leg ulcers

Leg ulcers are a severe and poorly known complication of SCD. It affect between 2.5
and 40% of patients depending on the countries evaluated (Halabi-Tawil et al. 2008).
The peak is observed in Jamaica while the lowest level is in Saudi Arabia. SCD leg
ulcers is a very chronic manifestation of SCD (Figure 14) that develops on lower
limbs after the age of 15 years. Such ulcers are the longest-lasting type of ulcer
encountered in adults, with one study reporting ulcers lasting up to 300 months
(Halabi-Tawil et al. 2008; Minniti et al. 2014). These ulcers are unique or multiple.
They occur usually after a triggering event such as a traumatism, an insect bite or an
itch but fail to heal afterwards. SCD ulcers are resistant to all current treatments
including skin grafts (Marti-Carvajal et al. 2014). Probably due, to this long-lasting
nature of the ulcers, SCD ulcers display a high level of complications. There are soft
tissue infections in %, tibio tarsal ankylosis in 50% of affected patients, soft tissue

infections and chronic pain (Halabi-Tawil et al. 2008).

Figure 14. Sickle cell leg ulcers

Source: (Amini-Adle et al. 2007)

In contrast, the pathogenesis of sickle cell associated leg ulcers remains poorly
known. Indeed, it has been considered that SCD manifestations including leg ulcers

are associated with the elevated blood viscosity- related vaso-occlusion or with the
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hemolysis and endothelial dysfunction alternative subphenotype (Aslan et al. 2001;
Bowers et al. 2003; Gladwin et al. 2004; Wang et al. 2004; Ataga et al. 2006; Bowers
et al. 2013; Connes et al. 2013). However, these features are not consistent with
other series . In addition, leg ulcers are not seen in other chronic haemolytic diseases
such as paroxystic nocturnal hemoglobinuria (Bunn et al. 2010; Yoshino et al. 2012).
Finally, a recent well conducted study did not find hypoxia in skin ulcers in SCD
patients as compared to various controls (Bowers et al. 2013). At this point,
hemolysis-induced vasoconstriction does not appear to constitute the unique
mechanism of prolonged ulcers in SCD patients. Therefore, other skin wound healing

pathways are probably altered in these recipients.

Only a few studies have investigated sickle cell ulcers in human. In addition to the
association studies cited above, two papers have reported biopsies of ulcers
(Francillon et al. 1996; Minniti et al. 2014). In these studies with a small number of
cases, authors found the mural fibrin thrombi, luminal narrowing and progressive
vascular occlusion in the ulcer beds. There was also unusual proliferation of
abnormal blood vessels with microangiopathic changes including fibrinoid necrosis in
the vessel walls, and fragmented RBCs within vessel walls (Minniti et al. 2014).
These interesting data thus reveal changes to cutaneous vessels in SCD ulcers.
However, biopsies were obtained from ulcers that were several months old.

Therefore it is impossible to determine whether these changes are primary events or

| - C - Murine model of sickle cell disease

To date, two murine models of SCD have indeed been developed. SAD mice harbor
a recombinant hB-globin transgene expressing human hemoglobin SAD (a232SAD),
which contains 2 mutations (Antilles [8?*'] and D Punjab [3'2'9] in addition to the BSY
mutation, the most frequently found mutation in human SCD. SAD mice express 19%
of human sickle cell hemoglobin (HbS) along with mouse hemoglobin. Under hypoxic
conditions, SAD red blood cells show sickling properties and dehydration in vitro,
typical of SCD. Homozygous SAD mice die in utero, but hemizygous SAD have
reduced survival, priapism and kidney defects. They are used as a SCD murine
model (Sabaa et al. 2008).

The Berkeley SCD mice have targeted deletions of murine hemoglobin (a™, B7) with
a knockintransgene containing human sickle cell hemoglobin (a, B%; Y, €Y, B).
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Berkeley mice express human mutated hemoglobin almost exclusively and harbor
several hematological and pathological similarities with human SCD including
erythrocyte sickling, intravascular hemolysis, severe anemia, leukocytosis,

multiorgan infarct, and glomerulosclerosis (Manci et al. 2006).
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ABSTRACT

Leg ulcers are a major complication of sickle cell disease occurring in 2.5 to 40% of
patients. Leg ulcers are responsible for frequent complications because they are
often long-lasting and are very resistant to therapy. Although their occurrence is
associated with hyper-hemolysis, the mechanisms underlying sickle cell ulcers
remain poorly understood. Here, we show that skin wound healing is severely altered
in old SAD sickle cell mice but is normal in young animals, consistent with reports in
humans. Alterations of wound healing were associated with impaired blood and
lymphatic angiogenesis in the wound beds and poor endothelial progenitor cell
mobilization from the bone marrow. CXCL12 secretion by keratinocytes and
inflammatory cells was low in the wounds of SAD mice. Local therapy with
endothelial progenitor cells or with recombinant CXCL12 injections restored wound
angiogenesis and rescued the healing defect together with mobilization of circulating
EPCs. This is the first study of the cellular and molecular mechanisms of sickle cell
ulcers in a murine model that provides promising therapeutic perspectives for clinical

trials.

Key words: Wound healing, Angiogenesis, EPC mobilization, CXCL12, Sickle cell

ulcers, SAD mice.
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INTRODUCTION

Sickle cell disease (SCD) was once largely confined to populations of Sub-Saharan
Africa but has recently become the most frequent genetic disease diagnosed in
developed countries such as the United Kingdom and France (Piel et al, 2010). In
these two countries, the incidence of SCD is around 1/1500 to 1/3800 newborns/year
(Piel et al, 2010; Thuret et al, 2010). The modern management of SCD has
substantially extended the life expectancy of affected patients to around 61 years
(Elmariah et al, 2014). Leg ulcers are a severe complication of SCD that affect
between 2.5 and 40% of patients (Halabi-Tawil et al, 2008). SCD leg ulcers are a
very chronic manifestation of SCD, and are the longest-lasting type of ulcer
encountered in adults, with one study reporting ulcers lasting up to 300 months
(Halabi-Tawil et al, 2008; Minniti et al, 2014). These ulcers are resistant to all
treatments (Marti-Carvajal et al, 2014). The long-lasting nature of the ulcer can lead
to many complications, including tibio-tarsal ankylosis, soft tissue infections and
chronic pain (Halabi-Tawil et al, 2008).

Little is known about the pathogenesis of SCD leg ulcers. It has been proposed that
the manifestations of SCD are related to high blood viscosity and vaso-occlusion or
to hemolysis and endothelial dysfunction (Gladwin et al, 2004; Ataga et al, 2006;
Bowers et al, 2013; Connes et al, 2013). A study published in 2006 showed that leg
ulcers were associated with high levels of LDH and bilirubin (Ataga et al, 2006). In
light of this report, several authors have proposed that ulcers in SCD are primarily
related to hemolysis. Intravascular hemolysis releases hemoglobin into the blood
stream that results in nitric oxide (NO) scavenging leading to vasoconstriction (Aslan
et al, 2001; Reiter et al, 2002; JisonGladwin, 2003; Gladwin et al, 2004). However,
two other studies did not confirm this association (De Castro et al, 2008; Pashankar
et al, 2008). In addition, leg ulcers do not occur in other chronic hemolytic diseases
such as paroxysmal nocturnal hemoglobinuria (Bunn et al, 2010), and a recent study
did not find hypoxia in skin ulcers in SCD patients (Bowers et al, 2013). Thus,
hemolysis-induced vasoconstriction does not appear to be the only mechanism
behind long-lasting ulcers in SCD patients. Indeed, other skin wound healing
pathways are probably altered in these patients.

Only a few studies have investigated SCD ulcers in humans. In addition to the
association studies cited above, two papers have reported biopsies of SCD ulcers

(Francillon et al, 1996; Minniti et al, 2014). These studies demonstrate mural fibrin
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thrombi, luminal narrowing and progressive vascular occlusion in ulcer beds and the
unusual proliferation of abnormal blood vessels with microangiopathic changes
including fibrinoid necrosis and fragmented RBCs within vessel walls (Minniti et al,
2014). These interesting data thus reveal changes to cutaneous vessels in SCD
ulcers. However, biopsies were obtained from ulcers that were several months old.
Therefore, we cannot determine whether these changes are primary events or
secondary changes occurring in ulcerated granulation tissue (Minniti et al, 2014).
SCD ulcers can be triggered or worsened by various types of trauma (Halabi-Tawil et
al, 2008; Delaney et al, 2013), therefore, it is unethical to perform sequential biopsies
on patients.

Here, we developed a murine model of SCD ulcers. We show that delayed wound
healing in SCD is caused by the impaired recruitment of endothelial progenitor cells

as a consequence of inadequate CXCL12 secretion in the wound bed.
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RESULTS

Wound healing is altered in old SAD mice

SAD mice did not exhibit any hair or skin abnormalities on macroscopic examination,
both at 8 weeks and 12 months of age. Histological examination revealed no
differences in epidermal, dermal and hypodermal thickness between SAD mice and
their WT littermates at 8 weeks and 12 months of age (Figure 1a and b;
Supplementary Figure S2a-f online and data not shown). However, the diameter of
CD31+ blood vessels assessed on whole skin mounts was slightly lower in SAD
mice than in WT mice (14.37 vs 17.58 um, respectively, n=12; P< 0.01, Mann-
Whitney) (Figure 1c and d).

Surgical wounds were performed on the back skin of 8 week-old SAD mice and their
WT littermates. The speed of wound closure was similar between the two groups
(Supplementary Figure S1a and b online). However, we repeated these experiments
on older (12-month—old) mice because leg ulcers in SCD patients occur in severely
anemic individuals over the age of 15. Interestingly, at this age, wound closure was
substantially slower in SAD mice than in their WT littermates. Indeed, the wound
surface at day 7, expressed as a percentage of the wound surface at day 0, was
32.21% in SAD mice and 24.27% in WT mice (n=9; P< 0.01, Mann-Whitney) (Figure
1e and f). This healing delay was confirmed by studying wound sections at day 7: the
neo-epidermal tongues on both edges of the wounds studied on keratin-14-labelled
sections were significantly shorter in SAD mice than in WT mice (Figure 1g and h).
Interestingly, the surface area of SAD wounds at day 5 was significantly correlated

with both the severity of hemolysis and anemia (Figure 1i and j).

Angiogenesis is impaired in the wounds of SAD mice

To investigate better the cellular mechanisms implicated in the delayed healing of
SAD mice, we analyzed wound specimens at day 7 after wounding.

We found that fewer Ki67" proliferating keratinocytes and dermal cells were present
in the wounds of SAD mice than in those of WT mice, revealing that cellular
proliferation of both neo-epidermis and granulation tissue was impaired in SAD mice
(Figure 2a and b). We found no difference in the cell counts of infiltrating Gr-1*
neutrophils (Figure 2¢ and d) and F4.80" macrophages (Figure 2f and g) in the
wound beds of SAD and WT mice at day 7 post-wounding. Accordingly, FACS

5
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analysis of wound specimens obtained earlier, at days 2 and 5 after wounding also
did not reveal any differences in counts of CD11b*F4.80°Ly6G* neutrophils (Figure
2e) or CD11b*F480*LyBG Ly6C* macrophages between the two strains (Figure 2h).
Finally, the number of circulating CD11b*Ly6G*Ly6C" neutrophils (Figure 3a and b)
and CD11b'Ly6GLy6C* monocytes (Figure 3c and d) in the peripheral blood,
counted by FACS analysis at days 2 and 5, was similar in SAD and WT mice.

We assessed angiogenesis by double immunostaining wound sections at day 7 with
anti-CD31 and anti-Lyve-1. Blood and lymphatic vessel density was substantially
lower in SAD wounds than in WT wounds (Figure 2i and j), suggesting an
impairment in angiogenesis in SAD mice. This finding was confirmed by FACS
analysis of CD45CD31" endothelial cell (EC) content in wounds at day 5 (the
number of ECs was 47.9% lower in SAD than in WT mice, n=13, P< 0.01, Mann-
Whitney) (Figure 2l and m).

Endothelial progenitor cell proliferation and mobilization is impaired in SAD
mice

During skin wound healing, endothelial progenitor cells (EPCs) proliferate in the
bone marrow and migrate to peripheral blood in order to participate in wound
angiogenesis (Roncalli et al, 2008; Barcelos et al, 2009). Therefore, we
hypothesized that impaired angiogenesis in SAD wounds can be a consequence of
the poor proliferation/mobilization of bone marrow EPCs. Bone marrow and blood
mononuclear cells were isolated at day 0 and 5 post-wounding, then analyzed by
FACS. At baseline, the humber of CD34'CD11b'CD31* EPCs was similar in marrow
and blood of SAD as compared to WT (Figure 3¢ and d). In contrast, at day 5 post-
wounding, a significantly lower count of EPC was found in the bone marrow of SAD
mice than in that of WT mice (29.1% lower) (n=10, P< .05, Mann-Whitney) (Figure
3d and e) and the same was true of CD34'CD11b°CD31" EPCs in the blood (53.3%
lower in SAD mice) (n=7, P< 0.01, Mann-Whitney) (Figure 3d and f).

We sought to rule out an intrinsic functional defect of EPCs; therefore, we isolated
EPCs from the bone marrow of old SAD and WT mice (n=3) and assessed in vitro
their proliferation by the MTT assay and their differentiation by acetylated-low density
lipoprotein (Ac-LDL)/Lectin double staining. After 7 days of culture, both the
differentiation (Figure 3g and h) and proliferation (Figure 3i) of EPCs in vitro was

similar between SAD and WT mice. Similarly, the proportion of cells expressing the
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endothelial cell markers CD34 and VEGFR2 was not different between SAD and WT
mice (Figure 3j and k).

EPC therapy in situ rescues the delayed healing of SAD wounds

We sought to assess whether poor EPC recruitment to skin wounds is responsible
for impaired angiogenesis and the delayed healing of wounds in SAD mice;
therefore, we assessed whether in situ cell therapy with EPCs rescues this
phenotype. Fresh EPCs (2.5 x 10° cells) isolated from young WT mice were injected
into SAD wounds at day 2 after wounding. PBS was injected into the wounds of SAD
control mice. At day 9, the wound surface - expressed as a percentage of the wound
surface at day 0 - was 17.7% in the EPC-injected group and 32.6% in the PBS group
(n=7, P< 0.01, ANOVA) (Figure 4a and b). Neo-epidermal tongues were longer in the
EPC-injected group than in the PBS control group (1251 vs 836 um, respectively;
n=7, P< 0.05, Mann-Whitney) (Figure 4c and d). There was also more epidermal cell
proliferation (Figure 4e and f) and blood vessel angiogenesis (Figure 4g and i) in
SAD wounds injected with EPCs than in those injected with PBS.

We also injected EPCs derived from SAD mice into SAD wounds to investigate
further the defect in EPC mobilization. Again, wound closure was strongly improved
by the injection of SAD EPCs, in contrast with the PBS control group (n=5, P< 0.01,
ANOVA) (Figure 4a and b). Therefore, in situ injections of EPCs, whether obtained

from SAD or from WT mice, were able to rescue the wound healing delay.

CXCL12 secretion is low in SAD wounds

We wished to understand the molecular pathways implicated in defective EPC
mobilization. We focused on well-known growth factors and chemokines involved in
cell migration and angiogenesis. RT-PCR revealed that mRNA levels of CXCL12,
IL6, VEGFa, VEGFR-2, Tie-1, Tie-2 and CXCR4 were significantly lower in SAD
wounds than in WT wounds (n=8) (Figure 5a). We chose to focus on CXCL12
because it stimulates angiogenesis in the altered skin wounds of diabetic mice
(Gallagher et al, 2007). Moreover, we found a correlation between the level of
CXCL12 mRNA expression in wounds and the level of circulating EPCs in the
peripheral blood (Figure Sb) highlighting the importance to focus on this pathway.
Finally, we studied the source of CXCL12 in wounds. We sorted the main cell types

from wound of SAD and WT mice at day 3 post-wounding. CXCL12 mRNA levels
7
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were significantly lower in CD45CD31PDGFRo keratinocytes and CD45"
leukocytes from SAD wounds than in those from WT wounds. CXCL12 expression
was similar in CD45CD31" endothelial cells and CD45CD31 PDGFRa." fibroblasts
(n=5) (Figure 5c¢).

CXCL12 injections rescue the wound healing delay of old SAD mice

We then asked whether the local delivery of CXCL12 to SAD wounds rescues the
delay in wound healing observed in these mice. Recombinant CXCL12 (SDF-1w)
protein or PBS were injected into SAD wound tissue at days 0 and 2 (n=6 for SDF-
1a and 5 for PBS). Planimetry showed that the surface area of wounds injected with
SDF-1a. was significantly lower than those injected with PBS (wound surface at day
9 - as a percentage of wound surface at day O - was 18.9 in the SDF-1a group vs
31.8 in the PBS group, P< 0.05, ANOVA) (Figure 6a and b). This finding was
confirmed by neo-epidermal tongue measurements on wound sections at day 9,
showing that re-epithelialization was stronger after SDF-1a. injections than after PBS
injections: 1250 pm in the SDF-1a group vs 739 um in the PBS group (P< 0.05,
Mann-Whitney) (Figure 6¢ and d). Furthermore, angiogenesis was significantly
enhanced in SDF-1a-treated wounds (Figure 6g and h). Importantly, when SDF-1a
has been injected in wounds, we found a three-fold increase in circulating EPCs at
day 9 (Figure 6j and k). Moreover, there was a positive correlation between the SDF-
1a stimulated increase in wound vessels and the SDF-1a stimulated increase in

circulating EPC (Figure 6l).
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DISCUSSION

Here, we describe an altered wound healing in a mouse model of SCD and used it to
study the cellular and molecular mechanisms of sickle cell ulcers. We found that
surgical wounds in transgenic SAD mice showed delayed healing that correlated with
the severity of anemia and hemolysis. These features resemble those of ulcers in
human SCD. Indeed, many studies have shown an association between leg ulcers
and a hyper-hemolytic phenotype with high levels of reticulocytosis, which is also
present in our mice (Kato et al, 2006; Taylor et al, 2008; Minniti et al, 2014). In
addition, leg ulcers develop only after 15 years in SCD patients, at a median age of
21 years (Halabi-Tawil et al, 2008). Accordingly, the defect in wound healing
reported here was restricted to old SAD mice. Therefore, the altered healing of
surgical wounds in old SAD mice is relevant to the human disease and these
animals are therefore a new and original model for the study of sickle cell ulcers.
Importantly, our study did not focus on the initial events leading to skin ulcers but
rather on the healing abnormalities that prevent recovery. This is a major unresolved
health problem in affected individuals because ulcers can last a long time in SCD
patients, up to 25 years, and are associated with many complications (Halabi-Tawil
et al, 2008; Minniti et al, 2014).

