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Titre : L'immunité adaptative contre les champignons commensaux promeut les poussées de
maladies inflammatoires cutanées

Résumé: Le microbiote cutané joue un rble fondamental dans les réponses immunitaires
physiologiques de I'h6te. Cependant, la fagon dont les réponses immunitaires aux
commensaux cutanés peuvent influencer la physiopathologie des maladies inflammatoires
cutanées est encore mal comprise. Les champignons font partie du microbiote cutané normal
et ils induisent de fortes signatures IL-17 (interleukine 17), une cytokine qui a également un
réle fondamental dans la promotion du psoriasis. Nous démontrons ici que les réponses
cellulaires T aux champignons commensaux augmentent la dermatose psoriasiforme
imiquimod-induite chez la souris. Lorsque la peau des souris était colonisée avec des
champignons avant d’induire une inflammation cutanée avec de l'imiquimod, le phénotype
de la maladie psoriasique humaine était reproduit, avec une augmentation des réponse Ty17
induites par les commensaux, ainsi que de neutrophil extracellular traps (NETs). Les réponses
mémoires Ty17 aux champignons commensaux étaient suffisantes pour induire une nouvelle
poussée de la maladie apres la résolution de l'inflammation initiale. En conclusion, nos
données démontrent qu'une réponse Tyl7 aux champignons cutanés commensaux peut
aggraver l'inflammation cutanée et que la reconnaissance des commensaux cutanés dans un
contexte inflammatoire peut induire une cicatrice inflammatoire permanente chez les
lymphocytes T conduisant a de nouvelles poussées inflammatoires lors de la réexposition aux
commensaux initiaux.

Mots clefs : microbiote cutané, champignons, psoriasis, Ty17, imiquimod

Title: Adaptive immunity to commensal skin fungi promotes inflammatory flares

Abstract: Skin microbiota plays a fundamental role in host physiological immune responses.
However, how immune responses to skin commensals can alter the pathogenesis of
inflammatory disorders remains unclear. Fungi are part of the normal microbiota of the skin
and they induced strong interleukin-17 signatures, a cytokine that is also critical in psoriasis
inflammation. Here we demonstrate that T cell responses to canonical fungal commensals
increased the pathology of murine imiquimod-induced psoriasiform dermatitis. Skin
colonization with fungi prior to inflammation triggering with imiquimod further resumed the
human phenotype, with increased in the commensal-induced Th17 responses and neutrophil
extracellular traps. Notably, memory Th17 responses to commensal fungi were sufficient to
induce disease flare after resolution of the initial inflammation. Together, our data
demonstrate that a Th17 response to commensal skin fungi can worsen skin inflammation and
that sensing of the commensals in an inflammatory manner induce a permanent inflammatory
scar in the T cells leading to a pro-inflammatory transcription signature.

Keywords: skin microbiota, fungi, psoriasis, Ty17, imiquimod
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Introduction

1. The immune system

1.1. Introduction

While all the interfaces with the environment represent both a physical and chemical barrier
against the invasion of the host by pathogens, they are also the home for a myriad of micro-
organisms such as bacteria, viruses, fungi and archea, commonly referred to as the microbiota.
Each of the body barriers co-evolved with the microbes they are surrounded with and
developed a relationship that is mutually beneficial for the microbes and their host. These
microbes exist on a spectrum ranging from symbiotic to pathogenic and form complex
relationships with the host immune system. The skin, oral and intestinal mucosa are examples
of the anatomic barriers that prevent intrusion of the host by microbes. In case of a breach or
an invasion of these barriers, the host developed an efficient immune system to defend
against these micro-organisms, broadly divided into two branches: the innate and the
adaptive immune system. While those two branches are traditionally separated from each
other, there is a constant crosstalk between innate and adaptive immunity, allowing to

provide the best protection against infections.

1.2. Innate immunity

The innate immune system is evolutionarily conserved and allows rapid sensing and responses

to infections.

There are three types of phagocytes in the immune system, represented by macrophages,
granulocytes (such as neutrophils, eosinophils, basophils and mast cells), and dendritic cells

(DCs). They share the ability to engulf and kill pathogens.

