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INTRODUCTION



1. The skin

In this general introduction, | will provide an overview on the skin, its structure, and
functions as a physical and immune barrier, setting the stage for a detailed description of HS
pathophysiology.

1.1. Development and structure

The skin is among the largest organs of the body, with a mean surface area of 2 square
meters and a thickness of 0.5mm (eyelids) to 4mm (plantar feet region) in humans. The skin
is made of three distinct superposed layers, from the outside to the inside: the epidermis, the
dermis, and the hypodermis (Figure 1A).

1.1.1 Skin development

Epidermis development in mammals is a process that begins three weeks after
fertilization, during gastrulation, where the embryo organizes itself in three layers: the
ectoderm, mesoderm, and endoderm. The skin develops from a fusion of the ectoderm, which
gives the epidermis, and the mesoderm, giving the dermis and hypodermis. As a surface
constantly exposed to the environment, the epidermis has undergone many adaptive changes
through evolution. Ancestral vertebrates, aquatic and fishlike, were buffeted by water, which
kept the living surfaces moist. Aquatic amphibians developed a thin, oily skin densely covered
with mucous glands; terrestrial forms acquired a thicker, horny, pigmented skin'. Mammals
adopted a dry, elastic skin, often covered with hair.

1.2 Epidermis

The epidermis is a keratinized, squamous stratified epithelium, mainly made from
keratinocytes, yet also holds other cells with equally important functions. The epidermis is
made of five different layers, from bottom to top: stratum basale, stratum spinosum, stratum
granulosum, stratum lucidium, stratum corneum? (Figure 1B). The epidermis is under constant
renewal. This trait is necessary for its function of protection as the skin shields the organism
from its harmful environment.

1.2.1 Stratum basale

Stratum basale, or basal layer, is a monolayer of proliferating stem cells allowing
epidermis renewal and the production of the basal membrane on which they rest and anchor.
These undifferentiated cells undergo regular asymmetrical mitotic divisions to renew both the
upper epidermis layers and their own pool of cells. In human adults, the epidermal renewal
time is estimated between 40 and 56 days. This rate is much lower in younger individuals,
where it can reach as low as 14 days in babies. In mice, the epidermal turnover lasts around
10 days. However, epidermal renewal is a carefully orchestrated cycle, the duration of which
fluctuates in relation to different signals.

The differentiation potential of basal stem cells varies with their localization in the
layer. Stem cells situated on top of the rete ridges are the most undifferentiated, their
divisions pushing sideways previously generated cells. These transit-amplifying stem cells



divide frequently for a few cycles, until they reach the bottom of the ridges, initiating their
terminal differentiation process. The expression of B1 integrin is directly correlated with this
differentiation state, since the corresponding signaling pathway is necessary to maintain
stemness.
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Figure 1. Anatomy of the human skin and microanatomy of the human epidermis.

(A) Overall structure of the human skin. (B) Epidermal structure and cellular composition. Basal
keratinocytes divide asymmetrically. One daughter cell moves to the upper layers, where melanocytes
transfer them melanin pigments. Keratinocytes end up as a cornified layer near the surface. Langerhans
cells are immune cells monitoring the environment. Resident memory CD8+ Tru cells can be found near
the basal membrane. Merkel cells in the basal layer transmit pressure signals from the surface.



Basal membrane

The function of proliferating keratinocytes also includes the production, on their basal
side, of the particular extracellular matrix on which they set: the basal membrane, or dermal-
epidermal junction. A similar structure exists under every epithelium and serves not only to
anchor the tissue but also as a guide for its reconstruction during wound healing.

Structurally, the DEJ is composed of laminin and collagen fiber proteins polymerized into a
dense, continuous yet nanoporous net. The basal keratinocytes latch onto the DEJ using
structures called hemi-desmosomes, which work as protein-based adapters between the
cytoskeleton of keratin fibers and the transmembrane integrin proteins bound to the
underlying extracellular net (Figure 2). In addition, the dermal collagen network covalently
binds to components of the DEJ. This arrangement allows a tight junctional cohesion between
the basal layer and the dermis below. Moreover, the porous nature of the basal membrane
allows the passage of water, oxygen, nutrients, and small messaging molecules into the
epidermis, ensuring energetic supply and intercellular communication.

The DEJ fosters a second role as a signaling platform by capturing growth factors and
messaging molecules, a function notably allowed by proteoglycans. Proteoglycans are core
proteins heavily decorated with glycosaminoglycan chains, which can either bind or release
growth factors present in the medium, thus influencing the fate of surrounding cell. In the
epidermal basal membrane, this role is filled by perlecan proteins, which increase adherence
of stem cells through the expression of Keratin 15 and integrin 13.

Melanocytes

Another crucial component of the basal layer is the melanocyte, which produces
melanin, protecting the body from the ultraviolet rays and giving skin and/or its appendages
(hair, feather, scales) their pigmentation. In humans, melanocytes reside between stem cells
of the basal layer, they are usually smaller than basal stem cells but present extensive
cytoplasmic dendrites extending upwards into the granular layer. There are around 1500
melanocytes per mm? of skin, a 1:10 ratio with the basal layer stem cells. While one might
believe skin pigmentation to be related to melanocyte density, it is in fact related to
melanocyte activity*>. The leading role of melanocytes is the production of melanin, or
melanogenesis, a pigment protein family from which eumelanin is the most abundant
member in humans. Melanogenesis occurs in the melanosomes, highly specialized organelles
of the melanocytes with an acidic interior. It starts with the amino acid tyrosine, which is
transformed into dopaquinone by a melanocyte specific enzyme: the tyrosinase®. Once
eumelanin is matured, it is packaged inside melanosomes. They travel upwards through the
melanocyte cytoplasmic extensions, until they are released and taken up by keratinocytes of
the granular layer”.

1.2.2 Stratum spinosum

In the Stratum spinosum, keratinocytes adopt a polyhedral shape and develop spiny
projections from intracellular keratin filaments, thus the name of prickly (spiny) layer. At this
stage, keratinocytes are often called prickle cells. They are highly interconnected through



desmosomes, a specialized structure linking cells together through hydrophobic, homophilic
cadherins (Figure 2). The intracellular part of the desmosome is connected to the cytoskeleton
through the same keratin filaments that produce the spiny projections. The overall layer is
shaped as a dense net of strongly adherent cells, which span over several layers. It is in this
region that most Langerhans cells are present. Prickle cells, like basal stem cells, are the most
susceptible to UVB-induced DNA damage coming from extensive sun exposure, most notably
in fair skin individuals®. This vulnerability to UVB can be attributed to the absence of melanin
protection, which is not found in this layer but rather in the stratum granulosum.