Wound healing is a multistep process that requires well-orchestrated inflammatory,
vascular and cellular proliferation steps. We first analyzed inflammatory infiltration in
SAD wounds and found no abnormalities in Gr-1* neutrophil and F4.80" macrophage
counts. This contrasts with previously published data reporting that
hypoxia/reperfusion induces hepatopathy in SAD mice and is associated with high
counts of neutrophils and macrophages in the bloodstream and liver (Siciliano et al,
2011). Therefore, the pathophysiology of sickle cell ulcers appears to differ from that
of other organ damage in SCD.

Angiogenesis is one of the key steps in skin wound healing. We found that CD31*
blood vessel content was 44% lower and Lyve-1 lymphatic vessel content was 66%
lower in the wounds of SAD mice than in those of their WT littermates. FACS
analysis confirmed the poor recruitment of CD31°CD45 endothelial cells: 47% fewer
cells were detected in SAD wounds than in WT wounds, indicating that quantitative
blind immuno-labeling was a robust tool. Interestingly, treatment with

granulocyte/macrophage colony-stimulating factor (GM-CSF) -that stimulates
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pericyte-like perivascular mural cells to secrete VEGFa- improves SCD ulcer healing
(Pieters et al, 1995; Alikhan et al, 2004; Mery et al, 2004; Zhao et al, 2014).
Angiogenesis disorders in tissues may result from various abnormalities including
from EPC defects (Loomans et al, 2004; Fadini et al, 2005; Fadini et al, 2005;
Tepper et al, 2010). We therefore studied EPC recruitment in wounded SAD mice.
We found that the number of EPCs in bone marrow and blood post-wounding was
significantly lower in SAD mice than in WT mice, while this number was similar at
baseline. These results indicate inadequate EPC proliferation and mobilization in
bone marrow of wounded SAD mice. Proliferation and differentiation in vitro were
similar between SAD and WT EPCs, indicating the absence of an intrinsic disorder of
these cells. In addition, WT and SAD EPCs injected directly into SAD wounds
rescued delayed healing by restoring the defect of angiogenesis. Therefore, these
results strongly suggest that in old SAD mice, defective EPC
proliferation/mobilization is a consequence of micro-environmental changes in SAD
marrow. This situation differs from that of diabetes where db/db EPCs display an
intrinsically abnormal phenotype in vitro and in vivo (Marrotte et al, 2010).

Transcript levels of several cytokines, chemokines and growth factors implicated in
EPC mobilization and angiogenesis were low in SAD wounds, including CXCL12 and
its receptor CXCR4. We focused on CXCL12/CXCR4 axis since it plays an important
role in the mobilization of progenitor cells to the periphery under various conditions
including wound healing (Avniel et al, 2006; Mazo et al, 2011; Hu et al, 2013). In
addition, there was a correlation between the level of CXCL12 in wounds and the
level of circulating EPCs. Accordingly, the injection of CXCL12 into the wounds of
SAD mice enabled the wounds to heal as quickly as controls. This healing rescue
was associated with a 3-fold increase in circulating EPCs in CXCL12 treated mice.
Moreover, the improvement in cutaneous angiogenesis in the SAD mice was strictly
proportional with the observed increase in circulating EPC. These findings strongly
suggest that CXCL12-induced increase in EPC mobilization was responsible for the
observed SAD wound healing. Therefore, the defect in the CXCL12/CXCR4 axis is a
major event leading to impaired EPC recruitment to skin wounds in SAD mice. In
SCD patients, plasma CXCL12 levels are higher than in healthy controls (Landburg
et al, 2009). However, levels of CXCL12 do not increase during vaso-occlusive
crisis, in contrast with healthy individuals. Our SAD mice are characterized by

inadequate CXCL12 production in response to skin wounding, which has also been
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suggested to occur in humans during vaso-occlusive crisis. The low expression of
CXCL12 involved both keratinocytes and CD45" leukocytes in healing skin. Our
findings are partly consistent with reports in diabetic mice, showing that CXCL12
levels are low in skin because of the impaired production of CXCL12 by
keratinocytes and myofibroblasts (Gallagher et al, 2007; Bermudez et al, 2011).
Healing delay can be partly improved by chemokine injection (Gallagher et al, 2007).
Finally, inhibition of CXCR4 through the topical application of AMD 3100 to diabetic
wounds induces EPC mobilization (Nishimura et al, 2012).

In summary, old SAD mice show a delay in wound healing that correlates with the
severity of anemia and hemolysis, thus resembling closely the situation in humans.
This healing delay is caused by inadequate EPC proliferation and mobilization
secondary to defective CXCL12 secretion by keratinocytes and leukocytes in
wounded skin. Future studies should analyze CXCL12 in SCD patients with ulcers

and assess the benefit of CXCL12 therapy in clinical trials.
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MATERIALS AND METHODS

Mice

The SAD-1 (SAD) mouse has been described previously (Trudel et al, 1991). Briefly,
this is a transgenic mouse that harbors a mutated form of human 3 globin. SAD
Hbb®'® hemizygous and wild-type (C57BL/6 background) mice used for this study
were housed in a dedicated pathogen-free environment and were used in
accordance with European Community guidelines and approved by our Institutional

Animal Care and Use Committee.

Surgical wounds and morphometric analysis

Mice were anesthetized by inhalation of isofluorane (AeraneH, Baxter, Deerfield, IL).
After depilation, full-thickness surgical wounds were generated on the back of mice
with 6 or 8-mm disposable biopsy devices (Kai Europe GmbH). All tissues above the
panniculus carnosus were excised. Wounds were then left uncovered. Pictures of
wounds were taken at indicated days after wounding using a Sony CybershotH 10.1
megapixels DSC-W180 digital camera. Wound surface at each time-point was
expressed as a percentage of the initial surface of each wound at day 0.

For tissue collection, mice were killed in a CO2 chamber. Tissues were harvested
and either snap-frozen in liquid nitrogen and stored at -80°C for RNA extraction or
immunolabeling; or fixed in 4% formaldehyde for 12 h at 4°C and then embedded in

paraffin for histological analysis.

Whole mount staining

The cartilage-free ventral sides of ears were collected and fixed in 4% PFA (in PBS)
for 12 h at 4°C. The tissues were processed as already published (Lebrin et al,
2010; Lee et al, 2014). Goat polyclonal anti-mouse VEGFR-3 (R&D Systems) and rat
anti-mouse CD31 antibodies (clone MEC 13.3, eBioscience), were used. All

fluorescently-labeled samples were analyzed with a confocal microscope (Leica).

EPC injections in skin wounds
Bone marrow-derived CD34"CD11b'CD31" EPCs were sorted from of 8 week-old
SAD and WT female mice. A total of 2.5 x 10° sorted cells suspended in 100 ul PBS

12
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pH 7.4 were then injected into four diametrically opposed points at the wound site (5
mm from the wound edges) at day 2 after wounding. Control mice were treated with

PBS in the same way.

OCONOO O WN =

10 CXCL12 (SDF-1a) injections in skin wounds
12 SDF-1a. protein (CliniSciences) was reconstituted in PBS pH 7.4 and injected at a
13 dose of 25ug/kg into four diametrically opposed points of the wound site at day 0 and

15 day 2 after wounding. Control mice were treated with PBS in the same way.
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FIGURE LEGENDS

Figure 1. Delayed skin wound healing occurs in old SAD mice

(a) Skin sections from old SAD and WT mice stained with HPS (hematoxylin
phloxine saffran), (b) thickness of epidermis (Epider), dermis (Der) and hypodermis
(Hypoder) (n=5). (c) Whole mount staining for CD31 and VEGFR3 in normal ear skin
from old mice, (d) measurement of blood and lymphatics diameter. (e) Wound
healing kinetics, and (f) measurement of wound area (n=9). (g) Anti-K14 staining at
day 7, with measurement of the (h) neo-epidermal tongues and (i) gaps (n=9). (j-k)
Correlation of SAD wound area at day 5 with levels of hemoglobin (anemia) (j) and
with reticulocyte counts (hemolysis) (k). Mean + SEM. b, d, f, h and i- Mann-Whitney
test: *P<0.05; **P<0.01 SAD vs WT. j and k- Pearson test: *P<0.05; **P<0.01. Scale
bars: 100 um.

Figure 2. Angiogenesis is impaired in the wound beds of SAD mice

(a) Anti-Ki67 staining of wound sections at day 7, dotted lines indicating the dermal
epidermal junction (DEJ). (b) Quantification of Ki67" cells. (c) Anti-Gr-1 and (f) anti-
F4.80 staining on wound sections at day 7, with quantification of Gr-1* neutrophils
(d) and F4.80" macrophages (g) (n=9). (e,h) FACS analysis of wound cell
suspensions for quantification of neutrophils and macrophages (n=6). (i) Double
staining of CD31 and Lyve-1 on wound sections at day 7, with measurement of the
(j) vessel numbers and (k) relative area occupied by vessels (n=9). (I-m) FACS
analysis of wound cells for the quantification of endothelial cells (n=13). Mean *
SEM. *P<0.05, **P<0.01, ***P<0.001 SAD vs WT, Mann-Whitney test. Scale bars:
100 um.

Figure 3. Impairment of endothelial progenitor cell proliferation and
mobilization in SAD mice

(a-c) FACS analysis of peripheral blood mononuclear cells for quantification of (a,b)
neutrophils and (a,c) monocytes in SAD and WT mice (n=3 to 6); (d-f) FACS
analysis of endothelial progenitor cells (EPCs) in (d,e) marrow and (d,f) peripheral
blood at day O and day S post-wounding (n=6 to 10). At day S post-wounding,

marrow mononuclear cells were cultured and analyzed after 7 days. (g) Double
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staining with Dil-Ac-LDL and Lectin, and (h) quantification of differentiating double-
labeled cells. (i) Proliferation of cultured EPCs (MTT assay). (j) Cultured EPCs
labeled with anti-VEGFR2 and anti-CD34, with (k) quantification of the
CD34"VEGFR2" cells (n=3). Mean + SEM. *P<0.05, **P<0.01 SAD vs WT, Mann-

Whitney test. g and j- arrowheads indicate double positive cells.

Figure 4. Delayed wound healing in SAD mice is rescued by EPC therapy

(a) Photographs of wounds, (b) measurement of wound area. (c-i) SAD wounds
injected with WT EPCs or PBS harvested at day 9 (n=7). (c) K14 staining, and (d)
length of neo-epidermal tongues. (e) Ki67 staining, (f) quantification of Ki67" cells in
the neo-epidermis (Epider) and in granulation tissue (Der). (g) Double staining for
CD31 and Lyve-1, with quantification of the (h) vessel number and (l) relative area
occupied by vessels. Mean + SEM. b- ANOVA: *P<0.05, **P<0.01, ***P<0.001 WT
+ PBS vs SAD + PBS; $P<0.05, ¥P<0.01 SAD + PBS vs SAD + WT EPC; *P<0.05,
*P<0.01 SAD + PBS vs SAD + SAD EPC. d.f,h and i- Mann-Whitney test: *P<0.05,
**P<0.01, *™*P<0.001 SAD + PBS vs SAD + WT EPC. Scale bars: 100 pm.

Figure 5. CXCL12 expression is low in SAD wounds

(a) Quantitative RT-PCR analysis of total wounded skin at day 5, analyzing genes
implicated in angiogenesis and EPC mobilization in SAD and WT mice (n=8). (b)
Correlation between CXCL12 mRNA expression in wounds and level of circulating
EPCs in the blood at day 5 after wounding (n=8). (¢) Quantitative RT-PCR analysis
of CXCL12 mRNA expression in the four main cell types isolated from wounded skin
at day 3 (n=5). Mean + SEM. *P<0.05, **P<0.01; SAD vs WT, Mann-Whitney test.

Figure 6. In situ injection of SDF-1¢ (CXCL12) rescues the healing delay of
SAD mice

(a) Photographs of wounds, (b) measurement of wound area. (c-i) SAD wounds
injected with SDF-1a or PBS harvested at day 9 (n=5 to 6). (¢) K14 staining, with (d)
length of neo-epidermal tongues. (e) Ki67 staining, (f) quantification of Ki67* cells in
the neo-epidermis (Epider) and granulation tissue (Der). (g) Double staining for
CD31 and Lyve-1, with quantification of the (h) vessel number and (i) relative area

occupied by vessels. (j-k) FACS analysis of CD34"CD11b'CD31" EPCs in peripheral
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blood at day 9 post-wounding (n=6). (I) Correlation between level of circulating EPCs
in the blood and number of blood vessels in wounds at day 9 (n=6). MeantSEM. b-
ANOVA: **P<0.01 WT + PBS vs SAD + PBS; $P<0.05, $¥P<0.01 SAD + PBS vs SAD
+ SDF-1a. d,f h,l k- Mann-Whitney test. *P<0.05, **P <0.01; SAD + PBS vs SAD +
SDF-1a. I-Pearson test: ***P<0.001.

20

Page 20 of 33

69



Page 21 of 33 Journal of Investigative Dermatology

Figure 1

O©CO~NOOGOHAWN-=

23 .

70



O©CO~NOOODAWN-=

Figure 2

Journal of Investigative Dermatology

’ -
LAii#:L‘ **4!-.

Page 22 of 33

71



Page 23 of 33

O©CO~NOOODAWN-=

Journal of Investigative Dermatology

Figure 3
a wr ed on Cd 1bs SAD
[ Neutrophil
1
i £ 1 @
I 3 R
[
d WI Guedoncatib. SAD
<. 4 2 [ e
§ [+ ‘ &
8|1 SN

CA11bHYEGHECH monocytes (%)

3

wr
- AD

e 2 DS

72



O©CO~NOOODAWN-=

Figure 4

amm

Journal of Investigative Dermatology

SO+ Fas Sao . wTERC 10 SAD[P(

Page 24 of 33

73



Page 25 of 33 Journal of Investigative Dermatology

Figure 5

©CO~NOOODWN =

wr
a Total wound tissue =41 b

| (HUHHUN

[ Leukocytes Keratinocytes  Fibroblasts Endothalial cels

15 .

-
Retative MANA expressior

Cxcl12 mANA expressior

Cxcl12 mANA expressior

Cxcl12 mRNA expr
o &

74



O©CO~NOOODAWN-=

Journal of Investigative Dermatology

Figure 6

@ Wiepss SAD4PES SAD+SDFIG
g

%
SAD + SOF1

SAD + 5DF1a

Cd3+cd11b-cd31+ EPC

Page 26 of 33

75



Page 27 of 33 Journal of Investigative Dermatology

SUPPLEMENTARY FIGURES
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26 Figure S1. Normal healing of young SAD wounds.

(a) Photographs of wounds at days O, 3 and 7 in young (8 weeks-old) SAD and WT
29 mice. (b) Measurement of residual wound area related to initial wounded area (day 0O) in
31 these animals (n=3).
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Figure S2. Normal epidermal differentiation in skin from old SAD mice.

Analysis of various markers of epidermal differentiation in back skin of 12 months-old
SAD and WT mice. (a,c,e) Immunofluorescence staining of SAD and WT skin for keratin
5 (K5), keratin 10 (K10) and loricrin) (green) in combination with basal membrane
marker (beta 4 integrin- B4) (red). (b,d,f) Measurement of the respective thickness of
K5-labeled basal layer (b), K10-labeled spinous layer (d) and Loricrin-labeled stratum
corneum layer (f) in SAD and WT skin. Scale bars: 100 um

77



Page 29 of 33 Journal of Investigative Dermatology

AOPP
- WT
= SAD

OONO D WN =
=]
e

]

AOPP (mmol/L)
H
<

16 Thiols Nitrate/Nitrite
500- 30+

=
(o]
S
[=]
o

300+

N
o
o

10+

N
N
Thiols (mmol/L)

[

(2]
[=]
o

Nitrate/Nitrite (mmol/L)

0-

(=]
T

28 Thioredoxin = Total antioxidant capacity
29 30+

w
]

[
o
1
—_
(=}
I

w
It

w
S
Thioredoxin (ng/mL)
=)

Total antioxidant capacity (AU/m
o

Figure S3. No increase of oxidative stress in SAD wounded mice

44 After 7 days of wounding, serum was harvested from venous blood of SAD and WT mice
and analyzed for different components revealing oxidative stress as described in
47 methods. Measurement of AOPP, Thiols, Nitrate/nitrite, thioredoxin concentration and
48 total antioxidant capacity in SAD and WT sera (n=5).
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SUPPLEMENTARY MATERIALS AND METHODS

Reagents and Antibodies

Recombinant murine SDF-1a (CXCL12) was purchased from CliniSciences. The
following antibodies were used for immunofluorescence staining: rabbit polyclonal anti-
keratin 5, rabbit polyclonal anti-keratin 10, rabbit polyclonal anti-keratin 14 (Covance),
rabbit polyclonal anti-Ki67, rat anti-beta-4 integrin (clone 346-11A), rat anti-F4/80 (clone
Cl:A3-1), rabbit polyclonal anti-CD31, rat anti-CD34 (clone MEC 14.7), and rabbit
polyclonal anti-Lyve-1 (Abcam); rat anti-mouse CD31 (clone MEC 13.3), rat anti-Gr-1
(clone RB6-8CS5) (eBioscience); and goat polyclonal anti-mouse VEGFR3 (R&D
System). For flow cytometric analysis, the following antibodies were used:. FITC-
conjugated rat anti-F4/80 (clone BM8), FITC-conjugated rat anti-CD31 (clone 390),
APC-conjugated rat anti-CD45 (clone 30F11) (Biolegend); PerCP-conjugated rat anti
CD11b (clone M1/70), PE-conjugated rat anti-Ly6C (clone HK1.4), APC-conjugated rat
anti-CD34 (clone RAM 34), PE-conjugated anti-CD140 (clone APAS) (eBioscience);
APC-conjugated rat anti-Ly6G (clone 1A8) (BD Bioscience).

Immunofluorescence analysis

Immunolabeling was performed on 6 um cryosections. Sections were prepared, fixed in
ice-cold acetone and blocked with 2% BSA/PBS. Cells grown on glass coverslips were
fixed with 1% paraformaldehyde/PBS. Subsequently, PBS containing 0.1% Triton X-100
or 2% BSA was used for permeabilization and blocking, respectively. Samples were
then incubated with primary antibodies for 2 h at room temperature. Isotype Ig served as
a negative control. The secondary antibodies used were Alexa Fluor 488 and Alexa
Fluor 555 (Molecular Probes) conjugated antibodies. Samples were examined and
photographed using a Nikon Eclipse 90i fluorescent microscope equipped with a Nikon
DS-Fi1C digital camera (Nikon). Labeled cells were counted without knowledge of the
corresponding experimental condition in three different fields and reported as a

percentage of total DAPI stained nuclei. Wound angiogenesis and wound re-
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epithelialization were also assessed in a blind manner as described previously
(Khosrotehrani et al, 2011; Nassar et al, 2012).