Among granulocytes, neutrophils represent the majority of the circulating white blood cells

(50 to 75% of the blood WBC). They are one of the first responders to infection and injury

11
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sites, and they play a key role in first line defense against pathogens, using different methods
to clear pathogens: phagocytosis, degranulation of antimicrobial agents (such as
myeloperoxidase, reactive oxygen species, cathepsin, cathelicidin etc.) and neutrophil
extracellular traps (NETs). The neutrophil extracellular traps are a recently described
mechanism of neutrophil death where they extrude webs of fibers composed of chromatin
and serin proteases (Brinkmann et al., 2004a). Mastocytes, eosinophils and basophils are also
involved in defense against pathogens, especially parasites, but have also a prominent role in

allergy.

Macrophages and DCs are also professional antigen presenting cells (APCs), that are able to
uptake antigens, process them, and present them to adaptive immune cells, as well as
producing inflammatory mediators such as cytokines and chemokines. As such, they can be
considered as bridges between innate and adaptive immunity. Antigen presentation is done
through the major histocompatibility complex (MHC). MHC-I molecules are expressed by
almost all the body cells with the exception of non-nucleated cells (such as mature red blood
cells). MHC-I molecules mainly bind peptides derived from the cytosolic compartment, such
as host-derived peptides or peptides generated from anintracellular pathogen. More recently,
it has been discovered that MHC-I molecules can present peptides generated from exogenous
proteins, a process called cross-presentation. In contrast, MHC-II molecules expression is
largely confined to APCs. MHC-II molecules present extracellular proteins that have been

internalized in the APCs in phagolysosomes.

In addition to the myeloid cells described above, innate lymphoid cells (ILCs) and natural killer
cells are cells that do not recognize a specific antigen and are therefore not considered part
of the adaptive immune system but share some similarities with lymphoid lineages. Innate
lymphoid cells (ILCs) are a recently discovered class of immune cells that are defined by a
classic lymphoid cell morphology, but lack lineage markers and rearranged antigen receptors.
The ILC family comprises classic cytotoxic natural killer cells but also three distinct groups of
non-cytotoxic ILCs based on their transcription factor expression profile and expression of
effector cytokines: ILC1s, ILC2s, and ILC3s, the latter including lymphoid tissue inducer cells
(Vivier et al., 2018). ILCs are enriched at barrier surfaces. Natural killer cells (NK cells) are
effector cells that are able to recognize and kill tumor cells and virus infected cells. This can

happen because of lack of expression of MHC-I-peptide complex —a process known as ‘missing

12
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self’. In this case, they release the contents of their granules (perforin, granzymes), which
leads to induction of apoptosis in the target cell or to cell lysis. NK cells also play a role in
antibody-dependent cell-mediated toxicity (ADCC), which is the release of cytolytic granules

upon recognition of infected cells opsonized with antibodies.

All these cells provide rapid response to pathogens, taking only a few minutes to hours to be
recruited on the site of injury, and are therefore indispensable to provide an immediate
response. However, their response may not be powerful enough to clear the pathogen, they
can create a lot of collateral damages because of their untargeted mode of action, and they
mostly lack memory (with the exception of NK cells that display a type of memory). In contrast,

the adaptive immune cells respond slower, but they are maintaining long term memory.

1.3. Receptors of innate immunity

When a pathogen is able to cross the physical and chemical barriers of the host, they are
immediately detected by the immune system. Indeed, during an infection, conserved
pathogen-associated molecular patterns (PAMPs) are recognized by pattern recognition
receptors (PRR) (Takeuchi and Akira, 2010). PRRs include toll-like receptors (TLRs), nod-like
receptors (NLRs), Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and C-type lectin
receptors (CLR). TLR and CLR are transmembrane proteins while RIG-I-like receptors and NLD
are cytoplasmic. PRRs are expressed mainly in innate immune cells, but also in various cells
not traditionally thought of as immune cells such as keratinocytes. Activation of the PRRs lead
tointracellular signaling cascades such as nuclear factor-kB (NF-kB)-dependent and interferon
(IFN)-regulatory factor (IRF)-dependent signaling pathways, leading to expression of

inflammatory mediators (Trinchieri and Sher, 2007).

TLRs collectively recognize lipids, carbohydrates, peptides and nucleic-acid structures that are
broadly expressed and conserved by the different categories of microbes. Some TLRs are
expressed at the cell surface, whereas others are expressed on the membrane of intracellular
endosomes and lysosomes, allowing responses to both extra- and intra-cellular pathogens. At
least 10 TLRs exist in humans and 12 in mice. The table below shows the ligand and specificity

of each TLR.