1.2.3 Stratum granulosum and stratum lucidum

Stratum granulosum, or granular layer, is where keratinocytes find themselves in
contact with the melanocyte extensions and capture the melanin vesicles into their cytoplasm.
While the keratinocytes kept a polyhedral shape in the previous layer, granular keratinocytes
adopt a flattened rectangular shape® and maintain cell-to-cell tight junctions initiated in the
stratum spinosum. At this stage, keratinocytes initiate the process of cornification, or terminal
differentiation, by undergoing two major changes. First, they induce the maturation of
keratohyalin granules, which are dense, protein-rich vesicles that contain keratin, profilaggrin,
loricin and trichohyalin. Profilaggrin, loricin and trichohyalin are bridging proteins, they bind
keratin fibers together and with the lipid membrane of keratinocytes, forming a sturdy and
continuous mesh all around our body. The second major event undergone by granular
keratinocytes is the gradual removal of their organelles. Mitochondria, the cellular
powerhouses, are subject to a progressive dismantling process?®.

Keratins

In vertebrates like humans and mice, keratins give the outer layer of the skin its rigid, robust
structure, protecting them physically from the outside environment. Keratins belong to a wide
family of near-ubiquitous fibrous proteins, at the basis of most skin appendages in Animalia,
from horse hooves to fish scales. There are more than 54 functional keratin genes in the
human genome, each produced differentially during development and adult life depending on
the epithelia. In the mammalian epidermis, keratins 14 and 5 are characteristic of the basal
layers, while keratin 10 and keratin 1 are induced upon differentiation in the upper layers.

Functionally, keratin proteins can be divided into two main groups: hard and soft keratins.
Hard keratins are found in skin appendages: nails, hair, claws. True to their name, hard
keratins’ main function is to provide a strong yet flexible cement for highly differentiated
tissue. Soft keratins are found in softer tissues, mostly the epidermis, but also in glands and in
Hassall’s corpuscles of the thymus. Soft keratins’ main function is to provide a scaffold for
intracellular organization, and as such are an important part of the cytoskeleton.

1.2.4 Stratum corneum

The final and outermost layer of the epidermis, the corny layer is the physical barrier
in direct contact with the exterior. Composed entirely of cornified keratinocytes, appearing as
very flattened sacks of lipid, keratin, and melanin. The keratinocytes in this layer completely




lack any organelle or nucleus, only remains in their cytoplasm the melanin and mature keratin
linked in a thick and strong network, tightened by desmosome junctions between them. As
new keratinocytes move upwards from the underneath layers, they push the dead cells
upwards, causing them to break apart and fall over. This process is known as desquamation
must be tightly regulated. In the ichthyosis vulgaris disease, profilaggrin protein is defective,
provoking a continuous and excessive desquamation.

Cell-cell connectivity

As tissues are made from the careful spatial organization of cells, the ways they connect and
remain cohesive is paramount to tissue structure and function. In epithelia particularly, tight
junctions and desmosomes are particularly important to create mechanical stability,
watertightness and enable tissue-wide communication.

Desmosomes were discovered in 1864 by Bizzozero. Extensive electron microscopy studies
allowed to describe a structure divided into three parallel and symmetric zones (Figure 2).
First, from the outside-in, transmembrane proteins of the cadherin family interact with
extracellular heads of desmoglein (DSG) and desmocollin (DSC), which form solid bounds as
homo or heterodimers. DSG and DSC intracellular tails bind to plakoglobin (PG) and
plakophilins (PKP), both members of the Armadillo family of proteins. PG and PKP finally link
DSG and DSC to desmoplakins, anchoring the cell-cell junction complex to the intermediary
filaments network. In the skin, these intermediary filaments are made from keratins. Cadherin
proteins require calcium to bind effectively: the shape of their extracellular domain depends
on calcium and requires high concentrations to rigidify and produce a mature desmosome.
This process is referred to as hyperadhesion and is mostly observed in mature keratinocytes
of the higher layers, whereas basal keratinocytes are mitotically active and require some
liberty to self-renew.

Desmosome protein variants are differentially expressed across keratinocyte layers. As
keratinocytes move towards the surface the levels of DSG1 and DSC1 increase, but DSG2 and
DSC2 are downregulated. In the cornified layer, a unique desmosome complex is found: the
corneodesmosome, containing a unique cadherin, the corneodesmosin, the cleavage of which
controls desquamation.
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Figure 2. Structure of desmosomal and hemidesmosomal junctions.

Keratinocytes of the epidermis are joined together via solid Velcro-like areas, desmosomes,
linking both their cytoskeletons. Transmembrane proteins of the cadherins family bind
together in the presence of calcium, their intracellular part linked to a protein complex of
intermediary adapter proteins, allowing solid with the keratin filaments of the cytoskeleton.
Linking with the basal membrane involves a similar process: instead of cadherins, integrins
play the role of linker with the extracellular laminin. The link is further reinforced by bp180, a
collagen binding transmembrane protein.

11



1.2.3 Microbiota

The microbiota is the entire population of micro-organisms, bacteria, archaea, fungi,
and viruses, residing on the skin and within most exterior cavities like the digestive or
respiratory tracts. This represents more cells than those composing the body itself: for an
estimated 30 trillion animal cells''*2, classical estimates show the human body harbor ten
times more prokaryotic cells, although a more recent estimation places the ratio closer to
1:1'2, These microorganisms form a large micro-ecosystem in symbiosis with their mammalian
hosts, and constantly monitored by the immune system?®3. They provide vital nutrients!4, aid
in pathogen defense>*7, and communicate directly with the nervous system through the gut-
brain axis®.

The first elements of human epidermal microbiota are obtained at birth: newborns
acquire the flora of their mother’s vagina via natural delivery or their mother’s skin via
Caesarian section. Some studies suggest that the delivery method has long term consequences
on health due to this variance in microbiota composition, including autism, diabetes and
immunity'®. New strains are then introduced via the environment in which the newborns grow
and develop, making their microbiota distinct from their mother’s.

The skin microbiota functions similarly to a protection layer by occupying the ecological niche

of the skin?%2!, preventing potential pathogens to grow and infect the body. Furthermore, the
microbiota has other important roles in shaping the immune repertoire and response. As any
functional part of the body, the microbiota can fail, in a process called dysbiosis, an imbalance
between the different micro-organisms living on the body. Disruption of the microbiota
balance is mostly the consequence of environmental factors, although genetic background
can set the stage for long-term immunosurveillance failure.

Skin microbiota studies used metagenome sequencing to know its species composition.
Bacterial species show heterogeneous repartition in relation to the skin region considered:

e Propionibacterium sp. are found in lipophilic environments, i.e. the sebaceous gland. They
are anaerobic, gram-positive rod-shaped bacteria capable of producing propionic acid
during their metabolization of fatty acids. Beyond its well-known odor, propionic acid is
bacteriostatic?’, acts as an immune messenger??>?3 and promotes tissue repair?*. This
genus can also have deleterious effects: Propionibacterium acnes is the main drive behind
acne vulgaris by obstructing the follicle canal, inducing, and feeding the inflammation.

e The Staphylococcus genus is also found in abundance on the mammalian skin: they are
aerobic, Gram-positive cocci found in clusters on the surface of the moist areas of the
epidermis. Staphylococcus epidermis is the most common specie found on human skin, it
produces lipoteichoic acid capable of inhibiting the inflammatory response of
keratinocytes?®. Staphylococcus aureus is infrequently found in the skin microbiota and
more associated with nosocomial infections. It infects the skin by competing with the local
microbiota and may enter the body through any potential breach of the epidermis.
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e Corynebacterium genus are also rod-shaped gram-positive aerobic bacteria present in
moist areas. Corynebacterium jeikeium is the most common representative in human
microbiota.