FACS analysis and cell sorting

Wound tissue harvested at day 2, 3 or 5 after wounding was used for FACS analysis,
according to established methods with minor modifications (Nassar ef a/, 2012).
Mononuclear cells were isolated from blood and marrow as described previously
(Marrotte et al, 2010). These cells were used for FACS analysis or cell sorting. Briefly,
10° cells were re-suspended in 1% FBS/PBS, incubated with a combination of
fluorescence-conjugated antibodies in the dark for 1 h on ice. FACS data were acquired
using @ BD LSR Il cytometer (BD Pharmingen), and analyzed with FlowJo software
(TreeStar Inc., Ashland, OR, USA). Different cell populations were calculated as a
percentage of total living cells. EPCs were sorted using a BD Vantage Flow cytometer
(BD Pharmingen).

EPC culture assay

Bone marrow was flushed out of mouse femurs with 5 mM EDTA/PBS pH 8.0 using a
25-gauge needle, separated by vigorous pipetting, and then centrifuged for 5 minutes
(400 g, 4°C). Mononuclear cells were isolated and plated onto a vitronectin-coated
(Sigma-Aldrich) 6-well plate at 8.5 x 10° cell/lcm? in EGM-2 (Lonza) at 37°C, 5% CO..
After 4 days of culture, non-adherent cells were removed. EGM-2 medium was changed
daily.

After 7 days of culture, attached cells were phenotyped by labeling with Dil-acLDL (10
Hg/ml; Invitrogen) and FITC-lectin (10 pg/ml; Sigma-Aldrich). Cells demonstrating
double-positive Dil-acLDL and lectin staining were identified as differentiating
EPCs.(Marrotte et a/, 2010) In addition, the expression of CD34, VEGFR2 was analyzed

by immunostaining. The proliferation of cultured EPCs was examined by the MTT assay.

Real time RT-PCR
Total RNA was isolated from wounded skin using TRIzol reagent (Invitrogen) in tissue
grinders, or from sorted cells. The Maxima First Strand cDNA synthesis kit (Thermo
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Scientific) was used to synthesize cDNA from 0.5 ug of total RNA. Real-time PCR was
performed with 2 ng of cDNA as a template in a final volume of 10 ul, using the
LightCycler 480 SYBR Green | Master kit (Roche) and a LightCycler‘E“ 480 Real-Time
PCR System (Roche). All samples were assayed in triplicate. The expression of each
target gene was normalized to the relative levels of GAPDH (which was set to “1”), and
results were expressed as a fold change. Primers were purchased from Qiagen.

Evaluation of serum oxidative stress

The level of oxidative stress was determined through measuring Advanced Oxidation
Protein Products (AOPP), thiols, nitrate/nitrite concentration, the antioxidant capacity
and the thioredoxin activity in serum samples harvested from venous blood of SAD and
WT mice at day 7 after wounding as already described by Hebert-Schuster and Coriat
(Hebert-Schuster et al, 2012; Coriat et al, 2014).

Statistical analysis

All values were expressed as means + SEM. Differences between the means of two
groups were assessed with the Mann Whitney test. Differences between multiple groups
were analyzed by 1-way ANOVA. P< 0.05 was considered statistically significant.
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CHAPTER 3 - Role of mineralocorticoid receptor in skin

wound healing

| - Introduction: Biology of mineralocorticoid receptor

The steroid aldosterone is the main mineralocorticoid hormone; it is synthetized in
the glomerular zone of the adrenal cortex in response to hyperkaliemia or sodium
depletion, as the end-point of activation of the renin-angiotensin system (Rossier et
al. 2015). Aldosterone stimulates renal sodium reabsorption and potassium
excretion, therefore playing a major role in the control of blood pressure and

extracellular volume homeostasia.

The molecular and cellular events involved in aldosterone effects in the distal tubule,
the connecting tubule and the collecting duct (referred as aldosterone-sensitive distal
nephron) have been elucidated (Pearce et al. 2015; Penton et al. 2015; Rossier et al.
2015). Aldosterone binds to the mineralocorticoid receptor (MR), a ligand-dependent
transcription factor belonging to the nuclear receptor superfamily (Viengchareun et al.
2007; Zennaro et al. 2009). After nuclear translocation of the hormone-receptor
complex, it binds to glucocorticoid response elements (GRE) within the promotor
region of aldosterone-induced genes to modulate their transcription (there is no
mineralocorticoid-specific response element; MR, GR and AR as well as
progesterone receptors bind to the same GREs). This will trigger an increase in the
activity and number of sodium transporters or channels. In a typical mineralocorticoid
target cell, as the renal collecting duct principal cell, the sodium enters the cell
through the amiloride-sensitive apical sodium channel (ENaC, for Epithelial Sodium
Channel), and is extruded from the cell to the peritubular space by the sodium pump
Na-K-ATPase located in the basolateral membrane (Pearce et al. 2015; Rossier et al.
2015). ENaC and Na-K-ATPase are coordinately activated and up-regulated in the
presence of aldosterone, leading to an increase in transepithelial sodium
reabsorption via the transcellular route. Aldosterone also stimulates sodium
reabsorption in the distal nephron through enhanced expression of the thiazide-
sensitive NaCl cotransporter and potassium secretion through K channels as ROMK
(Pearce et al. 2015; Penton et al. 2015; Rossier et al. 2015).
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| - A - Structure of mineralocorticoid receptor

The mineralocorticoid receptor (MR) is a member of the nuclear receptor (NR)
superfamily of ligand-dependent transcription factors, together with the glucocorticoid
receptor (GR), the androgen receptor (AR), the progesterone receptor, the estrogen
receptor, the thyroid hormone receptor, the retinoic acid receptor(RAR), the
peroxisome proliferator-activated receptor (PPAR), the vitamin D receptor (VDR) and
numerous orphan receptors (Gronemeyer et al. 2004; Bookout et al. 2006; Lu et al.
2006). In human, the MR has 984 amino acids (aa), encoded by the NR3C2 gene
located on chromosome 4, with 10 exons (the first two exons, 1a and 13, are un-
translated) (Morrison et al. 1990; Zennaro et al. 1995), while the rat and mouse MR
gene is located on chromosome 19, and differs slightly in having three un-translated
exons, encoding a 981 aa protein (Kwak et al. 1993). MR protein has a classical
structure of nuclear receptor, with three main domains: a N-terminal domain, followed
by a central DNA-binding domain (DBD), and a C-terminal ligand-binding domain
(LBD) (Figure 15) (Viengchareun et al. 2007; Pippal and Fuller 2008)

- The N-terminal domain, consists of 602 aa, is the longest among all the steroid
receptors. It possesses several functional domains responsible for ligand-
independent transactivation or transrepression including two distinct activation
functions-1 regions (AF-1a and AF-1b) and a central inhibitory region. These different
regions of the N-terminal domain recruit co-regulators responsible for modulating the
transcriptional activity of MR in a highly selective manner and have been considered
to be important determinants of mineralocorticoid selectivity (Pascual-Le Tallec and
Lombes 2005).

-The DBD contains two motifs of zinc finger’s structure that permit binding to DNA
and dimerization of receptors. The MR can form homodimers (MR-MR) or can
heterodimerize with the GR (MR-GR). The two zinc finger’'s structures are necessary
for binding to hormone responsive elements (HRE). Thus, this domain has the ability
to recognize specific target DNA sequences. The MR binds to GRE; there is no MR-
specific HRE.

- The LBD is a complex and multifunctional domain that is conserved between
species. This domain possesses a ligand-dependent AF-2 and participates in

multiple functions, including ligand binding, nuclear localization, dimerization,
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interaction with heat shock proteins (HSPs), and transcriptional co-activators and

ligand-dependent transactivation via AF-2 domain (Viengchareun et al. 2007).
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Figure 15. Schematic representation of human MR structure (Viengchareun et al.
2007).

MR gene, mRNA, protein, functional domains and associated posttranslational
modifications are depicted. The human MR (hMR) gene is composed of ten exons,
including two untranslated first exons (1a and 1B). The receptor has distinct
functional domains (activation function AF-1a, AF-1b and AF-2) and nuclear
localization signals (NLSO, NLS1 and NSL2), as well as one nuclear export signal
(NES). The positioning of amino acids targeted for phosphorylation, sumoylation,

acetylation and ubiquitylation is indicated.

| - B - The ligands of mineralocorticoid receptor

Aldosterone and glucocorticoids (cortisol in humans, corticosterone in rodents) are
the physiological ligands of MR. These two hormones bind with the same high affinity
to MR, even though the dynamic binding parameters and the functional properties of
glucocorticoid - MR complexes are somehow different from that of aldosterone — MR
(Lombes et al. 1994; Hellal-Levy et al. 1999). According to Hellal-Levy, the

aldosterone - MR complex is more effective in terms of transcriptional activity than
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glucocorticoid - MR complex (Hellal-Levy et al. 1999). In addition, progesterone and
androgens can also bind to the MR and exert partial agonist or antagonist effects
depending on the cellular context (Quinkler et al. 2003; Marissal-Arvy et al. 2004;
Takeda et al. 2007).

MR antagonists (MRA) have been developed and are currently used in human
clinical care (Maron and Leopold 2010). Spironolactone, the most widely used MRA,
was approved as a diuretic and natriuretic drug for the management of hypertension
and primary aldosteronism, and later on to treat heart failure (Menard 2004). This is a
potent competitive MRA but poorly selective, as it also inhibits the androgen and
progesterone receptors, leading to side effects such as gynecomastia, impotence
and menstrual disorders. At high concentrations it may also interfere with the GR
(Kolkhof and Borden 2012). Eplerenone, a second general MRA, is a very specific
antagonist but less effective than spironolactone (MR has about 100 to 500 times
less affinity for eplerenone than for spironolactone) (Colussi et al. 2013). Of note, the
use of MRAs that do not need to be metabolized into active moieties for full efficacy,
such as eplerenone may be preferred when effects are expected relatively rapidly
after treatment; short half-life is important to consider for safety concerns to yield

rapid decrease of active moieties when stopping therapy in case of toxic effect.

In addition to spironolactone and eplerenone, other MRA molecules are used for
research on animal or in vitro models including canrenone, RU28318 or RU26752.
Canrenone, an active metabolite of spironolactone, is also used in some countries for
human use. An injectable preparation (potassium canrenoate) is available (Armani et
al. 2014). Moreover, novel non-steroidal compounds were also identified or
generated recently as potent and selective MRAs, such as BR-4628, BAY 94-8862
(Finerenone) (belonging to the dihydropyridines: L-type calcium channel
antagonists), PF-03882845 and SM-368229 (Pitt et al. 2013; Collin et al. 2014; Pitt et
al. 2015).

| - C - Mineralocorticoid receptor specificity

It has been shown that the MR can bind cortisol and aldosterone with equal high
affinity (Kd = 0.5nM) (Hellal-Levy et al. 1999; Farman and Rafestin-Oblin 2001). The

mechanisms of differential activation of the MR by the two corticosteroid hormones
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allowing tissue-specific effects can be considered at the pre-receptor, receptor, and

post-receptor levels (Pascual-Le Tallec and Lombes 2005).

The metabolism of cortisol is a key mechanism for maintaining MR selectivity in
some target tissues. Indeed, the concentration of cortisol in plasma is 100 to 1000
times higher than that of aldosterone; the mineralocorticoid selectivity mainly
depends, at a cellular level, on the enzymatic activity of 11-beta-hydroxysteroid
dehydrogenase type 2 (11HSDZ2), which converts cortisol into inactive cortisone,
resulting in the preferential aldosterone-dependent MR activity (Farman and
Rafestin-Oblin 2001) (Figure 16). However, the mineralocorticoid specificity is not
only ensured by 11HSD2 because its expression is mainly restricted to sodium-
transporting epithelial cells. HSD2 is very low or absent in some MR-expressing
tissues such as the myocardium and hippocampus. This is a strong indication that
other molecular mechanisms are important determinants of receptor specificity and

action.

Aldosterone A Glucocorticoids &
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Figure 16. Schematic representation of the MR selectivity. Aldosterone target
cells express both the MR and the GR. The MR may be occupied by aldosterone
(kidney cells) and also by glucocorticoids (that are much more abundant than
aldosterone in the plasma) in cells with low activity of the glucocorticoid-metabolizing
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enzyme 11HSD2, leading to distinct transcriptional regulations (aldo-MR versus
gluco-MR).

At the receptor level, mineralocorticoid selectivity is conferred by ligand-induced
conformational changes of MR, which differ in presence of gluco- and
mineralocorticoid ligands leading to differential transactivation activity. It has been
shown that aldosterone dissociates more slowly from the receptor and induces more
efficient transactivation than cortisol (Lombes et al. 1994; Farman and Rafestin-Oblin
2001). The N-/C-terminal interaction of the MR, which may serve to stabilize ligand
binding to the receptor (Li et al. 2006; Centenera et al. 2008), is stronger in the
presence of aldosterone than cortisol (Rogerson and Fuller 2003), suggesting

another important step towards ligand specificity of the MR.

At the post-receptor level, several post-translational modifications, such as
phosphorylation, ubiquitination, may occur and modify MR activity (Viengchareun et
al. 2007).

| - D - Mineralocorticoid receptor and pathology of skin

The notion of excessive/inappropriate MR activity in diseases originates from several
pathological situations, in animal models and human subjects, revealing the benefit
of treatments with MR blockers. Indeed, efficiency of MR antagonists to reduce
excessive/inappropriate MR activation in cardio-vascular pathology was provided in
experimental and clinical situations. Pionneer clinical trials showed that
spironolactone or eplerenone added on top of standard care limits morbidity and
mortality in patients with cardiac insufficiency or following myocardial infarction (Pitt
et al. 1999; Pitt et al. 2003). MR blockade improves vascular dysfunction (Leopold et
al. 2007; Koenig and Jaffe 2014), limits progression towards renal failure (Shavit et
al. 2012), or restores vision in patients with chronic serous chorioretinopathy, a
vision-threatening eye disease (Zhao et al. 2012). MR antagonism was also shown to
be beneficial in diabetes and metabolic syndrome; it improves glucose tolerance,
decreases insulin resistance, plasma levels of trigglycerides and pro-inflammatory
cytokines (Guo et al. 2008; Hirata et al. 2009; Wada et al. 2010).

88



MR is expressed in different part of skin such as epidermis, hair follicle, sweat and
sebaceous glands, vessels, suggesting its multiple functions in cutaneous tissue
(Kenouch et al. 1994; Zennaro et al. 1997; Farman et al. 2010). Glucocorticoids are
widely used in clinical treatments of chronic inflammatory or auto- immune skin
diseases. However, aside the great efficacy, treatments with glucocorticoids are often
accompanied by unwanted side-effects including skin atrophy and delayed wound
healing, of great concern for patients (Hengge et al. 2006). Glucocorticoids
classically act through binding to the glucocorticoid receptor (GR); they can also bind,
even with higher affinity, to the MR; MR-glucocorticoid complexes may contribute to
glucocorticoid-induced side-effects in the skin (Sainte Marie et al. 2007; Farman et al.
2010).

Firstly, unexpected roles of MR in epidermal keratinocytes have been highlighted by
Sainte Marie et al, by using a mouse model expressing the human MR under the
control of a keratinocyte-specific promoter (K5-MR mice) (Sainte Marie et al. 2007).
Post-natal induction of MR was associated with alopecia and dysmorphy of hair
follicles, whereas gestational expression of the MR led to premature skin barrier
formation and epidermal atrophy (Sainte Marie et al. 2007). The pathways regulated
by epidermal MR are still poorly identfied. Of note, we have recently reported that the
3 subunits of the epithelial sodium channel (ENaC) are overexpressed in the skin of
K5-MR mice at birth (Maubec et al. 2015). The enhanced ENaC expression may
depend on glucocorticoid-activated MR, because of the perinatal rise in plasma
glucocorticoid concentration. The blockade of MR could limit the glucocorticoid-
induced epidermal atrophy and and it is accompanied by reduced ENaC expression
(Sainte Marie et al. 2007; Maubec et al. 2015). The blockade of the activity of ENaC
also rescued the reduced keratinocyte proliferation and epidermal atrophy,
suggesting an involvement of ENaC activation in the glucocorticoid-stimulated
epidermal MR cascade (Maubec et al., 2015), and pointing on mineralocorticoid

signaling as a novel epidermal modulator.

In addition to their effects on epidermis, aldosterone and MR antagonists have been

reported as modulators of elastin and collagen production in dermis of human skin

(Mitts et al. 2010). Restoration of dermal homeostasis by MR antagonism may rely

on anti-fibrotic and anti-inflammatory actions, leading to improve collagen structural

organization and remodeling and cellularity, a mechanism also occuring in heart
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diseases. In a mouse model of aging skin, associating UV irradiation and metabolic
syndrome, Nagase et al. revealed beneficial action of MR blockade in some aging-
like features (Nagase et al. 2013). Recently, Tiganescu et al. showed that the aging-
dependent dermal atrophy and delayed wound healing in mice were restored by
inactivation of the glucocorticoid-activating enzyme 11HSD1 (a reductase that
converts inactive glucocorticoids as cortisone into active ones, as cortisol) ); 11HSD1
is expressed in epidermis, and its inactivation leads to reduced local glucocorticoid

production, thus limiting the possibility of MR occupancy (Tiganescu et al. 2013).

Since the activity of the MR-protecting enzyme 11HSD2 is minimal in human
epidermis (Kenouch et al. 1994), it permits MR occupancy by glucocorticoids.
Glucocorticoid activation of the MR is most likely to occur in face of local application
of dermocorticoids. Whether and how this mechanism could participate to some of
the deleterious side-effects of dermocorticoids, as skin atrophy and delayed wound
healing, is an important therapeutical issue, as it could be limited by local co-

administration of MR antagonists.

/ GR Anti-inflammatory beneficial effects

GLUCOCORTICOID
EXCESS

MR antagonists = MR Deleterious effects ?
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ABSTRACT

Impaired cutaneous wound healing is a social burden, occuring as a consequence of glucocorticoid
excess or treatments. and in several pathologies including diabetes. Glucocorticoids (GC) can bind
to the mineralocorticoid receptor (MR), resulting in its excessive activation, as demonstrated in
cardiovascular diseases, from the beneficial effects of MR antagonists (MRA) on morbidity and
mortality. We hypothetized that dermatological use of MRA could be beneficial to improve the

reepithelialization of pathological wounds and favor their closure.

Cutaneous ointment of mouse skin and incubation of human sKin explants in organotypic culture
with the potent GC Clobetasol (Clo) induced delayed wound closure and growth of epidermal
tongues, associated with reduced proliferation of keratinocytes. Reepithelialisation of the wounds
was rescued by MRA local application. The benefit of MR blockade is explained by the observed
enhanced MR and epithelial sodium channel (ENaC) expression in Clo-treated mouse skin ; ENaC
blockade by Phenamil in cultured human skin explants also improved GC-induced impaired

growth of epidermal tongues.