13
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TLR | PAMPs recognized Origin of the PAMP | Localization of the TLR
1 Triacyl lipoprotein Bacteria Plasma membrane
2 Lipoprotein Bacteria, virus, Plasma membrane

parasite, self, fungi

3 Double-stranded RNA (dsRNA) Virus Endolysosome

4 Lipopolysaccharides (LPS) Bacteria, virus, self | Plasma membrane

5 Flagellin Bacteria Plasma membrane

6 Diacyl lipoprotein Bacteria, virus Plasma membrane

7 Single-stranded RNA (ssRNA), Bacteria, virus, self | Endolysosome
imidazoquinoline compound

8 Single-stranded RNA (ssRNA), Bacteria, virus, self | Endolysosome
imidazoquinoline compound (human)

9 CpG-DNA Bacteria, virus, Endolysosome

parasite, self
10 | Unknown Unknown Endolysosome
11 | Profilin-like molecule Protozoa Plasma membrane

C-type lectin receptors such as Dectin-1 and Dectin-2 have an important role in the recognition

of B-glucan from fungi.

NLRs encompass NOD receptors and NALPs (NACHT-, LRR- and pyrin-domain-containing

proteins) and are important for the recognition of intracellular PAMPs.

RLRs comprise RIG-I, melanoma differentiation-associated gene 5 (MDAS5), and LGP2 and play

a role in the recognition of viruses.

1.4. Adaptive immunity

The B and T cells are the two mainstays of the adaptive immune system. B cells represent the

humoral component of adaptive immunity, while T cells represent the cellular component.
B cells

B cells develop in the bone marrow in mammals and migrate to the secondary lymphoid

organs (SLO) such as the spleen and lymph nodes when they are mature. They are able to bind

14
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directly to a specific antigen through the B cell receptor (BCR) at their surface. The BCR is
composed of a membrane-bound immunoglobulin that has a unique specificity for an antigen,
and of CD79, a transmembrane molecule allowing for signal transduction after antigen
recognition. B cells can be activated directly after the interaction with their specific antigen
through the BCR, which is called T-cell independent activation. In this case, the antigen is
usually a polysaccharide or an unmethylated CpG DNA. B cells can also be activated with the
help from T helper cells, typically follicular helper T cells (Ten). These responses take a longer
time to develop compared to the T-independent activation but they allow responses to a
broader spectrum of antigens with more precise responses and longer memory. In T-
dependent B cell activation, the antigen is internalized and processed in small peptides and
then presented tothe T cells on the MHC Il of the B cell. T helper cells that are able to recognize
the MHC Il — antigen complex through their T cell receptor (TCR) will then express co-
stimulatory molecules such as CD40L, as well as cytokines such as IL-4 and IL-21, leading to B
cell activation. Activated B cells undergo clonal expansion and some differentiate into plasma
cells while other become memory B cells for long-lived protection. Plasma cells are able to
secrete immunoglobulins in high quantities. B cells activated through T cells help also undergo
immunoglobulin class switching (a mechanism allowing to change from one immunoglobulin
type to another such as from IgM to IgG or IgA), and somatic hypermutation which is a
mechanism allowing for the development of the highest affinity of the immunoglobulin for its

antigen.

Antibodies are Y-shaped proteins that can bind to antigens through their 2 variable regions
(Fab) and can communicate with other components of the immune system through their

constant region (Fc region). Immunoglobulins work by

neutralizing pathogens, preventing their interaction and entry with host cells

- antibody-dependent cell-mediated cytotoxicity which is the process of
opsonization of a pathogen with antibodies, resulting in activation of phagocytosis

by scavenger cells that will destroy the pathogens

- complement activation, which leads to lysis of the target cell and chemoattraction

of other components of the immune system

- immunoprecipitation allowing elimination of serum-soluble antigens.