1.2.4 Dermis

Below the robust and cell-packed protective layer of the epidermis is found an elastic
connective tissue with low cell density, the dermis. The dermis is the thickest layer of the skin,
with an average thickness of 2-4mm. Beyond support, the dermis provides nutrition,
thermoregulation, sensory inputs and is an important base of operations for the immune
system. The dermis is made up mostly of fibrous collagens and an extracellular matrix secreted
by mesenchymal cells, the fibroblasts. These cells have numerous functions, including tissue
maintenance, inflammation and wound healing?528. Like keratins for the epidermis, collagens
represent the largest protein family in the dermis. Collagens are helical proteins conferring a
robust, yet flexible structure to the dermis. There are 28 different collagen proteinsin humans.
The dermis is composed of collagen | and Ill, at a ratio of around 5:1, but this distribution can
highly vary with age and environmental factors.

The dermis can be divided in two layers of distinct structure and functions:

The papillary dermis, the most superficial layer, is composed of loose collagen fibers, a
dense vascular network and most of sensory nervous fibers and corpuscles. The papillary
fibroblasts are more numerous, smaller, spindle shaped and proliferate faster than reticular
fibroblasts?®. They participate in angiogenesis and interact with the basal layer of the
epidermis. A high density of blood vessels in this layer, organized as an anastomotic,
subepidermal plexus, provides the avascular epidermis with the nutrients through diffusion.
These vessels are also essential for communication with the rest of the body and the entry of
immune cells. To exit the skin, immune cells enter the blunt ends of lymphatic capillaries that
drain the area directly under the basal membrane. Lymph vessels then congregate further
down until reaching the deeper, thicker subcutaneous collecting vessels, which lead immune
cells and extracellular fluid into skin-draining lymph nodes.

The reticular dermis is the deepest and thickest layer. Its fibroblasts are larger, stellate and
quiescent??, their main function is the production of fibrous proteins. Deeper into the reticular
dermis we find another vascular plexus, directly feeding from the regional artery, acting as an
intermediary crossroad for the subepidermal plexus further up.

Sensory interface

The skin has a crucial role in conveying touch and pain, allowing mammals to sense
their environment and detect any harmful danger. A wide array of nervous sensors and fibers
decorate the three layers of the skin in variable density: hands, lips and genitals are more
sensible and have more resolution than other regions, a concept cleverly imaged in the
homunculus of Penfield.

Skin touch receptors include several elements. Merkel cells, embedded in the basal
layer of the epidermis are responsible for sensing edgy or pointy type of pressure. Meissner
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corpuscles, responding to light pressure, are found in the papillary dermis. Ruffini endings
respond to stretching. Pacinian corpuscles deeper below in the reticular dermis respond to
vibrations3%31, The hair follicle has a dedicated mechanoreceptor, further detailed in Chapter
2.3. Beyond these specialized mechanoreceptors, the most common skin sensors are free
nerve endings, also called nociceptors, extending all the way up to the stratum granulosum.
Nociception is the ability to sense deleterious stimuli as pain or itch, a vital ability to react to
the environment and avoid bodily harm, it is carried by free nerve endings A and C fibers.
These nerve clusters are sensitive to pain, temperature, and light pressure. They are
unmyelinated, providing a slower nervous impulse.

2. The pilosebaceous unit, an organ within an organ

The hair is a characteristic feature of mammals, defining their appearance and serving
various important functions from protection to social interactions. It grows from the hair
follicle, a fantastic mini organ embedded in the whole skin depth, from the epidermis to the
deepest layer of the dermis. The hair follicle is never alone and is always flanked with
sebaceous glands, producing sebum that lubricates the skin and the hair. In this chapter, we
will learn how hair follicles are sculpted, what makes them grow and fall, and their
contribution to our physiology.

2.1 Evolutionary overview and morphogenesis

2.1.1 Evolution

Early stages of mammary, sweat glands and hair follicle are morphologically similar:
localized thickening of the ectoderm into a placode, budding into the mesenchyme and
development of a lumen. All have in common the crosstalk between different cells of the
ectoderm with the underlying mesenchyme.

During evolution, Sauropsidae have developed glandular skin to keep their skin moist
through secretions, as they lacked scales or any hardened protective layer above their thin
skin, and this has evolved into typical amphibian skin. Hair development could have been an
adaptation to aid delivery of glandular secretions to eggs. In fact, members of the
Monotremata clade (platypus and echidnas) completely lack mammary glands and their
younglings feed after birth by sucking on milk-impregnated specialized hairs. Marsupials do
have nipples; however, they are conjointly developed with hair follicles. Only placental
animals like humans and mice have hairless nipples.

2.1.2 Hair follicle development

The organogenesis of the hair follicle in humans start happening at the 10™ week of
gestation, corresponding to E10.5 in mice. In both cases, it is a complex crosstalk between the
fetal epidermis and the dermis below, which we will separate in three distinct stages, each
with a unique morphological and molecular profile:
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Stage 1, hair placode induction
Whnt signaling pathway

Within an undifferentiated epidermis, the initiating event in hair follicle differentiation
is the release of multiple molecular messengers, the most of important of which being the
Whnt family of proteins. Wnt signaling pathway is a ubiquitous cell signaling system implicated
in multiple important embryogenesis events across the Mammalia animal class, like epithelial-
mesenchymal transition. In fact, the Wnt pathway is extremely conserved and plays a role in
development of insects: mutations in genes encoding the Wnt receptor Frizzled or the
signaling hub Disheveled, result in improper orientation of body and wing hairs in Drosophila

melanogaster.
Stage 1: Stage 2: Stage 3: Stage 4:
Induction Organogenesis Cytodifferentiation Mature follicle

000,000
Kel(@) 0" @le)=)

Whnt/B-catening, EDAR, SHH, PDGFA IRS: Notch, Jagged IRS markers: K1, K10
Lef-1 Noggin, Wnt, Lef1
Bulge: Sox9 ORS markers: K5, K14
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Figure 3. Four stages of hair follicle development in mice and humans: First, Wnt/B-catenin
and EdaR pathways commit keratinocytes and fibroblasts into a placode. Second, Shh
promotes dermal papilla and keratinocyte rapid proliferation. Lastly, differentiated tissues and
the shaft appear as the hair follicle fully matures.