Since MR excessive activation has been reported in diabetes, we performed wounds in mouse
models of diabetes (streptozotocin and db mice, that heal poorly) and found that local MRA

ointment accelerated their impaired closure.

In a post-hoc analysis of the SPIREPI clinical trial performed in healthy volunteers, we showed

that local MRA ointment over post-biopsy wounds of Clo-treated skin zones was also accelerated.

In conclusion, we show here a repositionning of old pharmacological agents, to improve wound
closure, when applied locally over diseased skin (while normal skin was unaffected). We propose
that development of new formulations of MRA for cutaneous application should bring benefit to

patients with impaired wound closure.

92



INTRODUCTION

Cutaneous wound healing is a complex biological phenomenon. The process includes
successive stages, with initial inflammation and activation of the coagulation cascade, followed
by new tissue formation and tissue remodeling (Gurtner et al. 2008). Full healing is yielded
only after a long lagtime (about one year in humans). Re-epithelialization of injured skin is an
catly step in the formation of new tissue. involving keratinocyte migration and proliferation
from the edges of the wound. This process is activated by signaling pathways originating from
epithelial and nonepithelial cells at the wound edges, which release cytokines and growth
factors (Werner and Grose 2003). Nuclear receptors as peroxysome-proliferator-activated
receptors, androgen, estrogen and glucocorticoid receptors were also demonstrated to mediate

wound re-epithelialization (Icre et al. 2006; Michalik and Wahli 2006; Pullar et al. 2006).

Impaired wound healing is a major clinical problem in various situations including subjects
treated by corticosteroids/dermocorticoids. in the elderly and in pathological conditions. such
as diabetes, sickle cell disease or Cushing syndrome (Bulkley and Roberts 1974; Trent and
Kirsner 2004; Menke et al. 2007; Biswas et al. 2011). Efforts towards improving wound

healing represent a major challenge, to improve quality of life.

Glucocorticoid treatments are often accompanied by delayed wound healing and skin atrophy,
causing great concern to patients (Hengge et al. 2006). Glucocorticoids classically act through
binding to the glucocorticoid receptor (GR); they can also bind with high affinity to another
closely related member of the nuclear receptor superfamily, the mineralocorticoid receptor
(MR) (Farman and Rafestin-Oblin 2001; Viengchareun et al. 2007). The MR and its
mineralocorticoid ligand aldosterone are regulators of renal sodium reabsorption, fluid
homeostasia and blood pressure, due to the aldosterone-MR action in the kidney (Farman and
Rafestin-Oblin 2001; Viengchareun et al. 2007). In mineralocorticoid-sensitive tissues,
glucocorticoids are inactivated by the enzyme 11 beta hydroxysteroid dehydrogenase type II
(HSD2), preventing their binding to the MR, which is therefore selectively activated by
aldosterone (Farman and Rafestin-Oblin 2001; Odermatt and Kratschmar 2012). In some
tissues/cells where the enzyme is absent, glucocorticoids (that largely prevail in the plasma)
may activate the MR, as for example in the heart or brain.

Both the MR and the GR are expressed in epidermal keratinocytes (Farman et al. 2010). While
it is established that glucocorticoids delay wound healing through binding to the GR (Youm et

al. 2013; Tiganescu et al. 2014), the role of epidermal MR is mostly unknown (Farman et al.
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2010). Because of the absence of epidermal HSD2 (Kenouch et al. 1994), we hypothetized that
some cutaneous deleterious side effects of glucocorticoids could depend partly on inappropriate
MR activation by glucocorticoids. As a consequence, we propose that local (cutaneous) MR
antagonism may bring some benefit to patients treated with glucocorticoids..Indeed we showed
recently that the epidermal atrophy induced by clobetasol, a potent dermocorticoid, could be

limited by co-administration of the MR blockers (Maubec et al. 2015).

Interestingly. several reports also point on the involvement of the renin-angiotensin-
aldosterone system (RAAS) in diabetes and insulin resistance, leading to the proposal that
administration of MR antagonists could reduce pathological events in diabetes (Guo et al. 2006;
Guo et al. 2008; Hirata et al. 2009; Adel et al. 2014; Sato 2015). We reasoned that delayed skin

wound healing in diabetic mice might also be improved by MR blockade.

In this study. we questioned whether locally applied MR blockers could improve the ecarly
phase of cutancous wound closure of mouse models of delayed wound healing (glucocorticoid
treatment, type I and type II diabetes) and in glucocorticoid-treated cultured human skin
explants. We searched for mechanism of the observed beneficial effects. We also monitored
wound closure after skin biopsy in healthy volunteers treated for one month with the
dermocorticoid clobetasol, to evaluate spironolactone effect, as a post-hoc study of the

SPIREPI clinical trial (ClinicalTrials.gov: NCT01407471).

MATERIAL AND METHODS
Reagents and Antibodies

Reagents and drugs were purchased from Sigma-Aldricht unless specified. Spironolactone,
potassium canrenoate or eplerenone (Tocris Bioscience, Bio-Techne))were used as MR

antagonists. Culture medium was from Gibco® (Life Technologies).

The following antibodies were used for immunofluorescence staining: rabbit polyclonal anti-
keratin 14 (Covance);, rat anti-F4/80 (clone CL:A3-1), rat anti-Gr-1 (clone RB6-8C5)
(eBioscience); rabbit anti polyclonal ki67 (Novocastra), rabbit polyclonal anti CD3
(Novocastra), antibody against cytokeratine 17 (K17, kindly provided by P. Coulombe)

Mouse experiments
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The use of mice was in accordance with the guidelines of the European Community and

approved by our Institutional Animal Care and Use Committee.

Skin explants from newborn mice overexpressing the MR

Skin explants from neonatal mice were used to point on the role of the MR on the epithelial
phase of healing. Mice with overexpression of the MR in basal keratinocytes (K5-MR) have
been previously characterized (Sainte Marie et al. 2007). Skin explants from newborn K5-MR
mice (they die shortly after birth) and their control littermates were cultured as described
(Mazzalupo et al. 2002). After decapitation, patches from 0.5-1 day-old pups were obtained
from the ventral skin, using a 4 mm biopsy punch (NM Medical); each patch was placed
directly on a well of 24-wells tissue culture plates with the dermis facing the plastic for 30
min to favor adhesion. Then 0.5 ml of the keratinocyte culture medium warmed at 37°C
(cFAD: DMEM/HamF12 (3/1, v/v), insulin 5 pg/ml, T3 2nM, transferrin 5 pg/ml, epidermal
growth factor 10 ng/ml, fungizone 0.5 pg/ml, 5% decomplemented charcoal-stripped fetal
bovine serum (Life Technologics) and cholera toxine 0.1 nM (Tebu-Bio) were gently added.
Medium was changed daily. After 7 days of culture, explants were harvested and fixed for 10
min with 4% paraformaldehyde, rinsed in PBS; antibody against cytokeratine 17 (K17, kindly
provided by P. Coulombe, 1:5000) was used for immunolabelling to visualize the outgrowth
of keratinocytes (Mazzalupo et al. 2002). The outgrowth of keratinocytes was measured using
the ImagelJ software (NIH): the surface is expressed in mm? (after substraction of the surface

of the initial punch).
In vivo wound healing assay in mice

Wound healing assay were performed either in normal C57BL6 mice or in mice pre-treated
once a day with topical clobetasol over backskin (Dermoval gel,(0.05% clobetasol propionate,
GlaxoSmithKline) for 10 days before wounding, or in diabetic mice. Type I diabetes was
induced by streptozotocin (4 weeks after 5 daily i.p. injections of 50 mg/kg streptozotocin to
mice). Db/db mice (BKS(D)-Leprdb/J, Janvier) were used as a model of type II diabetes. All

mice were 10-12 weeks old females.

Mice were anesthetized by inhalation of isofluorane (AeraneH, Baxter). After depilation, four
full-thickness wounds were generated on the back of mice with 6 mm diameter disposable
biopsy devices (Kai Europe GmbH). All tissues above the panniculus carnosus were excised.

Wounds were then left uncovered and 0.5 mM potassium canrenoate (Canre) or PBS (50uL

95



for each wound), were locally applied twice daily until sacrifice. Pictures of the wounds were
taken using a Sony CybershotH 10.1 megapixels DSC-W 180 digital camera. Wound surface
was expressed as percentage of the initial surface of each wound at day 0. For tissue
collection, mice were killed in a CO2 chamber. Tissues were harvested. snap-frozen in liquid

nitrogen and stored at ~80°C for RNA extraction or immunolabeling.

Human skin explants culture

To study the ex vivo effect of MR blockade on the human epithelialization, human skin
explants were placed in organotypic culture. Human skin was collected from breast reduction
surgery (obtained after informed consent of the subjects and ethical approval of the Comité de
Protection des Personnes Ile de France V) and explant culture was performed for 6 days as
described (Maubec et al. 2015). Explants were cultured in the presence of clobetasol (Sigma-
Aldricht, 10 uM in 0.2% ethanol; the concentration of clobetasol was much lower than that of
commercial gel preparations used in dermatology, usually 0.05% i. e. 1 mM). Three MR
antagonists: spironolactone (10 uM in 0.2% ethanol) or potassium canrenoate (10 M in PBS)
or eplerenone (10 uM in 0.2% DMSO) were used. Control explants were incubated with the
drugs alone, or the solvents alone. The effect of Phenamil (100 nM), a blocker of the
epithelial sodium channel ENaC, was also evaluated. Afier 6 days in culture, explants were
frozen and processed for measurement of the length and surface of the epidermal tongues
(Meier et al. 2013). Keratinocyte proliferation (ki67 index) was measured as described

(Maubec et al. 2015).

Wound healing in healthy subjects

The SPIREPI clinical trial (ClinicalTrials.gov Identifier: NTC01407471) was designed to
evaluate the interest of topical spironolactone administration to prevent corticoid-induced
epidermal atrophy in healthy volunteers as primary outcome. Detailed protocol has been
previously provided (Maubec et al. 2015). Four zones on the forearm of each participant (2
zones on each arm) were treated with hydro-alcoholic gels containing placebo, or 5%
spironolactone, or 0.05% clobetasol propionate, or 0.05% clobetasol+5% spironolactone,
administered 6 days a week during 29 days. Skin biopsy (3 mm biopsy punch) was performed
on day 29. Subsequent treatments (up to day 48) were either placebo (over zones previously
treated with placebo or clobetasol) or spironolactone (over zones previously treated with
spironolactone alone or associated with clobetasol); clobetasol applications were not

continued for ethical reasons, as it is known to delay wound healing. After biopsy, clinical

96



examination and photography of the treated zones by dermatologists was performed to
monitor eventual local reactions. The surface of the wounds at day 3 after biopsy (i.e. before
formation of crust) was measured (using the Image J software) on photographs of wounds by

2 investigators blind to the treatments.

Immunofluorescence experiments

Immunolabeling was performed on 6 um cryosections. Sections were fixed in ice-cold
acetone and blocked with 2% BSA/PBS. Samples were then incubated with primary
antibodies for 2 h at room temperature. Isotype IgG served as a negative control. The
secondary antibodies used were Alexa Fluor 488 and Alexa Fluor 555 conjugated antibodies
(Molecular Probes). Samples were examined and photographed using a Nikon Eclipse 90i
fluorescent microscope equipped with a Nikon DS-FilC digital camera (Nikon). Labeled cells
were counted without knowledge of the corresponding experimental condition in three
different fields and reported as a percentage of total DAPI stained nuclei. Wound re-
epithelialization was also assessed in a blind manner as described previously (Khosrotehrani
et al. 2011; Nassar et al. 2012).

Real time RT-PCR

Total RNA was isolated from normal or wounded skin using TRIzol reagent (Invitrogen). The
Maxima First Strand ¢DNA synthesis kit (Thermo Scientific) was used to synthesize cDNA
from 0.5 pg of total RNA. Real-time PCR was performed using the LightCycler 480 SYBR
Green I Master kit (Roche) and a LightCycler® 480 Real-Time PCR System (Roche). Samples
were assayed in triplicate. The expression of genes was normalized to the relative levels of
beta-actin. Primers were designed and purchased from Eurogentec; sequences are reported in
Table S1.

Statistical analysis

Results are expressed as means + SEM. Differences between the means of two groups were
assessed with the Mann Whitney test. Differences between multiple groups were analyzed by
I-way ANOVA followed by Newman-Keuls Multiple Comparison test. P< 0.05 was

considered statistically significant.

RESULTS

97



MR blockade improves keratinocyte outgrowth of skin explants issued from K5-MR

newborn mice

The overexpression of the MR in keratinocytes (K3-MR mouse model) during gestation leads
to early post-natal death (Sainte Marie et al. 2007). Collection of skin was possible few
hours after birth. The excentric outgrowth of Keratinocytes around cultured explants of
neonatal skin features the re-epithelialization of wound (Mazzalupo et al. 2002; Wong and
Coulombe 2003). After 7 days of culture the keratinocyte outgrowth of skin explants from
K5-MR pups was limited, compared to that of their control littermates (Figure 1). The
impairment of outgrowth of K5-MR skin appeared to be related to the MR overexpression,
since addition of the MR antagonist canrenoate (Canre) all along explant culture partly
restored the defect of keratinocyte outgrowth of K5-MR explants (Figure 1). These results

point on the MR as an actor in the wound re-epithelialization.

MR blockade rescues glucocorticoid-induced impaired wound re-epithelialization in

mice

As GC can bind the MR, in addition to GR, we questioned whether MR blockade could

improve the GC-related delayed wound healing in mouse skin.

The cutaneous expression level of MR mRNA was increased by four-fold by clobetasol
treament in wounded skin and in the surrounding normal skin (Figure 2, A and B), providing
clues to the possibility of MR occupancy by locally-applied glucocorticoids. Cutaneous GR

mRNA levels were not or marginally affected (Figure 2, A and B).

In control mice, MR antagonism by Canre applied over the wounds did not modify their
closure at day 3 and 3: glucocorticoid pre-treatment delayed wound closure, as expected
(Figure 2, C and D). Noticeably the application of Canre to the wounds of clobetasol-treated
skin improved clearly their closure. Indeed. the wound surface at day 3 and 5, expressed as a

percent of the wound surface at day 0. was normalized (Figure 2, C and D).

Reduction in wound size could rely on re-epithelialization or/and wound contraction. Analysis
of cryosections of wound specimens at day 5 allowed determining that MR blockade induces
re-epithelialization of wounds in clobetasol-pre-treated mice, as illustrated by the longer neo-
epidermal tongues on wound sections (Figure 2, E and F). Canre-treated mice showed
shorter residual wound length (the distance between two edges) (Figure 2, E and G). The

improvement of re-epithelialization by Canre was accompanied by a higher number of Ki67-

98



positive proliferating keratinocytes in neo-epidermis of wounds, 5 day after wounding of
clobetasol-treated skin (Figure 2, H and I). In contrast, we did not observe any change in
dermal cell proliferation in granulation tissue after canreoate treatment (Figure 2, H and I).
Canre did not modify the dermal inflammation markers (Gr-1, F4.80 and CD3
immunofluorescence) at day 5 after wounding of clobetasol-treated skin (Figure S1). Thus
MR blockade improves re-epithelialization of glucocorticoid-treated mouse skin and restores

proliferation of epidermal keratinocytes. without affecting the underlying dermis.

MR antagonism rescues the GC-induced impaired wound healing in cultured human

skin explants

We tested our hypothesis in human skin explants maintained in organotypic culture, and
assessed the MR specificity of the effect by testing 3 MR antagonists. The formation of neo-
epithelial tongues at the edges of cultured human skin explants features some aspects of
wound healing including re-epithelialization (Meier et al. 2013). In the absence of clobetasol
in the incubation medium, the length and surface area of epithelial tongues were not
influenced by addition of the MR blockers canrenoate or spironolactone or eplerenone
(Figure 3 A-C). In the presence of 10 uM clobetasol, the neo-epithelialization was reduced;
addition of the each MR blocker (spironolactone, canrenoate or eplerenone) clearly restored
the outgrowth of epithelial tongues (Figure 3 A-C). The beneficial effect observed with
canrenoate or spironolactone (that can block the MR but also other steroid hormone receptors)
was similar to that obtained with the highly MR-specific antagonist eplerenone. Fewer ki67-
positive proliferating cells were present in the epidermis of explants treated by clobetasol
(8.0%) than in those of control (12.1%), indicating that glucocorticoid inhibits keratinocyte
proliferation of skin explants in culture (Figure 3, D and E). Noticeably the decreased
proliferation index was rescued by co-incubation of clobetasol with each of the 3 MR
blockers (while these drugs did not affect the epidermal proliferation in explants that were not

incubated with the glucocorticoid) as shown on Figure 3, D and E.
Topical glucocorticoid treatment enhances ENaC expression in the wound of mouse skin

To get insignts in the mechanism by which MR blockade improves the glucocorticoid-
induced delayed healing, we questionned whether cutaneous MR challenged with clobetasol
affect the expression of the epithelial sodium channel ENaC, a classical MR target in the

kidney (Kusche-Vihrog et al. 2010). Epidermal keratinocytes express ENaC (Brouard et al.
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1999; Mauro et al. 2002) and we found here that clobetasol treatment of mouse back skin is
associated with enhanced alpha ENaC transcripts, that was fully blunted when Canrenoate
was added on top of the glucocorticoid (Figure 4 A). Thus the epithelial sodium channel

ENaC belongs to the cutaneous MR cascade.

Blockade of ENaC improves the GC-induced defect in tongue formation in human skin

explants

To evaluate whether ENaC activity is involved in wound re-epithelialization, we monitored
the effect of the ENaC blocker Phenamil on the formation of epithelial tongues in human skin
explants. Clobetasol-induced reduced neo-epithelialization is corrected by Phenamil,
suggesting that activity of the sodium channel participates in the glucocorticoid-induced

defect of growth of the epithelial tongue (Figure 4 B-D).
MR blockade improves the delayed wound healing in diabetic mice

Beneficial effects of treatments with MR antagonists have been reported on cardiovascular
and renal functions (Guder et al. 2007; Mihailidou et al. 2009; Shavit et al. 2012). The wound
healing is impaired in diabetic patients; Type I diabetes induced by streptozotocin injections
has been demonstrated to be a model of delayed skin wound healing (Stallmeyer et al. 2002;
Luo et al. 2004). We confirm that the skin heals more slowly in STZ mice than in control
mice (Figure 5, C' and D). We also found that STZ mice has a 6-fold higher level of MR
mRNA in the skin, while GR mRNA was also moderately (1.5-fold) enhanced (Figure 5, A
and B). Canrenoate applied over the STZ wounds twice a day during 5 days resulted in
reduced surface area of STZ wounds (compared to PBS application) (Figure 5, C and D).