15
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Naive T cells and antigen recognition

All T cells originate from a common lymphoid progenitor (CLP) itself developing from

hematopoietic stem cells (HSC) from the bone marrow. CLP migrate and engraft to the

thymus, where they start the maturation process as early thymic progenitors until they

become naive T cells. The maturation process starts with division of the early thymic

progenitor and downregulation of c-kit. These cells are double negative for CD4 and CD8 co-

receptor and are called double negative (DN) 1. Several steps allow the maturation into a naive

T cell:

T cell receptor (TCR)-3 rearrangement and selection: the TCR is a heterodimeric
surface protein consisting of an o and a § chain. Each of these chains is made up of
a constant and a highly variable region, the latter allowing the recognition of a
different epitope for each of the TCR chains (Bentley and Mariuzza, 1996). Most of
the variation in the variable region is due to differences in the three
complementarity determining regions (CDRs). Diversity in the TCR repertoire is
created through the random rearrangement of the DNA encoded segment of the
V-J chains and V-D-J chains respectively in a and a B chain. RAG1 and RAG2
recombinases are the enzymes responsible of these rearrangements (Davis and
Bjorkman, 1988). After both chains rearrange and successfully pair, the TCR is
expressed at the cell surface, alongside with both CD4 and CD8 receptors and the

cell is then referred to as double positive (DP).

Positive selection: this step allows the survival of the thymocytes with a TCR
recognizing with a strong enough affinity a self-antigen presented by the thymus
cortical epithelial cells. Thymocytes selected on their ability to recognize an antigen
presented on an MHC-I molecule will become CD8" T cells and downregulate their
expression of CD4, while thymocytes recognizing MHC-II-antigen complex will

become CD4* T cells.

Negative selection: this step removes the majority of the thymocytes with a too
strong affinity with a self-peptide. The rest of the ones with high affinity then

become regulatory T cells (Treg). This process is called central tolerance.
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Naive T cells then leave the thymus. They express the chemokine receptor CCR7 and L-selectin
(CD62L), two molecules allowing second lymphoid organs homing. Priming of naive T cells
occur when APCs in peripheral tissues process an antigen and migrate to the draining lymph

node and present the antigen molecule on their MHC.

CD8* T cells recognize peptides presented on MHC-I molecules of APCs through their TCR,

while the TCR of CD4* T cells recognizes peptides presented on MHC-Il molecules of APCs.

CD8* T cells are also called cytotoxic T cells as they are able to recognize and kill cells that are
infected, cancerous, or damaged in another way. They can do so through the secretion of
perforin, a molecule that forms pores in the membrane of the target cell, and granzymes, a
cytotoxic molecule. Cytotoxic T cells can also produce pro-inflammatory cytokines such as IFNy
and TNFa. The role of CD4* T cells is described further below. Briefly, their main role is to
product cytokines and enhance other cell types responses to infections, such as B cells and

innate cells.

In addition to the classic af T cells, other subpopulations of T cells exist:

- Mucosal-associated invariant T (MAIT) cells are a population characterized by a semi-
invariant TCRa and restricted by the MHC class I-related protein 1 (MR1) (Adams and

Luoma, 2013). They represent around 5% of the human T cells

- 3 T cells have a TCR made of a y chain and a 6 chain instead of the a3 TCR. They are
also way less diverse than the a3 T cells. They recognize non-classical antigens such as
lipid antigens presented by CD1 molecules (in particular CD1d). They also represent

only 5% of the T cells in the blood but are more abundant in the gut.

- Natural killer T cells (NKT) share properties of both NK and T cells. They represent

around 0.1% of the circulating T cells and are also restricted by CD1d molecules.

Priming of naive CD4* T cells into effector T cells

When naive CD4* T cells encounter an antigen, TCR stimulation via MHC class Il on APCs and

cytokine signaling induce expansion and lineage differentiation into at least seven functionally