Three Wnt pathways have been evidenced so far: the canonical, noncanonical and
calcium pathways. All three share a common inducing event, when a Wnt signaling protein
ligand binds to the transmembrane receptor Frizzled. Frizzled receptors are G-protein coupled
receptors (GPCR), a family of cell surface receptors that can, when activated by their ligand,
activate an associated “G-protein” by linking it a GTP molecule. The activated G-protein is then
able to contact its downstream targets, starting the intracellular transduction of the message.
These targets are often proteins activated by phosphorylation, the addition of a phosphate
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group on one of their amino acids. In essence, GPCRs are molecular levers, translating external
inputs into intracellular actions through the gears of the signaling chain.

Next, Frizzled activation triggers the release of the Disheveled phosphoprotein, which initiates
the canonical pathway: Disheveled induces the accumulation of beta-catenin proteins in to
the cytoplasm, and is eventually translocated into the nucleus, where it associates with the
TCF/LEF family proteins. In the absence of beta-catenin, these proteins act as transcriptional
repressors, binding to their target genes with the help of Groucho proteins family of co-
repressors. TCF/LEF associate with nuclear beta-catenin, triggering transcription of the target
genes. This dual function is called a bimodal transcription factor.

Presence of Wnt Absence of Wnt
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Figure 4. Overview of the Wnt/B-catenin signaling pathway. Wnt is necessary to release

B-catenin from the an ubiquitin-ligase complex made out of Axin, APC, GSK38 and CK1. Wnt
binds its receptor and recruits Dvl, complexing Axin and freeing B-catenin. Translocation to the
nucleus allow B-catenin to drive transcription of its target genes.

During hair follicle morphogenesis, the paracrine secretion of Wnt proteins by both the
epidermis and the dermis creates a gradient between areas with low and high Wnt
concentrations. Molecular gradients are a necessary and vital concept in development, as no
biological mechanism is binary, but is the result of nuanced inputs: An activation threshold is
necessary to be reached to definitively start differentiation Wnt concentrations that are high
enough induces the aggregation of the responding basal keratinocytes, which assemble into a
regularly interspaced structure called the hair placode. This placode will form the core of the
future hair follicle. Together, Wnt/B-catenin and Noggin/Lef-1 are also responsible for
inhibiting the expression of the critical cell-cell adhesion molecule E-cadherin3?, resulting in
the epithelial-mesenchymal transition necessary for shaping the future hair follicle.
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EDA/EDAR signaling pathway

The ectodysplasin ligands are a family of two trimeric transmembrane proteins, Eda Al and
Eda A2, composed of a short intracellular domain, a single transmembrane section and a larger
extracellular portion containing a collagen domain and a TNF-ligand motif domain. Eda Al and
A2 are very specific to their receptors, Edar and Xedar respectively, a specificity conveyed by
a difference in only two amino-acids alone in the TNF motif domain33,

Eda A1/A2 ligands are released from the cell membrane via enzymatic cleavage by a furine-
like protein, allowing them to bind their cognate receptors and induce intracellular signaling.
Edar, the receptor involved in follicle induction, recruits EDAR proteins, activating NF-kB,
which translocates into the nucleus and activates its target genes.

In East Asian populations, EDARV370A variant produces thicker, straight hairs and increased
number of sweat glands®*. The introduction of this mutation in mice produces the same type
of phenotype® implying a conserved evolutionary mechanism.

Stage 2, Organogenesis

Epithelial cells recruited previously into the placode signal back to the underlying
dermal cells and future fibroblasts to proliferate, ultimately condensating and giving rise to
the future dermal papilla. This dermal condensate will become the signaling and
organizational center of the shaping future follicle, mainly via the production of Sonic
Hedgehog (SHH). SHH is a soluble small glycoprotein involved in epithelial proliferation and
patterning, by contacting its receptor at the surface of the placode cells. Its signal is carried
downstream by Smoothened (Smo) and Gli transcription factors. By rapidly proliferating,
placode epithelial cells push downwards, following the SHH gradient from the dermal
condensate, deeply penetrating the dermis. This new structure is called the hair germ. After
this intense growth period, the epithelial cells start surrounding the dermal papilla,
encapsulating the dermal condensate which starts differentiating.

Stage 3, Cytodifferentiation

At this stage, the future hair follicle structures are formed through differentiation of
the epithelial layers. The inner keratinocytes give rise to the inner root sheath, which starts
giving rise to the future hair shaft through terminal differentiation of the most inner cells. The
outer keratinocytes will give rise to the outer root sheath, it’s layering encapsulating the inner
root sheath. This actively differentiating structure, resembling an onion through its many
layers, is called the bulbous peg and is not yet a fully-fledged hair follicle. In this context, Notch
is an important actor in fate decision for each subset of follicular keratinocyte. Notch are
transmembrane receptors binding various ligands, inducing their cleaving by surface
metalloproteases and y-secretase, culminating to the release of Notch Intracellular Domain
(NICD).
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Figure 5. Overview of the Notch pathway, featuring the role of the y-secretase. Notch requires
two proteolytic cleavages to release NCID and activate its target genes: the first enzyme to act

is a membrane-bound metalloprotease of the ADAM family, the second is the y-secretase.

2.2 Structure and cycle of the mature hair follicle

The fully developed hair follicle can be summarized as an invagination of the epidermis
into the dermis, at the bottom of which a highly specialized keratinized structure, the hair,
develops. The epidermis, dermis and hair all meet at the dermal papilla, an area of intense
exchange where blood vessels and nerves are also present.

2.2.1 The hair

The hair is a hyperspecialized multilayered structure composed of 95% keratin, the
same family of proteins found in skin appendages or the epidermis. While in the epidermis we
see mainly soft keratin, the main components of mammalian hair are cysteine-rich type | and
type Il keratins®, also known as hard-keratins or ““hair keratins.” The hair structure can be
divided in three distinct parts3’:

The cuticle

It is the outermost layer of the hair, made from overlapping scale-like cells, like roof tiles, 60
micrometers long and 6 micrometers wide3?. Its main function is to protect the hair from the
environment, be it natural attacks or the more recent artificial ones (cosmetics, pollution).
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Hair cuticle cells are organized in three successive layers3®: the most superficial A-layer,
exocuticle and endocuticle. These layers differ by their cysteine residues which play a role in
protein crosslinking. During the cuticle cell differentiation, fatty acids are incorporated and
covalently linked to the cuticle surface via thioester bonds, including stearic, palmitic, and
anteiso-18-methyleicosanoic acids, the latter constituting up to 70% of the covalently bound
fatty acids. They ensure the highly hydrophobic nature of the cuticle and add additional
protection. These seemingly fusioned cuticle cells create a lipo-protein membrane referred to
as the epicuticle.