Thus, in this model of type I diabetes, local MR blockade accelerates wound closure.

The db/db mouse model reproduces several features of type II diabetes, including delayed
healing of cutaneous wounds (Hamed et al. 2009; Marrotte et al. 2010). The MR and GR
mRNA levels of skin from db/db mice are slightly but significantly increased, compared to
their non-diabetic controls (Figure 6, A and B). The skin wounds of db/db mice exhibited
very slow healing, compared to those of control mice and canrenoate application improved at
least partially the delayed healing of db/db mouse skin (Figure 6, C and D). Therefore,
topical administration of the MR antagonist also appears beneficial to favor wound closure in

Type II diabetic mice.
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MR blockade and wound closure in healthy volunteers

The SPIREPI clinical trial was designed to evaluate the efficiency of MR blockade to limit
GC-induced epidermal atrophy in 23 healthy subjects (Maubec et al. 2015). After 4 weeks
clobetasol exposure (with/without spironolactone), a wound was created by the biopsy. As a
post-hoc analysis of the SPIREPI study, we compared the surface of wounds at day 3
following skin biopsy, i.c. at the carly stage of wound closure. As shown on Figure 7.
application of the clobetasol gel resulted in larger wound area, and spironolactone gel
significantly increased wound size (in the zone where spironolactone was applied in the
absence of clobetasol, the size of the wound was similar to placebo gel administration).
Therefore the improvement of the early phase of wound closure by spironolactone also occurs

in vivo in glucocorticoid-treated skin of healthy subjects (Figure 7).

DISCUSSION

Several recent reports pointed on the involvement of steroids and their nuclear receptors in
cutaneous wound healing. Estrogens accelerate epidermal healing of acute wounds in elderly
women, an effect mediated by the beta (not alpha) epidermal estrogen receptor (Campbell et
al. 2010). Androgens have an opposite effect, i.e. delayed wound healing (Asheroft and Mills
2002). Overexpression of the GR in keratinocytes or glucocorticoid administration delay
wound healing (Sanchis et al. 2012). Here we add another nuclear receptor to the list of
transcription factors modulating wound healing, and show that MR activity can be targeted by
local application of antagonists. We reveal that MR blockade favors re-epithelialization of
wound in pathological mouse models (gluco treatment. diabetes). Of note. MR blockade is
ineffective in normal (healthy) skin. We have provided clues for MR-dependency of the
delayed wound re-epithelialization using a transgenic mouse model with MR overexpression
in keratinocytes (K5-MR newborn mice). Efficiency of spironolactone or canrenoate on
mouse back skin or human explants organotypic culture also favor this view, although these
drugs are not fully specific for MR. Indeed they can antagonize other nuclear receptors,
particularly the androgen receptor (Kolkhof and Borden 2012). However in human explants,
pharmacological blockade of cutancous MR by eplerenone, a highly specific MR antagonist,
was also efficient to restore keratinocyte growth. Therefore MR blockade improves re-

epithelialization of pathological wounds.
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The question of the ligand of cutaneous MR merits to be discussed. In the absence of 11f-
HSD2 in epidermis, it is likely that glucocorticoids rather than aldosterone preferentially bind
to the MR. In addition to exogenous (therapeutical) glucocorticoids or endogenous
hypersecretion (Cushing disease), local corticosteroidogenesis has been evidenced in the skin
(Vukelic et al. 2010). Whether local steroidogenesis is subjected to regulation in pathological
situations (and in wound healing) is remained unknown. In addition, glucocorticoids may be
locally produced by the enzyme 11B-HSDI1 (acting as reductase, at opposite to 113-HSD2)
present in epidermis (Kenouch et al. 1994), thus further modulating activation of MR. The
role of 113-HSD1 has been highlighted in aging skin, where wound healing is also impaired
despite no major change in plasma cortisol concentration; one mechanism is the age-
dependent increase in the enzyme 11B-HSDI, that enhances regeneration of glucocorticoids;
topical treatment with an 11B-HSDI inhibitor accelerates healing of dorsal wounds in mice

and improves cutaneous healing in aged 113-HSD1 KO mice (Tiganescu et al. 2013).

In this study, we have found that MR mRNA expression is enhanced in the skin of type I and
type II diabetes mouse models, and following local application of the potent dermocorticoid
clobetasol. To our knowledge, there is very limited information on cutancous MR levels in
skin pathology. Of note, an increase in cutaneous MR has been reported in the skin of mice
with metabolic syndrome (Nagase et al. 2013). The efficiency of cutancous MR blockade to
improve wound closure as reported here in pathological situations may be explained by
enhanced MR expression. More generally, the notion of excessive/inappropriate MR activity
in pathology originates from the benefits of treatments with MR blockers in several diseases.
Efficiency of MR antagonists to reduce excessive/inappropriate MR activation in cardio-
vascular pathology was provided in experimental and clinical situations. Pionneer clinical
trials showed that spironolactone or eplerenone added on top of standard care limits morbidity
and mortality in patients with cardiac insufficiency or following myocardial infarction (Pitt et
al. 1999; Pitt et al. 2003). MR blockade improves vascular dysfunction (Leopold et al. 2007,
Adel et al. 2014; Koenig and Jaffe 2014), limits progression towards renal failure (Shavit et al.
2012) and restores vision in patients with chronic serous chorioretinopathy, a vision-
threatening eye disease (Zhao et al. 2012). MR antagonism was also shown to be beneficial in
diabetes and metabolic syndrome; it improves glucose tolerance, decreases insulin resistance,
plasma levels of triglycerides and pro-inflammatory cytokines (Guo ¢t al. 2008: Hirata ¢t al.
2009; Wada et al. 2010)
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We have shown that MR blockade promotes epidermal re-epithelialization of pathological
wounds. In addition MR blockers may also limit inflammation and remodeling of dermis in
chronic wounds. It has been reported that aldosterone and MR antagonists modulate elastin
and collagen content of human skin (Mitts et al. 2010). As inferred from their effects in other
tissues (myocardial infarction, vascular and renal remodelling), MR antagonists may reduce
dermal inflammation, oxydative stress and fibrosis, thus providing additional benefits to

improve wound healing (Palatinus et al. 2010).

Following wounding, re-epithelialization is required. It involves migration and proliferation of
keratinocytes. Proliferation rate is altered by glucocorticoids, and we found that MR
antagonism restores epidermal proliferation rate, in mouse skin as well as in human explants,
thus providing a mechanism for this beneficial effect. Reports of MR affecting proliferation
are controversial and experimental evidences concern essentially endothelial cells in the
context of cardiac or vascular ischemic diseases (Gravez et al. 2015). Our previous study in
human skin, demonstrated that spironolactone applied on human skin restores the
glucocorticoid-induced impaired proliferation of keratinocytes (Maubec et al. 2015).

The mechanisms involved in the beneficial effect of MR antagonists on wound healing may
include reduction of keratinocyte ENaC activity. Dysruption of epidermal integrity by
wounding generates lateral electric fields that drive keratinocyte migration (Zhao et al. 2006).
It has been inferred that the activity of ion transporters or channels in keratinocytes is related
to changes in chemical gradients and electric fields at the wound site, although the nature of
the transporters or channels are not fully defined (Zhao et al. 2006). Whether excessive ENaC
activity at the edges of the wounds could participate to glucocorticoid-dependent pathological
healing through alterations in the wound electric fields is ignored. If this were the case, MR
blockade may limit such phenomenon through reduction in ENaC expression and activity,
thus improving cutancous wound closure.

From this study. we suggest that local application of MR antagonists may bring significant
benefit to patients. Novel formulations designed to improve epidermal delivery of MR
antagonists should be designed, as the skin is highly impermeable. The advantage of local
treatment is to limit occurence of systemic effects of these drugs. Indeed MR antagonists
(spironolactone and eplerenone) favour renal sodium excretion and potassium reabsorption,
possibly increasing plasma potassium levels. at least in subjects with impaired renal function.
Spironolactone may induce gynecomastia and sexual dysfunctions, due to blockade of

androgen receptor.
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FIGURE LEGENDS

Figure 1. Outgrowth of keratinocytes from neonatal mouse skin explants is dependent
on MR

A: Explants of dorsal skin from newborn control (CT) and transgenic mice overexpressing the

MR in keratinocytes (K5-MR) were cultured for 7 days with/without the MR antagonist

Canrenoate (Canre).

B: Outgrowth of epidermis. featuring re-epithelialization step of wound healing, was

quantified; it was reduced in K5-MR explants and Canrenoate partially improves the

outgrowth.

Comparison between groups was made by 1-way ANOVA followed by Newman-Keuls

Multiple Comparison test- ¥*P<(0.05. N = 18 CTL and 18 K5-MR pups from 7 litters.

Figure 2. Glucocorticoid-induced impaired mouse skin wound healing is restored by
MR blockade

A-B: Quantitative RT-PCR analysis of MR and GR mRNA expression in the wounded zone
and in the surrounding intact skin in Clobetasol (Clo)-treated mice, relative to values in

control PBS-treated mice (n=4).

C: Photographs of wounds at day 0. 3 and 5 post wounding from dorsal skin of mice pre-
treated 10 days with Clo or PBS, and treated after the skin punch (Day 0) with Canrenoate
(Canre) for 5 days.

D: Quantification of the wound area at days 3, 5. expressed as percent of the wound area at

day 0 (6 mm diameter wounds) (n=5 to 12 mice per group).
E: Anti-K 14 (red) labeled wound cryostat sections at day 5.

F-G: Quantification of the length of neo-epidermal tongues (F) and size of residual wound

(expressed as % of initial wound size) (G) (n=10 mice).

H: Anti-Ki67 (green) staining showing proliferating cells in the neo-epidermis (Epider) and
the dermal tissue (Der) of wound sections at day 5 after wounding: dotted lines indicate the

dermo-epidermis junction.
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I: Quantification of Ki67" proliferating cells in the neo-epidermis (Epider) and the dermal

tissue (Der) (n=10).

Panels A, B, F, G, I: Mann-Whitney test; panel D: 1-way ANOVA followed by Newman-
Keuls Multiple Comparison test: *P<0.05: **P<0.01; ***P<0.001. Scale bars: 100 pum.

Figure 3. MR blockade restores impaired keratinocyte outgrowth of glucocorticoid-

treated human skin explants in culture

Skin explants were collected after 6 days of organotypic culture with/without drugs (clo :
clobetasol, and 3 different MR antagonists, Spiro: spironolactone; Canre: canrenoate; Eple:

eplerenone).

A: Photographs of explant sections after H&E staining, showing the neo-epidermal tongues

growing at the edges of the explants
B-C: Measurement of the neo-epidermal tongues, expressed as length (B) or surface (C).
D: Photographs of Ki67 (green)- labelled explant sections..

E: Quantification of proliferating keratinocytes, expressed as percentage of total epidermal

cells.

*P<0.05; **P<0.01; ***P<0.001, 1-way ANOVA followed by Newman-Keuls Multiple
Comparison test, human skin samples from 8 subjects. A and D: dotted lines indicate the neo-

epidermal tongues. Scale bars: 100 um.

Figure 4. The sodium channel ENaC is involved in wound healing

A: Quantitative RT-PCR analysis of aENaC mRNA expression in the wounded skin from

mice (treatments as in figure 2); 4 mice per group.

B-D: Human skin explants in culture: the ENaC blocker phenamil (Phena) improves the
glucocorticoid-induced impaired growth of epidermal tongues, as illustrated on photographs
of explant sections stained with H&E (B), and quantified as length (C) or surface (D) of neo-

epidermis.
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*P<0.05, **P<0.01; ***¥P<0.001, 1-way ANOVA followed by Newman-Keuls Multiple
Comparison test, Human skin samples from 8 subjects. In B: dotted lines indicate the neo-

epidermal tongues. Scale bars: 100 um.

Figure 5: MR blockade improves the delayed wound healing in streptozotocin-induced

type I diabetes in mice

A-B: Quantitative RT-PCR analysis of MR and GR mRNA expression in the skin and
cutaneous wound of control (open bar) and STZ mice (black bar) (n=4 mice for CT; 8 for
STZ).

C-D: Delayed wound closure in STZ induced mice is accelerated by application of canrenoate
over the wound, as shown on photographs of wounds (C) and quantification of wound area at
day 3 and day 5 post-wounding (D). expressed as percent of the wound area at day 0 (6 mm

diameter wounds) (n=4 to 7 mice per group)

*P<0.05, **¥P<0.01; ***P<0.001. l-way ANOVA followed by Newman-Keuls Multiple

Comparison test.

Figure 6: MR blockade rescues the impaired wound closure in type II diabetic mice

A-B: Quantitative RT-PCR analysis of MR and GR mRNA expression in the skin and

cutaneous wound of control (open bar) and db/db mice (black bar) (n=8 mice per group).

C-D: Delayed wound closure in db/db mice is improved by application of canrenoate over the
wound, as shown on photographs of wounds (C) and quantification of wound area at day 3
and day 5 post-wounding (D), expressed as percent of the wound area at day 0 (6 mm

diameter wounds) (n=4 to 5 mice per group).
*P<0.05: ***P<0,001, 1-way ANOVA followed by Newman-Keuls Multiple Comparison test.
Figure 7: Wound closure in healthy volunteers from the SPIREPI study

After one month daily application of clobetasol alone or associated with spironolactone, skin
biopsies were made, and wounds were photographed using dermatoscope (clobetasol

application was not continued after biopsy).
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A: Photographs of wounds at day 3 after biopsy

B: Surface of the wounds at day 3 post-biopsy was measured by using Image J software:
broken lines shows the wound surface in each of the 4 zones (control, spironolactone alone,

clobetasol, or both), for cach of the 23 subjects included in the SPIREPI trial.

##EP<(0.001, ANOVA for repeated measures, followed by Newman-Keuls Multiple

Comparison test.

Figure S1: MR blockade do not modify inflammation in glucocorticoid-pretreated

mouse skin wounds

Inflammatory cells (neutrophils, macrophages, T cells) infiltration was analyzed on cryo-
section of wound specimens harvested at day 5 post wounding and treatment of canrenoate or

PBS.

A-B: Immunostaining for Gr-1 (red) (A) and quantification of Gr-1+ neutrophils in

granulation tissue

C-D: Immunostaining for F4.80 (red) (A) and quantification of F4.80+ macrophages in

granulation tissue

E-F: Immunostaining for CD3 (greeb) (A) and quantification of CD3+ T cells in granulation

tissue

Statistics were done by using Mann-Whitney test. Scale bars: 100 um.
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Figure 4
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Figure 5
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Figure 7
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lll - Article 3:

| also participated to the work documenting the benefit of MR blockade to limit the
glucocorticoid-induced epidermal atrophy (Maubec et al. 2015). In this study, we first
reproduced a classical and major deleterious side effect of glucocorticoids, by
showing that the potent glucocorticoid clobetasol induces epidermal atrophy in
cultured human skin explants and in subjects with local treatment of the
glucocorticoid as a gel (in 23 healthy volunteers from the SPIREPI clinical trial). We
asked whether glucocorticoid-induced epidermal atrophy could be related to
inappropriate activation of cutaneous MR by glucocorticoids. Interestingly, we found
that the epidermal atrophy could be limited when glucocorticoid was co-administrated
with a MRA (canrenoate or eplerenone), ex vivo in cultured human skin explants and
in vivo in the SPIREPI study. Although the mechanisms of this beneficial effect are
far from being elucidated, we showed that addition of MRA was associated with the
restoration of impaired keratinocyte proliferation. Furthermore, the blockade of the
activity of ENaC by phenamil also improved the epidermal atrophy in skin explants
and fully restored the impaired keratinocyte proliferation. These results suggest that
ENaC activity may participate to the glucocorticoid-stimulated epidermal MR
cascade. Altogether, these findings identify MR as a factor regulating epidermal
homeostasis and suggest that topical MR blockade could limit glucocorticoid-induced

epidermal atrophy.
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Topical Mineralocorticoid Receptor Blockade Limits Glucocorticoid-Induced
Epidermal Atrophy in Human Skin
Eve Maubec, Cédric Laouénan*, Lydia Deschamps*, Van Tuan Nguyen*,
Isabelle Scheer-Senyarich*, Anne-Catherine Wackenheim-Jacobs, Maud Steff,
Stéphanie Duhamel, Sarah Tubiana, Nesrine Brahimi, Stéphanie Leclerc-Mercier,

Béatrice Crickx, Claudine Perret, Selim Aractingi, Brigitte Escoubet, Xavier Duval,

Philippe Arnaud, Frederic Jaisser, France Mentré, and Nicolette Farman.

*The second two authors have equally contributed to the present work.
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ORIGINAL ARTICLE

Topical Mineralocorticoid Receptor Blockade Limits
Glucocorticoid-Induced Epidermal Atrophy in

Human Skin

Eve Maubec'?
Isabelle S(.heer-Se nyarich’*?, Anne- Catherine

, Cédric Laouénan’**'%, Lydia Deschamps®'?, Van Tuan Nguyen®
Wackenheim Ja(,obs
Sarah Tubiana’*'® Nesrine Brahimi’, Stéphanie Leclerc-Mercier'’
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A major deleterious side effect of glucocorticoids is skin atrophy. Glucocorticoids activate the glucocorticoid and
the mineralocorticoid (MR) receptor, both present in the epidermis. We hypothesized that glucocorticoid-
induced epidermal atrophy may be related to inappropriate occupancy of MR by glucocorticoids. We evaluated
whether epidermal atrophy induced by the topical glucocorticoid clobetasol could be limited by coadministra-
tion of MR antagonist. In cultured human skin explants, the epidermal atrophy induced by clobetasol was
significantly limited by MR antagonism (canrenoate and eplerenone). Blockade of the epithelial sodium channel
ENaC by phenamil was also efficient, identifying a role of MR-ENaC cascade in keratinocytes, acting through
restoration of clobetasol-induced impairment of keratinocyte proliferation. In the SPIREPI randomized double-
blind controlled trial, gels containing clobetasol, the MR antagonist spironolactone, both agents, or placebo were
applied on four zones of the forearms of 23 healthy volunteers for 28 days. Primary outcome was histological
thickness of the epidermis with clobetasol alone or clobetasol+spironolactone. Spironolactone alone did not affect
the epidermal thickness but coapplication of clobetasol and spironolactone significantly limited clobetasol-induced
atrophy and was well tolerated. Altogether, these findings identify MR as a factor regulating epidermal homeostasis

and suggest that topical MR blockade could limit glucocorticoid-induced epidermal atrophy.
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INTRODUCTION

Topical glucocorticoids (GCs) are widely used to treat chronic
inflammatory or autoimmune skin diseases. Their main cuta-
neous side effect is skin atrophy that depends on the duration
and dose of treatment (Rhen and Cidlowski, 2005; Schoepe
et al., 2006}. There is no effective management other than
steroid withdrawal, and hence the need for agents that limit
the GC-induced skin atrophy.