17
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distinct Ty effector subsets: Tul, Tu2, Tv9, Tvl7, Tu22, Tew and inducible regulatory T cells. The
lineage commitment depends upon the nature of the environing cytokines signals, activating
various signal transducers and activator of transcription (STAT) proteins, ultimately leading to
the expression of master transcription factors (Christie and Zhu, 2014; Loo et al., 2018). The
master transcription factors then lead to the downstream expression of a differentiation
program and the repression of other Ty effector subsets developmental programs. After
stimulation of the TCR in presence of IFNy and IL-12, CD4" T cells differentiate in Tul cells
through the activation of STAT1, leading to an upregulation of T-bet which is the master
transcription for Tyl cells (Szabo et al., 2000). This increases downstream expression of the
IFN-y gene and upregulation of the inducible chain of the IL-12 receptor (IL-12Rb2), while
suppressing Tu2-associated factors. Tyl cells have a central role in immune responses against
intracellular pathogens (intracellular bacteria, viruses, and some protozoa) (Hsieh et al., 1993;
Mosmann et al., 1986). In the presence of IL-4, T cells differentiate into Tv2 CD4* T cells: Tu2
cells produce IL-4, IL-5 and IL-13, which are potent activators of B cell IgE production and
eosinophil recruitment, and target helminths. Ty9 cells develop in the presence of TGFf3 and
IL-4, which induces the expression of the transcription factors PU.1, IRF4, BATF, Foxol. They
have a role in anti-helminths and anti-tumor immunity (Kaplan et al., 2015). Tu17 cells produce
pro-inflammatory cytokines such as IL-17A, IL-17F, IL-21 and IL-22 and have a role in protection
against extracellular bacteria and fungi. As explained in the B cells chapter, Ten cells are
important in the formation and maintenance of B cell germinal centers by providing CD40-
CD40L interactions and producing IL-4 and IL-21. Tu22 cells produce IL-22, IL-13 and TNF-a and

are involved in epidermal immunity and tissue remodeling (Eyerich et al., 2009).
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The table below describes the lineage commitment of each of the known Ty subsets after
receiving their respective cytokine stimuli, and the master transcription factor and cytokines

expressed after initiation of the commitment process:

T Cytokines in the Signal Master Cytokine(s) Protective
helper | microenvironment | transducers and | transcription produced function
cell triggering the activators of factor
subset lineage transcription
commitment (STAT)
Tul IFN-y, IL-12 STAT1, STAT4 T-bet IFN-y Intracellular
pathogens
Th2 IL-2, IL-4 STATS, STAT6 Gata3s IL-4, IL-5, IL- Helminths
13
TH9 TGFp, IL-2, IL-4 SMADs, STAT5, | PU.1, IRF4, IL-9 Helminths
STAT6 BATF, Foxol
Thl7 TGFp, IL-6, IL-21, | SMADs, STAT3 RORyt IL-17, IL-21, | Extracellular
IL-23 IL-22 pathogens
Tw22 | IL-6, TNF-q, IL-23, Aryl IL-22, I1L-13, Tissue
IL-1B hydrocarbon TNF-ou repair,
receptor epidermal
(AhR), T-bet immunity
TeH IL-6 STAT3 Bcl6 IL-21 Humoral
immunity
Treg TGFp, IL-2 SMADs, STATS Foxp3 IL-10, TGFf Immuno-
regulation

Tolerance mechanisms and regulatory T cells (Trg)

To be efficient but not harmful, the immune system must avoid to mount deleterious
responses against environmental, food, and commensal antigens. One of the important way
the immune system achieves tolerance is to negatively select self-reactive T cells in the
thymus, a process leading to elimination or inactivation of self-reactive T cell clones and
known as central tolerance (Starr et al.,, 2003). In the periphery, other mechanisms of
tolerance avoid autoimmunity. Anergy is a state of inactivation of the T cells that happen when
there is chronic engagement of TCRs by self-antigens, without simultaneous engagement of T

cell co-stimulatory receptor CD28 by CD80 and CD86 on APCs.

However, circulation of reactive T cells escaping those mechanisms of regulation are a threat

to the host as they can result in autoimmunity. Therefore, another important mechanism
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allowing immunological homeostasis is the development of regulatory T cells as they help to
suppress excessive and destructive immune responses against self and foreign antigens.
Importantly, in absence of Tre, severe inflammation and autoimmunity develop, with failure
to thrive, lymphadenopathy, splenomegaly, immune dysregulation, polyendocrinopathy,
enteropathy etc., demonstrating the importance of T, in providing proper immune

homeostasis (Bennett et al., 2001; Kim et al., 2006).

Natural Treg (NTreg) develop in the thymus through selection of naive T cells, while induced Treg
(iTreg) differentiate in the peripheral tissues. Thymic selection of Treg starts with recognition of
a self-peptide-MHC2 complex by the TCR, with co-stimulation and IL-2-STATS5 signaling. iTreg
develops in the periphery in a mechanism similar to the T helper cells: TGF3 and IL-2 cytokines
signal through SMADs, STATS5 (Josefowicz et al., 2012). The master transcription factor for all
Treg is Foxp3, leading to the downstream expression of immunosuppressive cytokines such as
IL-10 and TGF-f. All Treg lack expression of the IL-7 receptor and express high levels of the IL-2
receptor alpha chain (CD25).