The cortex

The main component of the hair, composed of long, parallel keratin chains oriented
along the length of the hair. In a similar fashion to muscular or nervous organization, the hair
can be divided in macrofibrils, made from microfibrils, made from protofibrils. The hair cortex
also contains melanin, which is produced by the melanocytes present in the bulb of the follicle.
In the same mechanism as in the epidermis, these melanocytes transfer melanin-rich vesicles
into the keratinocytes that are bound to differentiate into hair cells. Thus, melanin (or lack
thereof) is what gives hair its color.

The medulla

The innermost and central layer, it is a hollow shaft filled with an amorphous and greasy
substance, similar to sebum, and a few medullary cells remaining from the dehydration
process during hair maturation.

2.2.2 The follicle

The follicle is a multilayered epidermal structure producing the terminal hair, deep
seated inside the dermis with which it communicates. For ease of understanding, we will first
describe the hair follicle in its most developed form, then the differences in relation to the
cycle stages.

At the core of the follicle is the matrix, containing keratinocytes that are still capable
of rapid mitosis, they generate all the differentiated cells that will eventually give rise to the
three hair layers. The matrix is surrounded by the root sheath, an extension of the epidermis
closely adhering to the hair. It is made of two layers: the inner and outer root sheaths. The
inner root sheath (IRS) is itself subdivided into three layers: the cuticle (akin to the hair’s
cuticle and in contact with the root), the Huxley’s layer and the Henle’s layer (like the prickly
layer of the epidermis). The inner root sheath is the terminally differentiated part, with
cornified cells on the cuticle layer and flat, keratin-filled cells in the outer layers. In contrast,
the outer root sheath (ORS), which corresponds to the epidermis basal layer, features non-
cornified cubic cells capable of dividing and renewing the hair follicle. In vitro, ORS cells
extracted from a human follicle can be expanded and used to produce a fully differentiated
epidermis®°.

The follicle itself can be divided in four main segments:
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Infundibulum

The infundibulum is the upper segment of the hair follicle, from the epidermis to the
sebaceous duct. Keratinocytes in this region appear very similar to those in the interfollicular
areas, displaying typical epithelial hallmarks such as EpCAM. Yet, they also express specific
markers, i.e. CD200, which is present in all regions of the follicle.

Isthmus

The isthmus follows the infundibulum, it is a short region defined between the opening of the
sebaceous gland above and the bulge below. It contains stem cells dedicated to sebaceous
gland renewal, expressing Lgr6 and Lrig14*.

Bulge

The bulge, marked by the insertion point of the arrector pili muscle, contains the keratinocyte
stem cell reservoir, necessary for hair follicle cycle and self-renewal*?. These stem cells express
the transcription factor Sox9 during embryogenesis and adulthood.

Variable region/Bulb

The variable region, or bulbar region, from the bulge to the dermal papilla. Resulting from the
proliferation of stem cells in the anagen phase of the hair follicle cycle (see below), this part is
absent when the follicle is resting (telogen).

The hair follicle is associated with two other structures: a sebaceous gland and the
arrector pili muscle.

Sebaceous gland

The sebaceous gland is an exocrine, multilobed gland found either associated with hair
follicles or independently in sites devoid of hair. It is usually located between the epidermis
and the follicle bulge. The gland is composed of sebocytes, specialized cells that produces
sebum, connected to a hollow duct that either opens into the hair follicle infundibulum or
directly on the outside. It is a holocrine gland, meaning its content is produced in the
cytoplasm and released via plasma membrane rupture, killing the sebocyte. Another example
of such exocrine secretion mechanism is meibomian glands found on the eyelid, producing
the meibum that moisturize the eye. The sebum is an oily substance with multiple functions:
beyond keeping the skin moisturized and lubricated, it has a role in commensal flora
population control*3** and vitamin production and delivery to the skin*>. Sebum is made from
varying lipids ranging from cholesterol, triglycerides and wax esters?*®. This composition is key
to its function, as dysregulations of sebum quality is a cofounding factor of regular acne.
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Figure 6. Adult hair follicle anatomy

a. Microanatomy of the bulge: from left to right, the concentric layers wrap around the hair shaft. Hair
follicle stem cells involved in the hair cycle concentrate at the junction with the arrector pilli muscle. b.
Microanatomy of the bulb.
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2.3 Follicular cycle

Hair follicle cycle goes through three main phases, during which the proliferation of
matrix keratinocytes varies. The duration of each phase can vary with different species and
hair follicle, as it is controlled by hormonal and environmental factors.

2.3.1 Anagen

The anagen, termed from the prefix ana-, meaning “up”, and the suffix -gen meaning
“producer of something”, is the phase of hair growth and elongation. The stem cells in the
bulge proliferate rapidly, producing a new variable region and giving rise to hair matrix
keratinocytes.

In mice, anagen starts 4 weeks after birth and displays as a body-wide synchronized
growth wave from the anterior to posterior of the body. While the first two hair growth waves
are synchronized, the following cycles are asynchronous in the adult mouse, with spontaneous
cycling in patches observed all along the fur.

2.3.2 Catagen

From the prefix cata-, meaning “down”, is a phase of involution following the rapid
anagen. This phase starts when the hair stops growing and starts regressing, where it slowly
detaches from the dermal papilla and thus its blood supply. It remains a shorter and
transitional phase of the cycle, ultimately leading to the longer telogen phase.

2.3.3 Telogen

After a short period of recession, the hair follicle enters the telogen, where biological
activity hits its lowest point, and the hair falls off. While the hair follicle seems quiescent, the
telogen phase is also a preparatory period for the upcoming cycle. The dermal papilla cells
physically contact the bulge cells, inducing their proliferation. In mice, the first telogen is
barely noticeable, happening in a matter of a day or two, before leaving place to the second
anagen and a new cycle.
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Figure 7. Three stages of hair follicle cycle in mice and humans

First, Wnt/B-catenin and EdaR pathways commit keratinocytes and fibroblastes into a placode. Second,
Shh promotes dermal papilla and keratinocyte rapid proliferation. Last, differentiated tissues and the
shaft appear as the hair follicle fully matures.

23



2.4 Microbiota

The hair follicle microbiota is quite similar to the skin’s with some key differences,
partially due to the specific environment created by the follicular shaft: less oxygen, favoring
anaerobic species, less light and thus less UV damage, moister and less acidic*’. This relatively
favorable environment allows symbiotic micro-organisms to easily develop and persist,
introducing the idea of hair follicles being reservoirs for skin recolonization by the commensal
flora after a dysbiosis or disinfection event*’. The anatomic regions of the hair follicle have
different flora distribution, with species favoring the upper, middle or lower areas?.