GCs as endogenous hormones and exogenous therapeutic
agents act mainly through binding to the GC receptor (GR)
and cause changes in gene expression, mediating transcrip-
tional transrepression or transactivation (Rhen and Cidlowski,
2005; Gross and Cidlowski, 2008; De Bosscher et al., 2010).
GCs may also bind to and activate the mineralocorticoid
receptor (MR), a closely related nuclear receptor (Farman and
Rafestin-Oblin, 2001). The activation of the MR is classically
attributed to binding of aldosterone, the mineralocorticoid
hormone that regulates renal sodium reabsorption and blood
pressure through tight control of the activity of the epithelial
sodium channel (ENaC) (Farman and Rafestin-Oblin, 2001).
However, the MR can bind aldosterone and GC with equal
high affinity; in renal target cells and other tissues, illicit
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occupancy of the MR by GCs is prevented by coexpression of
the MR and the GC-inactivating enzyme 11-p-hydroxysteroid
dehydrogenase type 2 (HSD2} (Farman and Rafestin-Oblin,
2001; Zennaro et al., 2009). In cells where HSD2 activity is
low, such as cardiomyocytes or neurons, the MR may be
predominantly occupied by GCs in the normal state or in
pathology (Farman and Rafestin-Oblin, 2001; Mihailidou
et al, 2009; Zennaro et al., 2009; Nguyen Dinh Cat and
Jaisser, 2012). Therefore, some effects of GCs may relate to
occupancy of the MR rather than the GR.

The human skin expresses the MR in sweat gland ducts
(where it regulates sodium concentration in sweat) and also in
sebaceous glands, in hair follicles, in vascular endothelial
cells, and in the epidermis (Kenouch et af,, 1994). The role of
MR and its downstream pathways in epidermal keratinocytes
is largely unknown (Sainte Marie et al., 2007; Farman et al.,
2010; Perez, 2011). In addition, evidence has been provided
for endogenous production of corticosterone and cortisol and
metabolism of corticosteroids in the skin (Slominski et af,, 1996,
1999; lto et al., 2005; Slominski et al., 2005a, b, 2006,; Zoller
et al, 2008; Slominski et al, 2013a, 2014). Steroidogenic
activity can start de novo from cholesterol and can be locally
regulated (Slominski et al, 2004 and 2013b). Targeted
expression of the MR in basal keratinocytes in mice (K5-MR
mice) results in prenatal premature skin barrier formation and
epidermal atrophy, leading to early postnatal death (Sainte
Marie et al, 2007). This phenotype is reminiscent of the
well-known GC-induced epidermal atrophy. The epidermal
atrophy could depend on excessive/inappropriate occupancy
of the MR by the high perinatal level of GCs in pups, as
the enzymatic activity of HSD2 is very low in epidermal
keratinocytes (Kenouch et al, 1994). Thus, we hypothesized
that MR-bound GC complexes may participate in GC-induced
epidermal atrophy. This notion has important clinical relevance
as this deleterious effect might be limited by pharmacological
MR antagonism. The classical MR blockers (spironolactone or
its metabolite canrenoate) have been used safely for decades in
the treatment of hypertension, and more recently to improve
outcomes of patients with cardiac failure and following
myocardial infarction; these drugs are not fully speciic for the
MR, as they also interact with the androgen receptor {and GR, at
high doses) (Kolkhof and Borden, 2012). Eplerenone is MR
specific but less potent and poorly soluble; its clinical use is
more recent, and novel nonsteroidal MR blockers are now
under development (Kolkhof and Borden, 2012).

In this study, we used cultured human skin explants to test
the hypothesis and provide insights into the underlying
mechanisms. Translation of the hypothesis to human skin
physiopathology was evaluated through a placebo-controlled
clinical trial in healthy volunteers. We show here that MR
blockade limits the epidermal atrophy and the impaired
keratinocyte proliferation induced by the widely used topical
GC clobetasol in human skin explants. To provide mechan-
istic insights, we identified ENaC as an epidermal actor, as its
blockade restored the GC-induced impaired keratinocyte
proliferation in skin explants. In the randomized double-blind
SPIREPI phase 2 clinical trial, we provide evidence that our
findings have clinical relevance, as topical spironolactone
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administration in healthy volunteers leads to improvement of
the clobetasol-induced epidermal atrophy.

RESULTS

MR blockade in human skin explants improves GC-induced
epidermal atrophy

We evaluated ex vivo the effect of MR blockade in human
skin explants maintained in organotypic culture. Compared
with control-treated explants (median of epidermal thickness:
62.8 pm}, 6 days of incubation of explants with clobetasol
added to the culture medium reduced epidermal thickness by
one-third {median: 41.3 pm; P=0.0001, Wilcoxon paired
test), as illustrated in Figure 1 and Supplementary Table St
online. Noticeably, clobetasol-induced epidermal atrophy
was improved by coincubation with canrenoate (P=0.0002,
Wilcoxon paired test), as shown in Figure la-c and
Supplementary Table S1 online. GCs impair the proliferation
of keratinocytes (Zoller et al., 2008}. Clobetasol reduced the
epidermal K1 67 proliferation index (a marker of dividing cells)
by 33-45% (Figure 1d and Supplementary Table S2 online).
MR antagonism by canrenoate, associated with clobetasol,
fully corrected the impaired proliferation of keratinocytes
{Figure 1d and Supplementary Table S2 online}. In the
absence of GC challenge, incubation with canrenoate alone
did not significantly modify the K167 index.

We conducted another series of experiments in human
explants treated ex vivo with the highly specific MR antagonist
eplerenone. As shown in Figure Te-g and Supplementary
Tables ST and S2 online, it also limited GC-induced
epidermal atrophy and impaired keratinocyte proliferation
{as the less specific spironolactone metabolite canrenoate
daes). These results strongly suggest that inappropriate MR
occupancy is involved in the epidermal atrophy observed in
the presence of clobetasol.

ENaC activity is involved in the GC-induced epidermal atrophy
Overexpression of MR in mouse skin (K5-MR mice) leads to
an increase in the expression of the epithelial sodium channel
ENaC (Suppplementary Data and Figure S1 online). We
questioned the link between FNaC activity and GC-induced
epidermal atrophy in human skin explants. As shown in Figure
2a-c and Supplementary Table St online, blockade of
epidermal ENaC activity with the specific ENaC inhibitor
phenamil partially but significantly improved the GC-induced
epidermal atrophy within 6 days of treatment (P=0.02,
Wilcoxon paired test). Phenamil fully corrected the impaired
proliferation generated by clobetasol (Figure 2d and e and
Supplementary Table $2 online).

Altogether, these results argue for the involvement of an
MR-ENaC cascade in the control of GC alteration of epidermal
thickness, acting through a mechanism including regulation
of epidermal proliferation.

The SPIREPI clinical trial shows benefit of topical spironolactone
in limiting GC-induced epidermal atrophy

We conducted the SPIREPI clinical trial to evaluate whether
topical administration of the MR antagonist spironolactone
could limit GC-induced skin atrophy in healthy volunteers.
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Figure 1. Variations in epidermal thickness and keratinocyte proliferation in cultured human skin explants. Explants were incubated with solvent (control),
mineralocorticoid receptor (MR) antagonist, clobetasol, or clobetasol+MR antagonist. (a) Photographs of tissue (bar=0.1 mm). Effects of canrenoate (10 um):
(b) epidermal thickness (pm); (c) clobetasol (100 nv) compared with clobetasol+canrenoate; values from the same subject are linked, with dashed line for median;

(d) KI67 index in the canrenoate series. Effects of epl

(10 pm): (e) epids

| thickness; (f) eplerenone compared with clobetasol+eplerenone; (g) Ki67

index in the eplerenone series. Graphs are box-and-whisker plot with median (rule inside the box), 75th and 25th percentile (top and bottom of box), 10th and
90th percentiles (bars projecting up and down) of epidermal thickness (in pm), and outlier values falling outside. Comparisons of treatments: Wilcoxon paired test.

der, dermis; ep, epidermis; SC, stratum corneum.

Study participants. The SPIREPI randomized, double-blind,
crossover phase 2 efficacy trial was conducted between
September 2011 and March 2012. Of the 26 subjects initially
enrolled, 3 were not evaluable for primary outcome (one
withdrawal of consent and two protocol nonadherence) and
were excluded from the analyses. Baseline characteristics of the
subjects are provided in Supplementary Table S3 online. The 23

participants adhered to the protocol, missing no more than three
applications over the 29-day initial period.

Primary outcome: epidermal thickness measured on histological
sections on day 29. Topical GC application (clobetasol)
resulted in histological epidermal atrophy on day 29, compared
with placebo (P=0.0002, Wilcoxon paired test) as expected
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Figure 2. Effect of epithelial sodium channel (ENaC) blockade in human skin explants. Skin explants from seven subjects were incubated with solvent, phenamil
(an ENaC blocker), clobetasol, or clobetasol+phenamil. (a) Photographs of tissue sections (bar=0.1 mm). (b) Epidermal thickness: box-and-whisker plots as
described in Figure 1. (c) Effect of clobetasol+ phenamil on epidermal thickness compared with clobetasol alone; values from samples issued from the same
subject are linked and the dashed line shows the median value for each treatment. (d) Immunofluorescence photographs of tissue sections labeled with KI67
antibody (bar=0.1 mm). (e) KI67 index; box-and-whisker plots as described in Figure 1. Differences were evaluated by Wilcoxon paired test. der, dermis; ep,

epidermis; SC, stratum corneum.

(Figure 3 and Supplementary Table S4 online). Spironolactone
added to clobetasol significantly (P=0.04, Wilcoxon paired test)
increased epidermal thickness, compared with clobetasol alone
(Figure 3 and Supplementary Table S4 online). Equivalence of
epidermal thickness between spironolactone and placebo treat-
ments was significant (two one-sided test equivalence test,
P=0.02), indicating that spironolactone alone (i.e., in the absence
of concomitant GC application) does not affect epidermal
thickness. Of note, three participants had almost no change in
epidermal thickness and three presented with thicker epidermis
following clobetasol application (Figure 3c); they were referred to
as GC resistant. In the post hoc analysis on the 17 clobetasol
responders (those with clobetasol-induced epidermal atrophy),
the beneficial effect of spironolactone added to clobetasol was
more marked (P=0.001, Wilcoxon paired test, Figure 3e and
Supplementary Table S4 online).

Secondary outcomes: whole-skin thickness measured by ultra-
sound and level of expression of MR and GR in the epidermis.
Ultrasound (Figure 4a) is a valuable tool for monitoring whole-skin
thickness (measuring epidermis+dermis). As shown in Figure 4b,
this method detected a reduction in whole-skin thickness following
clobetasol treatment (compared with placebo) on day 29, and that
was already significant on day 15 (data not shown). No significant
difference in whole-skin thickness could be evidenced between

1784 Journal of Investigative Dermatology (2015), Volume 135

clobetasol and clobetasol+spironolactone treatments (P=0.07,
Wilcoxon paired test) when the 23 healthy volunteers were
considered. Of note, when considering only the 17 clobetasol
responders on the histological epidermal thickness criteria
(Figure 4c), the addition of spironolactone to clobetasol signi-
ficantly increased whole-skin thickness (P=0.004, Wilcoxon
paired test). Both MR and GR (Supplementary Figure S2 online)
were evidenced in keratinocytes; nuclear labeling was more
prevalent in basal layers than in superficial keratinocytes. For
each subject the estimated intensity of MR or GR staining varied
somewhat with treatments, although with great dispersion.
Although spironolactone application did not noticeably affect
the intensity of nuclear MR or GR immunostaining, there was a
tendency for reduced MR staining with clobetasol (which was
improved in the presence of coadministered spironolactone) and
GR expression was lower after clobetasol treatment alone or in
association with spironolactone.

Adverse events. Kalemia was not affected after 29 days of spiro-
nolactone application (not shown). No infection was seen after
biopsy. Skin atrophy clinically featured with linear telangiectasia
was seen only by dermoscopic examination. A single case of
grade 2 contact dermatitis that occurred after 24 days of
treatment with clobetasol required discontinuation of application
for 3 days. No contact dermatitis to spironolactone occurred.
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ical sections of skin biopsy (day 29) in healthy volunteers. (a) Histology (hematoxylin-eosin

staining) of skin treated with each treatment (bar=0.5 mm). (b) Plots of epidermal thickness (in pm) measured by histology in all healthy volunteers (n=23)
according to treatment. Box-and-whisker plots as described in Figure 1. (c and d) Clobetasol compared with placebo in ¢ and with clobetasol+spironolactone in

d. Values from the same subject are linked and the dashed line shows the median value for each treatment. (e) Hatched bo;

d-whisker plots of epidk |

thickness in the 17 healthy volunteers who were clobetasol responders (post hoc analysis). Differences were evaluated using Wilcoxon paired test. der, dermis;

ep, epidermis; SC, stratum corneum.

DISCUSSION

The skin atrophy that appears during GC therapy is a major
concern for patients. The reduction of epidermal thickness is
known to be more pronounced and to occur earlier than the
reduction of dermal thickness (Cossmann and Welzel, 2006).
Mechanisms are not fully understood and may differ between
the epidermis and the dermis. They include reduced kera-
tinocyte proliferation, direct or indirect reduction in collagen
synthesis, or enhanced degradation, and likely affect other

proteins of the extracellular matrix (proteoglycans and elastin)
and matrix metalloproteases (Schoepe et al., 2006). Because
the MR is expressed in keratinocytes, we focused our
investigations on the epidermis, although the dermis may
also be somewhat affected by MR blockade (Mitts et al.,
2010).

The role of the GR in controlling epidermal homeostasis has
been highlighted by transgenic mouse models: mice over-
expressing GR in keratinocytes exhibit epidermal atrophy,
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Figure 4. SPIREPI trial: ul 1 of whole-skin thickness in

healthy volunteers according to treatment. (a) Representative high-resolution
ultrasound imaging of epidermis+dermis thickness. White bar (1 mm) extends
over the epidermis+dermis. (b) Change in ultrasound measurement (in pm) of
whole-skin thickness for all volunteers (n=23). (c) The post hoc analysis for
the 17 clobetasol responders. Values are provided as difference in whole-skin
thickness between measurements performed on day 1 (D1) and day 29 (D29).
Box-and-whisker plots are as described in Figure 1. Differences were
evaluated using Wilcoxon paired test. der, dermis; Ep, epidermis, hyp,
hypodermis.

whereas mice lacking GR in keratinocytes have thicker skin
(Perez, 2011). GR regulates gene transcription through
multiple mechanisms (Rhen and Cidlowski, 2005; De
Bosscher et al., 2010).

The search for drugs that would limit GC-induced skin
atrophy represents a major therapeutic challenge. One option
relies on defining SEGRA (Selective GR Agonists) with full
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anti-inflammatory potency dissociated from deleterious effects
(Schacke et al., 2004; Rhen and Cidlowski, 2005; Schacke
et al, 2007). Although very appealing, this strategy has
yielded molecules that have still not reached the preclinical
stage. We now propose another approach to limit some
deleterious cutaneous events in GC-treated subjects.

We show that MR blockade improves epidermal atrophy on
human skin submitted to GC challenge, whereas the normal
(untreated) epidermis is unaffected. The mechanism of this
beneficial effect involves activity of the epithelial sodium
channel ENaC and keratinocyte proliferation. Early reports on
the incremental efficacy of MR antagonism in cardiovascular
diseases led to the notion of inappropriate activation of the
MR in pathology (Pitt et al., 1999 and 2003). MR antagonism
improves cardiovascular mortality and morbidity and this is
attributed (at least in part) to illicit MR occupancy by GCs
(Guder et al., 2007; Mihailidou et al., 2009). Several studies
showed benefits of MR antagonism to attenuate progression
toward end-stage renal failure (Shavit et al., 2012) and to
improve insulin resistance, vascular damage (Bender et al.,
2013), metabolic syndrome (Zennaro et al., 2009), cardio-
vascular diseases (Maron and Leopold, 2010; Leopold, 2011;
Nguyen Dinh Cat and Jaisser, 2012), and central serous
chorioretinitis (Zhao et al., 2012). Here we provide evidence
that the epidermal atrophy due to topical GCs relies in part on
excessive occupancy of MR by GCs. The low levels of the
MR-protecting enzyme HSD2 in human epidermis (Kenouch
et al., 1994) favor such a mechanism by limiting the local
inactivation (metabolism) of GCs. Whether application of
clobetasol or spironolactone over the skin could modify the
local corticosteroid synthesis/metabolism is not known, and
represents an interesting and unknown issue. For instance,
one can speculate that application of these drugs could
interfere with local steroidogenesis, thus modulating MR
occupancy. MR expression may be enhanced in pathological
conditions, providing a basis to explain the efficacy of MR
blockade; for example, MR mRNA is enhanced in the kidney
of diabetic db/db mice (Guo et al., 2006) or in the heart of rats
with myocardial infarction (Milik et al., 2007; Takeda et al.,
2007). MR expression was found to be increased in full-
thickness skin in an aging-like mouse model induced by
metabolic syndrome and UV irradiation; the authors reported
that topical application of MR antagonist spironolactone
suppressed the aging-like changes in the skin (Nagase et al.,
2013). In this study, MR immunohistochemistry signal appears
to be somewhat lower after application of clobetasol
ointment. Changes in the expression levels of MR/GR may
depend on the duration of the treatment (to limit deleterious
effects?) and the potency of the dermocorticoid. Eventual
variations (up or down) in MR expression in pathology or on
treatments, in the skin as well as in other cells (kidney, lung,
heart, neurons and so on), have been scarcely addressed in
the literature.

We found that ENaC belongs to a pathway modulated by
mineralocorticoid receptor activity in keratinocytes. In the
kidney, ENaC is regulated by aldosterone and GCs at the
transcriptional level and even more through posttranscrip-
tional mechanisms, modulating the number of active
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channels and their opening probability (Soundararajan et af.,
2010). ENaC is involved in epidermal homeostasia (Brouard
et al, 1999; Mauro et al, 2002; Guitard et al, 2004).
Differentiation of human epidermal keratinocytes in culture is
associated with major enhancement of expression of the
ENaC p-subunit (Brouard et al, 1999). Keratinocyte-specific
knockout of the ENaC a-subunit in mice results in epidermal
hyperplasia (Mauro et af., 2002). Cutaneous ENaC mRNA
levels were not evaluated in full-thickness human skin
samples because of the confounding presence of several
ENaC-expressing cells in the whole skin in addition to the
epidermis (sweat and sebaceous glands, hair follicle, vascular
endothelial  cells), precluding proper interpretation  of
epidermis-specific events. Because of these limitations, we
have chosen to address the end point of the ENaC pathway—
i.e., its activity. Our finding that ENaC blockade by phenamil
enhances epidermal thickness in human skin explants
exposed to GCs provides functional evidence for the
involvement of ENaC; it is consistent with the hyperplasia
observed with genetic ablation of «-ENaC (Mauro et al.,
2002). Moreover, the GC-induced reduction in proliferation
of epidermal keratinocytes in human skin explants is
corrected by MR antagonism as well as by ENaC blockade
with phenamil. These results favor the view that restoration of
keratinocyte proliferation is dependent on a cascade invol-
ving hoth the GC-activated MR and ENaC.