Memory T cells

After clearance of an infection, the majority of effector T cells die via apoptosis, but a small
percentage of the T cells persist and differentiate into long-lived memory cells (Badovinac et
al., 2002; Pepper and Jenkins, 2011). Memory T cells respond more rapidly and more
efficiently to secondary infections than naive T cells. Memory cells express markers of antigen-
experience such as CD44. They lack expression of CD45RA but express CD45RO0. In addition,
two main subsets of memory T cells were initially described depending on their expression of
CD62L and CCR7 (Sallusto et al., 1999). Central memory T cells (Tcm) express these lymph node
homing receptors and are therefore mostly found in the SLO and in the circulation. On the
other hand, effector memory T cells Tem don’t express these receptors, and are mostly found
in the peripheral tissues and in the circulation. Tem therefore migrate rapidly to secondary
infection sites where they have immediate and potent effector functions. Tem lack this
immediate effector function in the periphery but have a high proliferative capacity and

efficiently stimulate dendritic cells.
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Other memory T cells subsets have been more recently discovered, such as resident memory
T cells (Trm), which remain poised in the previously infected tissue and don’t re-enter in the

circulation (Schenkel and Masopust, 2014).

Tul and Tu2 cells in inflammatory diseases

Adaptive immune responses are essential for fighting against invasion of the host with
pathogens. Indeed, in absence of the main transcription factors for the different effector T cell
subsets, or if there are mutations of STATs or cytokines genes, various primary
immunodeficiency diseases can occur. Many functions of different T cell effector subsets have
been learnt through the discovery of these primary human immunodeficiencies and by
creating mouse models specifically deleting or overexpressing Ty subsets associated factors
such as transcription factors, STATs, or cytokines. For example, T-bet transcription factor
deletion are more susceptible to several intracellular pathogens, such as Salmonella

typhimurium or Mycobaterium tuberculosis (Ravindran et al., 2005; Sullivan et al., 2005).

On the other hand, dysregulated immune responses may happen and lead to autoimmune
and chronic inflammatory disorders. These responses can be targeted against self or

commensal floral antigens.

Figure: transcriptional regulation f CD4+ T helper (TH) cells that mediate tissue inflammation.
From Loo TT et al, J Leuk Biol.

Copyrighted material.

Dysregulated Tyl responses can promote tissue destruction and chronic inflammation
(Lazarevic and Glimcher, 2011). In human, genetic studies have shown associations between
single nucleotide polymorphisms (SNPs) in T-bet binding sites with inflammatory bowel
diseases (Soderquest et al., 2017), or with asthma (Munthe-Kaas et al., 2008). In mice, lack of
T-bet prevents the development of inflammatory bowel disease (Neurath et al., 2002),
experimental autoimmune encephalomyelitis (Bettelli et al., 2004), diabetes (Juedes et al.,
2004), arthritis (Wang et al., 2006), and systemic lupus erythematosus (Peng et al., 2002). On
the other hand, T-bet regulated the balance between Tyl and Tu2 cells, and in absence of T-
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bet, mice can develop more severe asthma-like disease. This can happen both independently
of allergic responses, due to lack of repression of pro-fibrotic cytokines, and due to

unregulated Tu2 responses (Finotto et al., 2002).