One of the main differences with interfollicular skin’s microbiota is the dominance of
Burkholderia Gram-negative species. The hair follicle microbiota also harbors two
hyperspecialized commensal species of mites, Demodex folliculorum and Demodex brevis.
While D. folliculorum prefers to live in the middle to upper part of the follicle, D. brevis favors
the sebaceous glands’ lumen. They are thin, worm-shaped mites with four pairs of stubby legs
for limited locomotion, mainly feeding on sebaceous secretions. Demodex mites reproduce at
night at the top of the hair follicle and deposit their eggs in the sebaceous gland. Their life
cycle is around 14 days, with 6 days in adulthood, Demodex are thus short-lived mites and
reproduce at a high rate unbeknownst to their hosts. Demodex mites are a potential actor in
the immune response through the production of cytokines®.

2.5 Functions

Hairs have been a vital organ in the history of animals and warm-blooded mammals.
Their primary function is to isolate the body from the outside, trapping the heat generated
by metabolism, translating as a net save in energy consumption to maintain body
temperature constant. One extreme adaptation of temperature isolation is found in arctic
mammals like white bears, who evolved thicker hairs with a shaft filled with air. The air
acting as excellent isolation from the cold outside temperature. Moreover, hair along with
pigmented skin also acts as protection against the ultraviolet bearing sunrays.

Hairs also serves an important defense mechanism: fur-bearing animals can contract
their arrector muscles to straighten their hairs, appearing larger to predators or
competitors. The quills of porcupines, which are highly specialized, modified hairs, are an
extreme and famous example of this behavior. If it comes to a physical confrontation, hairs
act as a cushion dampening the force from received hits. To note, one ambitious study
hypotheses than beards in humans can significantly reduce fist-delivered trauma to the
face.*°

Through their association with sebaceous glands, the hair canal also acts as the delivery
system of the sebum at the surface of the skin. Sebum is important for lubrification, where
it prevents irritation especially in the regions where skin flaps rub together, like the axillae,
groin, the area under the breasts or the buttocks. The high concentration of lipids found
in the sebum contributes to the impermeability of the skin, especially in humans where
hairs are thinner than in most mammals, by creating a thin wax-like barrier on top of it.

Beyond defense, the hair can serve as an important sensory organ, as it is directly
connected to the skin nervous system through the mechanoreceptor fiber. In most
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mammals, except humans, hairs act as an important touch organ, as their skin is covered
by them.

3. Skin immunity, a delicate balance
3.1 The actors of skin immunology

While the skin acts as a natural, physical barrier between us and the tiresomely hostile
exterior environment, it also hosts a unique and very active immune system dispersed in each
of its three layers. The skin immune system has a wide spectrum of tasks ranging from
homeostasis, surveillance, microbiota control, defense against invasions and wound healing.
The diverse population of immune cells residing and intervening in the skin reflects this
complex and vital mission. The skin adopts a defense in depth, with the epidermis layer
constituting its frontline with three types of cells safeguarding us from the exterior aggressors:

3.1.1 Macrophages

To ensure a permanent monitoring of tissues and especially epithelia, in contact with
the exterior, resident leukocytes called macrophages occupy a niche in-between the
extracellular matrix. As their name suggests (“macro” from the Greek markos meaning “large”
and “phage” from phagein, meaning “to eat”), macrophages primary and first discovered
function is phagocytosis. Elie Metchnikoff was the first in 1883 to reveal and explore
phagocytosis, for which he was awarded with the Nobel Prize of medicine in 1908. Elie
Metchnikoff started establishing his “theory of phagocytosis” by puncturing starfish larvae
with rose thorns, then observing the fast migration and accumulation of mesodermal cells
near the injury site. Phagocytosis is at the core of immune defense in all pluricellular organisms
and most likely the most primitive cellular defensive mechanism in existence. Phagocytosis
happens in a series of typical steps, the first one being contact with the target, which can range
from bacteria to apoptotic cells or large particles like ink droplets, enabling tattooing.
Phagocytosis is triggered by an array of different receptors at the surface of the immune cell,
the most common being Fc and opsonin receptors.

Fc receptors are a family of transmembrane proteins able to recognize the constant
segment of antibodies, conferring the ability to intake immune complexes in the medium, and
initiate a signaling cascade. There is a vast array of Fc receptors, each with a specific antibody
isotype recognition, but the widest family remain the FcyR able to bind IgG antibodies. The
extracellular segment is made by two or sometimes three Ig-like domains able to bind to
constant antibody segment, the intracellular part is ITAM domains, except for FcyRIlb which
has a ITIM domain instead and FcyRIllb which has no intracellular domain and acts as a decoy
receptor. After the target has been identified via surface receptors, the phagocyte starts
reshaping its membrane to engulf it.

Relatively recent findings have shed light on the ontogeny of macrophages. Dermal
macrophages come from either yolk sac or fetal liver monocyte precursors and are maintained
post-birth by the division of these precursors. Beyond phagocytosis, macrophages are a key
factor in cytokine production, inflammation control, wound healing, and tissue maintenance.

25



3.1.2 Polymorphonuclear neutrophils

Neutrophils were first observed by Max Schultze in 1865 while describing blood leukocytes.
Paul Ehrlich coined the name “neutrophils” by staining blood cells with neutral dyes and
noticing the strong coloration obtained on "cells with polymorphous nuclei”. Recently,
neutrophils have been more and more referred to as “polymorphonuclear neutrophils” as to
distinguish them further from other neutral dye-colored cells.

Neutrophils are myeloid cells, the most common leukocyte type in the blood. They originate
from the common granulocyte-monocyte progenitor in the bone marrow, which gives rise to
a pool of mature, mobilizable neutrophils reserve kept within the bone marrow via the
expression of SDF-1 chemokines by local stromal cells, interacting with highly expressed
CXCR4 receptor on neutrophils surface. When called upon for service, mature neutrophils exit
the bone marrow transcellularly through the sinusoidal endothelium cells instead of
diapedesis. This unique egress allows to finely control the levels of neutrophils in the blood
via the endothelium pores. Neutrophils mainly follow the gradient of chemokines locally
released by macrophages and epithelial cells®'=3 from immunologically active areas, including
CXCL8, TNFa and C5a complement subunit. The foot soldiers of the immune system,
neutrophils are among the earliest recruited cells on an inflammation site.

Leukocytes and neutrophils enter tissues from the bloodstream through the process of
diapedesis. To mount an efficient immune response, this recruitment follows four main steps.
First, locally secreted proinflammatory mediators trigger the expression of adherence proteins
at the luminal surface of endothelial cells, notably E-selectin, enabling neutrophils to weakly
attach on the endothelium while following the chemokine gradient in a process named rolling.
Similar to other leukocytes, they attach to E-selectin mainly via PSGL-1, The increase in
chemokine concentration induces in turn a higher expression of adherence molecules at the
surface of neutrophils, at which point they adhere enough to stop rolling and start the process
of extravasation out of the vessel. Neutrophils experience a sudden reshaping, from a rolling,
spherical cell they flatten and start crawling on the endothelium searching for a point of entry.
There are two ways a neutrophil can exit the endothelium: the classic paracellular exit, which
is used by all leukocytes: the extravasating cell finds itself squeezing in between two
endothelial cells, piercing through adherence junctions and the basal membrane until
reaching the tissue. In a more unique mechanism, neutrophils have been shown to also pass
through endothelial cells, this is the transcellular way.