The beneficial effect of topical MR antagonism was found
to be of limited amplitude; the atrophy induced by clobetasol
and the beneficial effect of MR blockade were more marked
in explants incubated ex vivo with canrenoate than in the
clinical trial. This is possibly due to several factors. First, it
may be related to drugs. Preliminary experiments designed to
assess ex vivo skin permeability of human skin to spirono-
lactone gel showed a very low transcutaneous passage. Efforts
toward improved formulation of the poorly soluble spirono-
lactone for dermatological use will be required. Second, not
all subjects of the clinical trial developed epidermal atrophy
after GC treatment: 6 out of 23 subjects were apparently GC
resistant. When considering only the 17 GC-responsive
individuals, the beneficial antiatrophy effect of spironolactone
was more pronounced (Figure 3e, P=0.001). Third, it may be
related to variability in treatment duration (6 days ex vivo, vs.
1 month in vivo). It is conceivable that long-term in vivo
treatments possibly lead to compensatory/adaptive events. It
should be underlined that several other mechanisms (mostly
unknown) besides MR activation may be involved in the GC-
induced epidermal atrophy.

A limitation of our trial is its focus on healthy volunteers;
however, itis an essential step before similar investigations in
chronic skin diseases. We used spironolactone rather than a
more specific drug to antagonize the MR in the SPIREPI
clinical trial because spironolactone has been largely used in
clinical trials as an MR antagonist. However, spironolactone
or canrenoate lacks specificity as it may also block the
androgen receptor as well as other steroid receptors
(Fagart et al., 2010; Kolkhof and Borden, 2012). Eplerenone
or novel nonsteroidal compounds (Kolkhof and Borden, 2012)
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reformulated for skin application should be considered in
future trials.

Based on the hypothesis of inappropriate MR occupancy by
topical GCs and on the results reported here, we propose that
the topical MR blockade may be a therapeutic option, to our
knowledge previously unreported, to limit to some extent the
epidermal atrophy induced by glucocorticoids.

MATERIALS AND METHODS

Human skin explants in culture

Human skin obtained from breast reduction surgery was kept at 4°C
and skin punches were excised (3 mm diameter, Disposable Biopsy
Punch, Kai Europe, Solingen, Germany). The patients were fully
informed and had no objection to the skin discarded from surgery
being used for research pumposes. Written patient consent was not
required because French law considers that it is not mandatory for
noninterventional biological collection for immunological and
molecular research. This procedure was approved by the mentioned
institutional review board (ethical approval of the Comité de
Protection des Personnes lle de France V). Full-thickness skin explants
were placed in organotypic culture (see Supplementary Data online).
Explants from 14 subjects were incubated in the presence of
clobetasol propionate (Sigma-Aldricht, Saint-Quentin Fallavier,
France, 100nm in 0.2% ethanol; of note, the concentration of
clobetasol used was much lower than that of commercial gel
preparations used in dermatology, usually 0.05%, i.e., 1 mw) alone or
with the MR antagonist potassium canrenoate {Sigma-Aldricht, 10 pm
in phosphate-buffered saline}. A second series of explants from 8
subjects was challenged with the MR-specific blocker eplerenone
(Tocris Bioscience, R&D System Europe, Lille, France, 10 pmin 0.1%
DMSO). A third series of explants from 7 subjects was incubated in
the presence of clobetasol alone or with the epithelial sodium
channel ENaC blocker phenamil (Sigma-Aldricht, 100 nv in 0.2%
DMSO). Control explants were incubated with the drugs alone, or
with the solvents alone. On day 6, explants were frozen and
processed for measurement of epidermal thickness and keratinocyte
proliferation (KI 67 index) as detailed in Supplementary Data online.

The SPIREPI clinical trial

The SPIREPI randomized double-blind controlled trial (ClinicalTrials.
gov: NCT01407471} is a single-center interventional phase 2 study.
Healthy volunteers were enrolled at the Centre for Clinical Investi-
gation at Bichat Hospital, Paris, France. Determination of sample
size, randomization, blinding procedures, and the participant flow
diagram are detailed in Supplementary Data online.

Participants.  Study participants were included if they were
21-50 years of age, without gender selection. Exclusion criteria
were chronic skin disease or atrophy, treatment with oral
corticosteroids or MR antagonists, and pregnancy. Participants
provided written informed consent according to French regula-
tions, and the study received approval from the Comité de
Protection des Personnes tle de France IV (Hopital Saint Louis,
Paris, France: institutional review board 2008-006951-39 A) and
from the French National Agency for Medicines and Health
Products Safety (agreement A100208-15).

Treatments. Four zones (A, B, C, and D) of 1.75 x1.75 cm were
defined on the inner face of the forearms of each participant with
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a permanent ink marker (two zones on each forearm, separated
by 6 cm of untreated skin, to avoid drug-drug interaction in case
of lateral diffusion of drugs). The four treatments were applied
daily for 4 weeks: placebo (T1), clobetasol 0.05% (T2), spirono-
lactone 5% (100-fold excess) (13), and clobetasol 0.05%
+spironolactone 5% (T4) (see Supplementary Methods section
online). Spironolactone was chosen because of its long-term use
in humans (oral administration), and even in some reports of
topical use to treat acne (Walton et al., 1986).

Follow-up. Treatments were administered daily (except Satur-
day and Sunday) for 29 days by personnel at the Centre for
Clinical Investigation on the defined zones; on Saturday, the
applications were performed by the volunteers at home. At each
visit (days 1, 15, and 29) the occurrence of telangiectasia was
assessed semiquantitatively as an early sign of sterotd-induced
atrophy in each zone (examination by eye and dermoscopy).
Biopsy punches {3 mm diameter, 7 mm deep) were performed on
day 29 at the center of each treated zone after local xylocaine
anesthesia. After biopsy, clobetasol applications were discon-
tinued and clinical monitoring was performed up to complete
wound closure. Kalemia was measured on days 1 and 29.

Outcomes and procedures. The primary outcome was epider-
mal thickness measured on histological sections of biopsy (day
29). Secondary outcomes were whole-skin thickness measured
by ultrasound and the level of expression of MR and GR in the
epidermis. Details are provided in Supplementary Information
online. For histological measurement of epidermal thickness,
4-pm-thick sections of skin biopsy were stained with hematox-
ylin-eosin. Epidermal thickness is expressed in pm. Noninvasive
measurement of whole-skin thickness (that includes epidermis
+dermis) was evaluated by high-resolution ultrasound imaging.
Whole-skin thickness (in pm) was calculated as the mean of the
measurements from three independent scans for each treated
zone. Receptor expression in the epidermis was assessed by
immunohistochemistry using the 6G1 antibody against MR
generated by Gomez-Sanchez et al. (2006) and the Santa Cruz
GR E20 antibody against GR (Zhao et al.,, 2012).

Statistical analyses

For within-group analyses in cultured human skin explants {issued
from the same subject and in the SPIREP] clinical trial (as treatments
were applied on the four skin zones from each volunteer), the
Wilcoxon paired test was used.

In the SPIREPI clinical trial, analyses were performed for all subjects
who had undergone a biopsy on day 29 and did not miss more than
3 days of treatment. Epidermal thickness measured on histological
sections on day 29 was compared (Wilcoxon paired test) between
placebo- and clobetasol-treated zones and between clobetasol- and
clobetasol+spironolactone-treated zones. Equivalence of epidermal
thickness was assessed between spironolactone- and placebo-treated
zones with a nonparametric Wilcoxon two one-sided test with a
predefined equivalence limit of 10% of the median epidermal
thickness in the placebo-treated zone. The same comparisons were
carried out on ultrasound assessment of wholeskin thickness
between days 1 and 29.

In post hoc analysis, primary and secondary outcomes were
also analyzed for the subgroup of clobetasol responders—i.e., in the
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17 subjects whose epidermis thickness was lower in the clobetasol
than in the placebo-treated zones.

Results are provided as median values, as indicated in the legend
of figures; analyses were perormed using SAS v9.3 statistical
software {SAS Institute, Cary, NC).
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General discussion, conclusions and perspectives

With increasing life expectancy, the elderly populations are expanding at a high rate,
with an escalating incidence of relative pathologies, such as dementia, osteoporosis,
stroke, and a risk of delayed healing which in turn leads to a higher incidence of
chronic wounds. Management of chronic wounds is prolonged, time consuming and
therefore is responsible for a very high cost for many countries, especially in western
ones. Importantly, prolonged wounds are responsible for a high rate of complications.
Some of these such as severe infection or carcinoma are life threatening. In the
same way, as detailed before, chronic resistant and progressive wounds may need
amputation. In view of all that consequences, chronic wounds have a public health

impact.

The current “gold standard” of wound management comprises regular assessment
for infection and risk factors, and daily or multi weekly care of the wound with
dressings and/or debridement of necrotic or fibrinous tissue. Other measures focus
on secondary complications, such as reducing infection, using silver-impregnated
dressings (White and Mcintosh 2008) or maggot debridement therapy (Sherman
2003; Bowling et al. 2007). Besides the symptomatic measures, it is mandatory to
consider etiological and or mechanistic treatments measures. The most frequent
causes of ulcers are arterial or venous disease. Thereof, restorations of arterial flux
through exercise, avoidance of atheroma risk factors, are necessary in such patients.
In the same way, compression dressings for venous ulcers are needed each day
(Enoch et al. 2006). Offloading therapy is recommended for diabetic ulcers
(Edmonds 2006). However, there are no treatment that stimulates wound healing. In
the past decade, topical PDGF has been approved for diabetic ulcers but was

afterwards withdrawn from the market, possibly because of low efficiency.

Therefore, a better understanding of the molecular and cellular mechanisms
underlying chronic non-healing wounds is still needed. While there are differences
between the mechanisms of each type of delayed wound healing, there are also

several common factors that may be found in various diseases. These include for
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example prolonged and excessive inflammation, ineffective reepithelialisation,

impaired angiogenesis (Menke et al. 2007).

In the first part of the thesis work, we focused on the mechanisms involved in sickle
cell ulcers. The reason why we chose this disease comes from the clinical situation of
affected patients. Indeed, although Sickle cell disease (SCD) is an orphan disease,
the course of ulcers is very intriguing. The first peculiar fact is the variation in SS
patients of the ulcer incidence. This varies between 0 and 40% depending on the
countries, although there are no any linkage between ulcers and the SCD haplotype
(Halabi-Tawil et al. 2008). However, the unique genetic study that was done has
demonstrated polymorphisms in genes intervening in angiogenesis (Nolan et al.
2006). SCD ulcers most usually develops after a triggering event: traumatisms
mainly, but also insect bite or itching (ref). Once the wound has developed, the
course is going to be prolonged in a subset of affected patients. Very impressively,
the duration of SCD ulcers is really the most prolonged that may concern human
beings, especially that these are still young adults. Indeed, in the series of our
department the duration with ulcerated skin was 240 months (Halabi-Tawil et al.
2008). In accordance, another most recent study has even found higer duration that
are 300 months (Minniti et al. 2014). Thinking about that duration of ulcer at the same
site is a main point in discussing the pathogenesis of SCD ulcers. Indeed, in other
thrombotic diseases such as cryoglobulinemia or antiphospholipid syndromes, the
ulcers develop due to hypoxia. But afterwards, and even without any specific
treatments, each ulcerated lesion will usually heal. This is not the case in SCD
patients: there skin wounds persist. Even red blood cell transfusions and/or
autologous skin grafting can induce at the best transient improvements with frequent
recurrences at the same site (ref). At that point, we postulated that besides and
whatever are the ulcer inducing mechanisms, these patients may have a severe

abnormality in healing mechanisms.

Another close reason for performing the first work is the absence of availability of

tissues to study the healing pathways in humans. Indeed, these patients are affected

with very painful ulcers. All procedures, even wound care are very painful.

Performing biopsies will be therefore difficult. In addition, since interpretation of the

changes found depends on the stage of ulcers, several repeted biopsies will be

needed. As an example the study of Marti Cavajal, the most powerful in vivo human
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study in SCD, has collected samples with a real variability in time course of the ulcers
(Marti-Carvajal et al. 2014). Finally, biopsies may worsen the course of SCD ulcers

as any traumatism.

Therefore, at the beginning of this work, we were facing the challenge of finding the
best way to address the question of poor wound healing in SCD. There were no
animal model for SCD ulcers and still no recognized one. There were however mice
with genetic engineering that were used for other tissue disorders of the disease.
This is why we decided to put our efforts in developing a model for SCD skin delayed

healing that could allow us to study the mechanisms of this pathogenic phenomenon.

Here, we were able to show that cutaneous wound healing is severely altered in old
SAD mice, whereas young animals do not show any abnormality. Importantly, the
healing delay in old SAD mice correlated with the degree of anemia and hemolysis.
These features of SAD mice parallel the characteristics of ulcers in SCD patients.
Indeed, leg ulcers develop only after 15 years in sickle cell anemia patients, at a
median age of 21 years, when the features of SCD have been fully developed
(Halabi-Tawil et al. 2008). In addition, most of these ulcers present in correlation with
a hyper-hemolytic phenotype with increased reticulocytosis (Kato et al. 2006; Taylor
et al. 2008; Minniti et al. 2011; Minniti et al. 2014). Therefore, the poor healing of
wounds in old SAD mice appears pertinent to mimic the human SCD leg ulcers and
these animals are therefore a new and original model for the study of sickle cell

ulcers.

Crucially wound angiogenesis was altered in SAD mice. This reduction appeared to
be secondary, at least partly, to a decreased EPC proliferation and mobilization from
the bone marrow. Furthermore, a decreased CXCL12 expression by keratinocytes
and leukocytes was found in SAD wounds. This was corroborated by the fact that
local injection of extra EPCs or better the recombinant CXCL12 into SAD wounds
restored the angiogenesis impairment and rescued the healing defect, with a paralell
enhanced EPC mobilization. This is the first study of the cellular and molecular
mechanisms implicated in sickle cell ulcers in a murine model that provides

promising therapeutic perspectives for clinical trials.

Interestingly, normal skin of old SAD mice shows a decrease in blood vessel

diameter while vessel numbers are unmodified. This phenotype may relate to
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hemolysis with consequent reduced NO concentration and vasoconstriction that are
common features of SCD patients (Frenette 2002; Kato et al. 2006; Mack and Kato
2006). on later specimens to depict the mechanisms implicated in delayed healing of
SAD wounds. At day 7 post wounding, we found a significant decrease in CD31"
blood vessels as well as in Lyve-1" lymphatic vessels in SAD wounds as compared
to WT littermates. These decreases are associated with the fewer recruitment of
CD31"CD45" endothelial cells in SAD wounds than in WT wounds. These results are
consistent with the observations in SCD patients, where the treatment with
granulocyte/macrophage colony-stimulating factor (GM-CSF) -that stimulates
pericyte-like perivascular mural cells to secrete VEGFa- improves angiogenesis and
ulcer healing (Pieters et al. 1995; Alikhan et al. 2004; Mery et al. 2004; Zhao et al.
2014).

In tissue injury, EPCs -as precursors of endothelial cells- proliferate and are released
from bone marrow into circulating peripheral blood and incorporated into the foci of
neovascularization at wound sides. They have been demonstrated to be implicated in
multiple aspects of angiogenesis occurring during wound healing process as well as
tumours. Importantly, impaired EPC recruitment has been shown to be involved in
delayed wound healing in several disorders such as diabetes (Loomans et al. 2004;
Fadini et al. 2005; Fadini et al. 2005; Tepper et al. 2010). In this context, the impaired
wound healing was improved by direct topical application of extra EPCs into the
wounds but also through hyperbaric oxygen that stimulates EPC mobilization or
injection of factors mediating EPC mobilization and angiogenesis (Gallagher et al.
2007; Marrotte et al. 2010). Of note, some teams have described improvement of
ulcer healing by hyperbaric oxygen in SCD patients. However, the mechanism of
such improvement has not been studied. The the impaired wound angiogenesis we
found in SAD mice was related to low EPCs content in bone marrow and blood post-
wounding while this number was similar at baseline. These results suggest an
inability to increase the EPC proliferation and mobilization from the bone marrow of
SAD mice in response to injury. Moreover, to answer to the question of the functional
activity of EPCs in old SAD mice, we have studied the phenotype of these cells in
vitro condition without the SCD environment. Our results showed that in vitro, SAD
EPCs expressed normal abilities of proliferation and differentiation, indicating the

absence of an intrinsic disorder of these cells. This result is equal to in vivo results,
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showing that SAD EPCs exhibited the same efficiency on wound repair as WT EPCs.
Indeed, both WT and SAD EPCs injected directly into SAD wounds were able to
rescue the impaired healing of SAD mice by restoring the defect of angiogenesis,.
These results strongly suggest that defective EPC mobilization in old SAD mice is a
consequence of micro-environmental changes in marrow. This situation differs from
that of diabetes where db/db EPCs display an intrinsically abnormal phenotype in
vitro and in vivo (Marrotte et al. 2010). Altogether our results strongly suggest that

the defect of EPCs in old SAD mice is the defect of mobilization only.

EPC mobilization can be modulated by various intrinsic and extrinsic factors. Here,
we found a significant decrease in the expression of several cytokine or chemokine
encoding genes including VEGFa, VEGFR2, Tie1, Tie2, IL6, CXCL12 and its
receptor CXCR4 in SAD wounds. The CXCL12/CXCR4 axis plays an important role
in the homing of progenitor cells in the bone marrow, and in their mobilization to the
periphery under various conditions including wound healing (Avniel et al. 2006; Mazo
et al. 2011; Hu et al. 2013). Importantly, we found here a correlation between the
mMRNA level of CXCL12 in wounds and the content of circulating EPCs in the blood.
The injection of CXCL12 into the wounds of SAD mice enabled the wounds to heal
as quickly as controls. This improvement of healing is accompanied by the increase
in circulating EPCs in CXCL12-treated mice. Importantly, the improvement in EPC
mobilization in the SAD mice is positively correlated with the observed increase in
wound angiogenesis after CXCL12 injection. These findings strongly suggest that
CXCL12-induced increase in EPC mobilization is responsible for the improvement of
SAD wound healing. Therefore, the defect in the CXCL12/CXCR4 axis is a major
event leading to impaired EPC recruitment and angiogenesis defect to skin wounds
in old SAD mice. This is at variance with a previous observation showing an higher
CXCL12 levels in plasma of SCD patients than in healthy controls (Landburg et al.
2009). However, levels of this chemokine did not increase during vaso-occlusive
crisis, in contrast with healthy subjects as one should expect. This can indicate a
human defect in CXCL12 increase in wound reponse. We believe that this should be

addressed in the human setting soonly in view of our results.

The low expression of CXCL12 originates from both keratinocytes and CD45"

leukocytes in healing skin. Our findings are partly in accordance with the observation
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that the impaired angiogenesis and delayed wound healing in diabetic mice, are
associated with the reduction of CXCL12 secretion in wound by keratinocytes and
myofibroblasts, and that these defects can be improved, at least in part, by
chemokine injection (Gallagher et al. 2007). In accordance with this notion, inhibition
of SDF-1a in the wounds through lentivirus further decreased angiogenesis and
healing delay in diabetic mice (Bermudez et al. 2011). Furthermore, inhibition of
CXCR4 through topical application of AMD 3100 to diabetic wounds also induces
EPC mobilization (Nishimura et al. 2012). Several studies have shown that beside
the effect in inducing EPC mobilization, local injection of some chemokines, such as
granulocyte-colony stimulating factor, led to unwanted side-effects with an associated
increase in leukocytes resulting in inflammation (Morimoto et al. 1990). From this
context, the questions about the safety and clinical utility of these chemokines were
raised. However, our SAD mice did not show any abnormality in skin after CXCL12
injection. Future studies should nevertheless address the question of consequences

of CXCL12 injections in wound on other organs as well as on blood cell counts.

During the inflammatory stage of wound healing, neutrophils and macrophages are
two main important cell types that infiltrate to wound area to prevent ongoing blood
and fluid losses, to phagocytize bacteria and debris to prevent infection. Several
reports have demonstrated an up-regulation of inflammatory pathways in SCD
patients with ulcers, suggesting an involvement of inflammation in pathogenesis of
this disorder (Lard et al. 1999; Bowers et al. 2013; Minniti et al. 2014). However,
using different techniques in repeated experiments, we did not observe any changes
in recruitment of neutrophil and macrophage/monocyte at the skin and peripheral
blood levels after wounding. These results indicate that there is no implication of
neutrophils and macrophages migration in the SCD delayed healing. In clinical series
above referenced, the comparisons were made between patients with and without
ulcers. While, the power of our study was to compare SAD and WT littermates at the
same stage of wound healing where quantitative analysis of cell infiltrate was done.
We believe this is an unbiased tool for addressing inflammatory abnormal changes.
Our observations appear to be different with the previously published data reporting a
high content of neutrophils and macrophages in the bloodstream and liver of SAD
mice, in association with hepatopathy induced by hypoxia/reperfusion (Siciliano et al.

2011). However, our SAD mice -housed in specific pathogen free conditions- did not
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have higher neutrophil counts after surgical wounding. Altogether, our results indicate
that the abnormal healing in SAD mouse appears to differ from other SCD organ

damage through the absence of neutrophil and macrophages increase.

In conclusion, old SAD mice present a delayed healing that correlates with anemia
and haemolysis and therefore parallel the human situation. This prolonged healing
delay relates to the poor EPC proliferation and mobilization from the bone marrow,
due to impaired CXCL12 secretion by keratinocytes and leukocytes in wounded skin.
However, the question of why these cells have this defect still remains unanswered.
Future studies should target on exploring the link between sickle cell anemia and the
defect of CXCL12 secretion by keratinocytes and leukocytes in the wounding
process. Physiologically, CXCL12 expression is known to be induced in a wide
variety of cell types in response to stimuli including ischemia and hypoxia (Ceradini et
al. 2004; Miller et al. 2005; Lee et al. 2006). Interestingly, hypoxia and diminished
bioavailability of NO, caused by the hemolysis and vaso-occlusion, are common
features that induce mortality and morbidity in SCD patients and animal models,
(Reiter et al. 2002; Kato et al. 2006; Sabaa et al. 2008). From this context, one
possible hypothesis for the decreased CXCL12 expression in SAD wounds is that
there is an inability to overexpress this chemokine in SAD mice in response to
ischemia-induced hypoxia (as occuring in normal situation). This impairement can be
explained by the defect of signal connection between bone marrow
microenvironment and cutaneous tissue in SAD mice. Future studies are needed to
examine more specifically whether there is any abnormality in marrow
microenvironment of SAD mice that can affect CXCL12 secretion in skin, and EPC
mobilization from bone marrow niches to circulation. One important event should be
explored is the production of NO and the reactive oxygen species inside marrow
environment of SAD mice in the setting of wounding. Moreover, it is also important to
analyse the impact of CXCL12 pathway in patients with SCD ulcers. Since mice did
not show significant side effects after CXCL12 injection (Gallagher et al. 2007), and
in view of the severity of SCD ulcers, this peptide could be a promising therapy in

clinical trials for improving this condition.

In addition to CXCL12/CXCR4 axis, other molecules or pathways that can be

responsible for the delayed healing of SAD wounds and sickle cell ulcers should be
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explored, to get further understanding about the pathogenesis, and to open on new
therapies for management of this disorder. Inthis regard, we have performed the
RNA sequencing analysis of EPCs isolated from bone marrow of old SAD and WT
mice after 5 days of wounding. Interestingly, our preliminary results ipoint on some
molecules and pathways that can be involved in the delayed wound healing of SAD
mice, since some upstream pathways are significant up-regulated in SAD mice vs

WT, together with several down-regulated pathways.

Among activated pathways, histone deacetylase (HDAC) appears to be the most
interesting, since the activation score is high, and since HDAC inhibitors have been
shown to exhibit multiple modalities of benefit for some disorders including SCD
(Balasubramanian et al. 2008; Hebbel et al. 2010). Indeed, HDACs are enzymes that
affect gene expression through their influence on chromatin-modifications, by
controlling the acetylation of the core histones. The acetylation and deacetylation of
histones play a significant role as transcriptional regulators in various cell types.
HDAC inhibitors such as trichostatin A (TSA) have been shown to inhibit vascular cell
adhesion molecule-1 and tissue factor expression that are present at high level in
SCD (Belcher et al. 2005; Inoue et al. 2006; Wang et al. 2007; Bowers et al. 2013).
Consistently, studies of Hebbel and colleagues indicate that TSA and its analog
SAHA (suberoylanilide hydroxamic acid) could provide true, multimodality, salubrious
therapy for prevention and treatment of chronic vasculopathy of SCD (Hebbel et al.
2010). SAHA is also already approved for clinical human use in other disorder as
cutaneous T-cell lymphoma. Moreover, Du and colleagues have recently
demonstrated that HDAC inhibition prevents cell death, increase cell survival, and
reduces the production of ROS and apoptosis in cardiomyocytes exposed to
hypoxia/reoxygenation (Du et al. 2015). More interestingly, class | and I|ll HDAC
inhibitors have been shown to accelerate cutaneous wound healing in a mouse
model through stimulating keratinocyte proliferation and NO production (Spallotta et
al. 2013). Hence, testing the effects of HDAC inhibitors for improving the delayed
healing of SAD wounds should be done in order to provide a promising therapy for
treatment of sickle cell leg ulcers. In addition to HDAC, several molecules, pathways
such as NR1H2, NR1H3, or ABCA1, that are activated in SAD mice, should be

interesting to explore.
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In contrast to the up-regulated pathways, several genes or pathways apeared to be
inhibited in SAD vs WT mice, including upstream of PDGF-BB, CCL2/CCR2,
CCLS/CCRS5 signalling. These molecules are known to play important roles in
multiple aspects of wound healing process. PDGF-BB (Platelet-derived growth factor)
is a protein known to generally enhance cell growth, progenitor cell migration and
angiogenesis. Therefore, this is a beneficial molecule used for treatment of chronic
and non-healing foot ulcer in some diseases, such as diabetes (Nagai and Embil
2002; Chan et al. 2006; Allen et al. 2014). Together with CXCL12/CXCR4 signalling,
CCR5-, and CCR2- mediated signalling are major regulators of EPC homing into
injured sites. Indeed, the expression of CCRS and its ligand CCL5 is up-regulated in
response to injury. This chemokine is expressed by various cell types including
macrophages and endothelial cells. Importantly, the CCL5/CCRS5 interaction can
directly control EPC recruitment, thereby contributing to neovascularization and
subsequent wound healing (Ishida et al. 2012). Hence, the impact of these molecules
and signalling in the delayed healing of SAD wounds need to be studied in order to

modulate impaired angiogenesis and poor healing of SAD wounds.

A key aim of the second part of this thesis was the identification of a novel pathway
that influences the cutaneous wound closure. The objectives were to identify the
cellular and molecular effects of MR and its antagonists in the early phase of healing,
focusing on re-epithelialization. Our results open on the possibility to develop

alternative treatments to accelerate wound repair in pathological situations.

Although it is known that glucocorticoids (endogenous or exogenous) delay wound
healing, via binding to the GR (Youm et al. 2013; Tiganescu et al. 2014), additional
mechanisms may exist. Indeed glucocorticoid-induced skin atrophy, another severe
deleterious effect of glucocorticoids, is limited by topical administration of MR
blockers, as shown in a recent report (where | was involved; see the article 3 in
chapter 3) by an experimental ex vivo approach and in vivo test through the SPIREPI
clinical trial in healthy volunteers (Maubec et al. 2015). In this part of my thesis, we
hypothesized that MR-bound glucocorticoid complexes may be one mechanism for

glucocorticoid-induced impaired wound re-epithelialization.
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In order to expand our understanding of the role of mineralocorticoid signaling during
cutaneous wound healing, the role of the MR was assessed through different
approaches: we used skin explants from a transgenic mouse model with
keratinocyte-specific MR overexpression (K5-MR mice), local application of different
MR antagonists over wounds of adult wild-type mouse back skin and human skin
explants in organotypic culture. We focused mostly on the model of impaired wound
healing featured by dermocorticoid pretreatment, and also tested the efficiency of MR

blockers on impaired wound healing in mouse models of diabetes.

First, we found that MR antagonism does not influence the wound closure in healthy
skin. Benefit was observed only on pathological skin. This is important to notice, to

avoid excessive extrapolation of our results.

The reduced outgrowth of skin explants from K5-MR mice can be partly reversed by
treatment with the MRA canrenoate, suggesting a role of MR in the delayed wound
re-epithelialization. MRA also induced wound re-epithelialization in pathological
murine models (local glucocorticoid treatment, diabetes), where the wound closure is
known to be impaired. The efficiency of the MRAs canrenoate or spironolactone on
human skin explants in organotypic culture was also observed, although these
compounds are not fully specific for MR, as they can be antagonists for other nuclear
receptors such as androgen receptor (Kolkhof and Borden 2012). This is why we also
treated human explants with the highly specific MR antagonist eplerenone, that also
showed the same efficiency in improving re-epithelialization as spironolactone and
canrenoate (because of its very poor solubility, it was not tested over mouse
backskin). Thus, we provided evidence that MR blockade improves re-
epithelialization of pathological wounds. As a preliminary step in human study of
effects of MRA in patients, we showed that the healthy volunteers of the SPIREPI
study that were treated locally with clobetasol, exhibited delayed closure of the
wound following skin biopsy that was slightly improved in the zones where

spironolactone was associated with clobetasol.

We identified some of the mechanisms at the origin of the beneficial effect of MRA on
the wound re-epithelialization. Firstly, we have shown that the MR is overexpressed
in the skin of mice pre-treated with the dermocorticoid clobetasol, and mice with type
| and type Il diabetes. Such up-regulation provides clues to understand why MRA can

be efficient in these pathological situations. Of note, an upregulation of MR in skin of
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mice with UV irradiation and metabolic syndrome has been previously reported
(Nagase et al. 2013). In this model, considered by the authors as featuring aging
skin, MRA treatment (topical spironolactone) reversed the enhanced oxidative stress
and inflammation markers, and the histological lesions of the skin (Nagase et al.
2013). Thus the efficiency of cutaneous MR blockade to improve wound closure in
pathological situations may be explained by enhanced MR expression. More
generally, benefits of treatment with MR blockers to limit pathology have been
reported in experimental and clinical situations including cardiac insufficiency or
following myocardial infarction (Pitt et al. 1999; Pitt et al. 2003), vascular dysfunction
(Leopold et al. 2007; Adel et al. 2014; Koenig and Jaffe 2014), renal failure (Shavit et
al. 2012), chronic serous chorioretinopathy (Zhao et al. 2012), and metabolic
syndrome and diabetes-induced complications (Guo et al. 2008; Hirata et al. 2009;
Wada et al. 2010). In addition to pathological situations mentioned above, MRA also
improved wound closure in a murine model of sickle cell disease with delayed wound
healing (SAD mice). Indeed in preliminary experiments, we observed that local
canrenoate application over dorsal wounds of 6 SAD mice (2 years old) resulted in
enhanced wound closure at day 5, that was twice that of wounds treated with PBS
(p= 0.0022). Such observation requires confirmation; it will be also mandatory to
investigate MR mRNA levels in this setting. Thus, although the underlying
mechanisms are far from being known, blockade of MR may represent a useful
therapeutic approach in dermatology. Future studies need to be done on other
models of skin pathology to investigate the cellular and molecular pathways

implicated in the wound healing modulation of MR.

The question of which cell type express enhanced MR level will be interesting to
study. To identify that, the expression of MR should be analyzed in cells sorted from
skin and wound, or through immunostaining of skin sections with cell-specific
markers. As an illustration of this question, the search for cells involved in delayed
wound healing following androgen receptor stimulation revealed that effect of
androgens depend on the androgen receptor expressed by macrophages, not by
keratinocytes (Ashcroft and Mills 2002; Lai et al. 2009). Whether this is also the case

for MR-sensitive impaired wound closure should be determined.

The MR-dependent cascade in abnormal wound re-epithelialization involves control
of keratinocyte proliferation rate: we report here that clobetasol-induced impaired
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wound closure was associated with reduction in epidermal Ki67 index, that was fully
restored when MRA were applied onto the wound. Future experiments should
characterize this effect more precisely. Another MR-related event is the modulation of
expression of the epithelial sodium channel ENaC. The three subunits of ENaC
(alpha, beta and gamma) are expressed in epidermis, and participate to epidermal
homeostasis (Brouard et al. 1999). The keratinocyte-specific knock out of ENaC
alpha subunit in mice results in epidermal hyperplasia (Mauro et al. 2002). We found
that the glucocorticoid-induced overexpression of cENaC in wounds of mouse back
skin was reversed by local administration of canrenoate on the wounds. We also
observed, in our ex vivo wound healing assay, that the glucocorticoid-induced
delayed epidermal outgrowth of human skin explants in culture was improved by co-
incubation with phenamil, a blocker of this channel. Our finding that ENaC blockade
by phenamil enhances re-epithelialization in human skin explants exposed to
glucocorticoids provides functional evidence for the involvement of ENaC in wound
closure. It would be interesting to evaluate the wounding capacity of the skin of mice

with invalidation of ENaC subunits in keratinocytes.

Another main cutaneous side effect of glucocorticoids is skin atrophy characterised
by thin, shiny, and fragile skin with telangiectasia or bruising. | participated to a
recent study investigating whether glucocorticoid-induced epidermal atrophy may be
caused in part by inappropriate occupancy of MR by glucocorticoids (Maubec et al.
2015). We showed that local MRA treatment limits the epidermal atrophy and the
impaired keratinocyte proliferation induced by clobetasol in cultured human skin
explants. We also identified ENaC as a novel epidermal MR target, possibly
participating to the beneficial effect of MR antagonism, through restoration of
keratinocyte proliferation. In the randomized double-blind SPIREPI phase 2 clinical
trial, we provided evidence that these findings have clinical relevance, as topical
spironolactone administration in healthy volunteers led to improvement of the

clobetasol-induced epidermal atrophy (Maubec et al. 2015).

In addition to benefit of MR blockade on epidermis (to improve keratinocyte

proliferation and re-epithelialization) reported here, MRA may also affect other events

in the dermis after wounding, such as inflammation, angiogenesis, and dermal

remodeling. In the SPIREPI study, we observed that skin atrophy induced by

dermocorticoid was improved at the level of whole skin (measured by echography),
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i.e. not only in epidermis (MAUBEC 2015). Endothelial (and smooth muscle) vascular
cells, sweat and sebaceous glands, infiltrating monocyte-macrophages, and perhaps
EPC recruited at the wound site, all express the MR and may be targets of local
application of MRA. It has been reported that aldosterone and MR antagonists
modulate elastin and collagen content of human skin or mouse skin (Mitts et al.
2010). MR blockade could reduce oxidative stress and improve endothelial function
(Rajagopalan et al. 2002; Schafer et al. 2003). Adel et al showed that spironolactone
improves endothelial dysfunction in streptozotocin-induced diabetic rats, at least
partially via its anti-inflammatory and anti-oxidative effects (Adel et al. 2014). Of
major interest is the recent report that EPC express the MR and that EPC treatment
with aldosterone induces translocation of the MR and impairs functions of EPC, such
as differentiation, migration, through increase in reactive oxygen species; in this
study, impairment of EPC function was rescued by pharmacological blockade or
genetic ablation of the MR (Thum et al. 2011). Although we did not observe changes
in the number of the inflammatory cell infiltration in clobetasol-treated skin in the
presence or absence of MRA, the effect of MRAs in inflammation or angiogenesis in
the wound, as well as the recruitment of bone marrow-originating cells, would be an
important issue to investigate. The same questions may arise for impaired wound
healing of diabetic mouse models. Since our preliminary results showed that the
MRA canrenoate improves delayed wound healing of SAD mice (that show an
impaired angiogenesis and poor mobilization of EPCs), the efficiency of MRA in

these events should be studied in the next step.

From our findings that MR antagonism improves glucocorticoid-induced epidermal
atrophy and impaired wound closure, it is tempting to propose local application of
MRA to bring benefit to patients. Local MRA treatment of the abnormal skin should
limit systemic effects of these drugs. It will be also important to determine whether
the benefits of glucocorticoids are maintained in the presence of MRA. MR blockers
should be reformulated to enhance their penetration inside the skin. Additional
studies should allow extending our findings to glucocorticoid-treated patients with
chronic skin diseases, to evaluate safety of topical spironolactone treatment and its

ability for improving tolerance to topical glucocorticoids and quality of life.
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In conclusion, my thesis work has been focussed on impaired wound healing, to
clarify some of the mechanisms involved and possibly to open new therapeutical

possibilities. My contribution to the field will be a strong motivation for my projects.
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