Once in the tissue, neutrophils move very quickly: in migration assays in vitro, they are the
most motile of leukocytes, reaching around 20 um/min, 4 times faster than lymphocytes.
Neutrophils possess two additional features with a pivotal role for their participation in
immune defense: multiple cytotoxic granules and a polylobed, specialized nucleus. Upon
contact with a pathogen, neutrophils primary response is phagocytosis in a similar fashion to
macrophages, the second one is degranulation. Neutrophil cytoplasmic granules are vesicles
filled with proteases and various enzymes destined to destroy pathogens either via secretion
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or fusion with the phagosome, and digest tissues to increase immune cells motility>>=>°, they
come in three main types:

1. Primary or azurophil granules contain the important myeloperoxidase (MPQO) and three
proteinases (cathepsin G, neutrophil elastase (NE), proteinase 3). The primary granules are
also coated with bactericidal/permeability-increase proteins, allowing to pierce bacterial
wall and facilitate the antimicrobial action of the secreted content. MPO is a
transmembrane protein, highly concentrated in primary granules (~100 mg/mL) and has a
direct role in killing pathogens by oxidizing chloride ions with hydrogen peroxide.
Azurophil granules content is inactive in resting neutrophils by being restricted in an
“azurosome” complex, upon activation the production of reactive oxygen species (ROS),
most notably H,0; through NE activation, dissociates the complex, releasing the active
proteases.

2. Secondary or specific granules contain lactoferrin, Matrix MetalloProteinase 9 (MMPY9,
also known as gelatinase B), transcobalamin Il and a high quantity of lysozyme. Lactoferrin
binds iron and copper, necessary oligo-elements for bacterial growth®. Lysozymes are
highly conserved antimicrobial peptides found in many secretions like tears, maternal
milk, or saliva. They act as both an opsonin and a muramidase, a lytic enzymatic activity
aimed towards peptidoglycan and therefore a prime weapon against Gram positive
bacterial cell wall. Secreted lysozyme peptides bind bacteria cell wall, covering their target,
neutralizing it, and facilitating phagocytosis by the surrounding immune cells.

3. Tertiary or gelatinase granules containing MMP9 but no lactoferrin, are very close to
secondary granules. MMP9 is a metalloprotease involved in enzymatic digestion of the
extracellular matrix composing the basement membrane and mesenchymal tissues.
MMP9 primary function is to facilitate leukocyte migration and movement into and inside
inflamed tissues, but is also involved in cytokines regulation, for example by cleaving
CXCLS, increasing its chemotactic properties®”.

In addition to these specialized granules, standard secretory vesicles are also part of the
neutrophil’s arsenal, they contain antimicrobial peptides, the most common being LL37, also
called cathelicidin.

While neutrophils are very short-lived cells and do not proliferate, they keep a
characteristic, polylobed nucleus. This unique shape increases agility and speed when
transmigrating through vessels. In another display of exceptionalism, neutrophils can turn
their nucleus into a devastating weapon against a wide range of pathogenic bacteria, forming
neutrophil extracellular traps in a process called NETosis. In the eukaryotic nucleus, DNA is
tightly packed in a complex called chromatin by specific proteins: histones. Histones usually
stay within the nucleus under all circumstances, but in the unique case of NETosis, chromatin
is released into the extracellular compartment, providing an unexpected role in host defense.
NETosis is a complex process triggered by the accumulation of ROS within the cytoplasm,
started by the activation and release of NE from the azurosome membrane via oxidation by
the MPO, which then translocated into the nucleus. Inside the nucleus, MPO and NE uncouple
histones from the DNA, decondensing the chromatin which will form the webbed scaffolding
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of the NET. Furthermore, MPO produce ROS like chlorinated polyamines which crosslink NET-
associated proteins, forming a more stable and stronger antimicrobial web. The increased
space taken by the increasingly decondensed chromatin consequently swells the nucleus and
ends in nuclear membrane breakdown, where the chromatin is now in full contact of the
cytoplasm content and granules. The chromatin now mixed with various antimicrobial
components overwhelms the cytoplasm and ruptures it, violently releasing the NET. This
unique “kamikaze” capability shows the extreme differentiation neutrophils undergone to
fulfill their task. An alternative NET releasing mechanism, called “vital NETosis”, allows a faster
release of NET by neutrophils via nuclear vesicles mixing with primary granules, instead of the
above-mentioned “classical”
death.

NETosis system, which involves total membrane rupture and cell

During NETosis, histone subunits undergo reduction of their arginine residues into
citrulline by PAD4 enzyme activity, activated by an increase of ROS, in a process called
citrullination and allowing further chromatin decondensation. This composition of NETs may
initiate autoimmune diseases, where antibodies directed against chromatin or citrullinated
residues are often found in the affected tissues®2. Thus, NETosis is an effective weapon against
pathogens, but the release of nuclear proteins can be a double-edged sword.

3.1.3 Dendritic cells

Similarly to other organs, dendritic cells (DCs) are found in the dermis and epidermis.
They present a star-like shape with extensive pseudopodia used to probe their environment
and intake antigens. Skin DCs are hematopoietic, myeloid cells migrating from the bone
marrow to various tissues where they reside and differentiate into different subsets. Naive
DCs are perfectly capable of entering the skin via the expression of CD62L on their surface.
This makes DCs a heterogeneous population, with different specific functions: human cDC1
subset, is oriented towards ILC activation and MHC | antigen presentation to CD8+ T cells, thus
driving an early effector response and the adaptative cytotoxic response against viruses. cDC2
subset express MHC Il and is further capable of activating CD4+ T cells, initiating and
orientating T helper differentiation, ultimately shaping the local adaptative response. In this
context DCs appear as a functional bridge between the early warning function of the innate
immune system and the powerful counterstrike of the adaptative one.

Their antigen presentation role goes hand in hand with their ability to produce
different cytokines in context of the detected threat, these cytokines will shape the future
adaptative response and recruit further myeloid cells in the skin in the early stages of the
infection. ¢cDC1 produce IFNy, TNFa and IL-12, strong pro-inflammatory cytokines able to
activate innate defenses from nearby keratinocytes, fibroblasts, and macrophages.
Furthermore, cDC1 drive the entry of myeloid cells in the skin by producing CXCL9 and 10
chemokines. ¢cDC2 subset produces TNFa, but also IL-8 and IL-1, the former inducing the
extravasation of blood circulating neutrophils in the dermis. In contrast to their role in
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inflammation, cDC2 also produce IL-23 and IL-10, two immunomodulating cytokines able to
recruit and activate Tregs, promoting resolution after a successful response.

To accomplish their function, DCs show two distinct functional phenotypes:

- Immature DCs, acting as sentinels in the epidermis or dermis: dendrites constantly
probe the surroundings to intake and process antigens. This sampling behavior allows
to quickly react in case of a foreign microorganism or substance entering the skin. In
this state, the DCs are expressing low levels of MHC-II at their surface, secrete little
cytokines and use less energy by downregulating glycolysis®.

- Once a danger signal activates DCs, i.e., through TLR recognition, they switch to a more
active, or “mature”, phenotype. They adopt a more motile behavior, commit to
antigen presentation, and increase the expression of MHC surface proteins and co-
stimulatory molecules on their surface. DCs initiate a migrating movement from their
resident tissue to the nearest draining lymph node, where it can activate naive antigen-
specific T cells. This migration is made possible by the upregulation of CCR7, a receptor
for chemokines CCL19 and CCL21, which brings them first towards lymphatic vessels,
then, once in lymph nodes, to areas rich in CCR7+ naive T cells.

While this description holds true of conventional DCs, another subset exists in the name
of plasmacytoid DC (pDC). They do not reside in the skin but can enter it via the initial release
of CXCL9/10/111, to which pDCs respond via the expression of CXCR3 at their surface. pDC
role is found in the anti-viral response, with the massive production of interleukins once
activated.

Itis currently debated if pDCs are in fact DCs, or more a subset of ILCs, as they are not involved
in the activation of an adaptative response by lacking the high expression of MHC surface
proteins in an activated state.

3.1.4 Langerhans cells

Langerhans cells, discovered in 1868 by Paul Langerhans, were first mistaken as
epidermal nerve endings due to their prolonged dendrites, but later studies established them
as part of the immune system. Langerhans cell are easily identified through their unique type
of racket-shaped vesicles in their cytoplasm, called Birbeck granules or bodies. Although they
have been associated with DC function®® the classification of Langerhans cells as macrophages
has been debated lately®®. These arguments are primarily derived from an ontogenic
perspective. Indeed, Langerhans cells possess a peculiar origin, stemming from fetal liver
monocytes, and they renew from local progenitors. Nevertheless, they do migrate towards
lymph nodes, qualifying them as DCs.
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3.1.5T cells

T lymphocytes are a group of lymphoid immune cells produced in the bone marrow
and matured in the thymus. They are part of the adaptative immune system and can strongly
react to precise threats in the form of specific antigen recognition. This specificity is carried
out by their unique T Cell Receptor (TCR) expressed at their surface and capable of recognizing
antigens presented by MHC molecules. CD4+ T cells recognize MHC-II presented antigens,
while CD8+ recognize MHC-I ones. To generate the necessary array of TCRs able to respond to
any potential threat, T cells undergo a unique recombination of their genome, where they
rearrange the TCR gene semi-randomly. This process is undergone in the thymus, where T cells
go through two selections ensuring the quality of their generated TCR: The first selection is
called positive selection and checks the ability of the TCR to bind to MHC complexes. The
following and last exam, the negative selection, ensures the T cell does not react to presented
self-antigens. Failing T cells can undergo a second row of tests, but ultimately commit
apoptosis if they fail a second time. This mechanism ensures no T cell reacts to host antigens,
preventing autoimmunity. As autoimmune diseases still exist, it is safe to assume the thymic
function has room for improvement. When reaching adulthood, the human thymus starts a
slow and gradual process of involution until becoming vestigial, but without losing its primary
function of T cell education. The reason behind this process is currently unknown.

In mice, a particular population of T cells reside in the epidermis: dendritic epidermal
T cells (DETCs). DETCs are produced in the thymus and already home in the skin in utero,
representing the largest immune cell population found in mice skin. DETC expresses the y6 T-
cell receptor, giving them the ability to activate without MHC presentation: Indeed, the y&
receptors are tailored toward phosphoantigens recognition, either in peptide, lipid, or sugar
forms. These antigens are found in many microorganisms, pathogens or metabolically altered
host cells, allowing DETC to react quickly to multiple threats and produce an early immune
response if needed. Beyond these defensive activities, and in line with the ambivalent function
of the immune system, DETC also carry an important role of wound healing: Being positioning
in the epidermis, they are at the forefront of the re-epithelialization effort, and produce
various cytokines driving inflammation down and promoting tissue repair. They produce TGFp,
an immunomodulator, and keratinocyte growth factors (KGF-1 and KGF-2) which induces
keratinocytes proliferation and reoccupation of the space left empty after injury.

In humans, both ap and y& T cells are present within the epidermis and the skin,
although the role of the yb T cells is not as clear as for resident af T cells, called resident
memory T cells (Trm). CD8+ Trm are preferentially found in the epidermis, while CD4+ Trm are
seen in the dermis. They both act as early warning, as they can be quickly reactivated by
antigens they met previously. CCR10 and CXCR6, recognizing CCL27 and CXCL16 respectively,
are required for Trm to remain in the skinC. CCL27 is uniquely produced by keratinocytes when
submitted to pro-inflammatory cytokines like TNFa or IFNy®l. CXCL16 is a bizarre molecule,
poorly resembling other chemokines. It is expressed at the surface of keratinocytes, where it
remains membrane-bound until its cleavage via metalloproteinases. The soluble form of
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CXCL16 then travels to the bloodstream where it creates an attracting gradient for CXCR6+
lymphocytes®?.

Skin-homing requires the expression of several chemokine receptors: CXCR3, CCR10
and CCR4. To enter the dermis, human T and B lymphocytes uniquely express a variant of
PSGL-1 carrying a post-translational modification called the cutaneous lymphocyte antigen
(CLA). It is unclear how the CLA exactly helps addressing lymphocytes specifically to the skin,
especially considering its absence in mice, a specie still harboring skin resident and
recirculating lymphocytes.

Thelpers

Activated and differentiated CD4+ T cells are called helper T cells and responsible for
overseeing the immune response via the production of various cytokines and the activation
of key adaptative actors like B lymphocytes.

Naive T cells are regrouped in the lymph nodes where they await activation via
migrating dendritic cells carrying their cognate antigens. Dendritic cells following the
lymphatic stream end up in contact of T cells and produce antigen-carrying MHC Il and |
molecules at their surface. The antigen-MHC complex is recognized by the TCR and its
accessory molecule CD4 for MHC Il or CD8 for MHC | complexes, this cross-linking initiates the
T cell activation process. The reciprocal expression and linking of costimulatory surface
proteins and the dendritic cells produced cytokines will influence the CD4+ T helper cells
differentiation. We can describe 4 main differentiation outcomes:

Th1 subtype. Activated CD4+ differentiate in Th1l via the production of IFNy and IL-12
by DCs, and themselves produce IFNy and TNFa. They have an important role in intracellular
pathogen response, where their IFNy stimulates anti-viral defenses in nearby cells and
overclock macrophages, boosting their phagocytosis and ROS production.

Th2 differentiation is induced by IL-4, which isn’t produced by DCs but basophils and
ILCs. Th2 are associated with th