While Th2 responses are primarily aiming at expulsing parasitic infections, dysregulated Th2
responses in human can lead to atopy and allergic reactions (Walker and McKenzie, 2017).
Indeed, damaged tissue induces the release of alarmins, such as TSLP and IL-33, which triggers
the Tu2 cytokine production, itself leading to the stimulation of IgE production by B cells,
recruitment of eosinophils and mast cells, and increased mucus production, smooth muscle
contractility, and ultimately leading to the expulsion of the parasites (Anthony et al., 2007).
Helminths invasion also triggers tissue repair by increasing angiogenesis, myofibroblast
activation and extracellular matrix deposition, as well as promoting the differentiation of
regulatory M2 macrophages (Gause et al., 2013). However, these responses are also amplified
in response to allergens in atopic patients, and lead to the development of pathologies such
as asthma, atopic dermatitis, or chronic allergic sinusitis. Genome-wide associated studies
have identified polymorphisms in genes encoding alarmins, cytokines and epithelial barrier
proteins in asthma or atopic dermatitis (Moffatt et al., 2010). Sputum and blood cytology in
asthma patients demonstrate evidence of Tu2 involvement, with eosinophils and IL-5
producing CD4* T cells, hyper-IgE production, while mouse models lacking expression of Th2
cytokines often have improved asthma-associated features (Lambrecht et al., 2019; Papi et
al., 2018). Asthma patients also exhibit airway remodeling, with epithelial damage, goblet cell
hyperplasia, and increased myofibroblast and fibrocyte proliferation, leading to smooth
muscle hyperplasia. Monoclonal antibodies targeting IL-5, or IL-4 and IL-13 are used in clinic
to reduce exacerbation frequency in patients with asthma (Rabe et al., 2018; Yancey et al.,
2017). (Of note, only half of the patients with asthma have responses strongly skewed towards
Tw2, while the rest of the patients have asthma that are described as ‘non-eosinophilic’, with
involvement of Tu1, Thl7 responses and neutrophils). Atopic dermatitis is also considered a
Tu2 disease, and monoclonal antibody blocking IL-4 and IL-13 signaling are also improving this

disease (Beck et al., 2014; Gittler et al., 2012).

Th17 cells and diseases
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At steady state, Th17 cells are mostly found at barrier sites such as the gastrointestinal tract,
the skin and the lungs, where they provide protection against extracellular bacteria and fungi
as well as homeostatic functions. These functions are achieved thanks to the production of
the signature cytokines IL-17A, IL-17F, IL21 and IL-22. They have an essential role in preventing
invasion of the host by extracellular microbes. Indeed, Ty17 signature cytokines induce the
expression of antimicrobial peptides (lipocalin-2, Reg3f, Reg3y, S100A8, S100A9),
chemokines (CXCL1, CXCL2, CXCL8, CXCL10) and metalloproteases helping wound healing and
tissue remodeling, and pro-inflammatory cytokines (IL-1f3, IL-6, TNF-o,, GM-CSF) (Stockinger
and Omenetti, 2017). IL-17A also promotes the expression of tight junction proteins (Lee et
al., 2015). All these responses help to contain potential pathogens outside of the host.
Interestingly, commensal microbes themselves promote the differentiation of Tyl7 cells,
which in turn control the burden of these bacteria and prevent infiltration of the host : in the
gut, one single commensal microbe, segmented filamentous bacterium, is able to induce Ty17

cells (Ilvanov et al., 2009).

Importantly, Tul7 cells have a fundamental role in the defense against fungi, especially
Candida albicans, and extracellular bacteria such as Staphylococcus aureus, especially at
mucocutaneous barrier sites. This is highlighted by the development of chronic and / or severe
infections with those microbes in patients lacking the cytokines IL-17A, IL-17F, their receptor
IL-17 receptor A (IL-17RA) or with mutations in the gene coding for the Tul7 master
transcription factor, RORc (Okada et al., 2015; Puel et al., 2011). Loss of function mutations in
STAT3 also result in recurrent Candida albicans and Staphylococcus aureus infections and in increased
colonization with Candida species (Abusleme et al., 2018; Holland et al., 2007). Several murine
models recapitulate the importance of T417 cells and signature cytokines for mucocutaneous
protection against Candida albicans infection (Khader et al., 2009). For example, mice deficient
in IL-17 receptor A (IL-17RA) have significantly less survival compared to control mice in a
model of systemic candidiasis and have significantly more severe infection in models of oral
candidiasis, with increased fungal burden and decreased mobilization of neutrophils at the
sites of infection (Conti et al., 2009; Huang et al., 2004). To be able to clear potential
pathogens, Tul7 induce rapid recruitment of granulocytes and macrophages through the
production of IL-17. IL-17 cytokines are potent inducer of neutrophils expansion and survival,

as well as chemoattraction (Onishi and Gaffen, 2010). T417 cytokines also induce the up-
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regulation of antimicrobial peptides, which directly contribute to host defense by direct killing

of invading organisms.
Onthe other hand, several human diseases have been associated with dysregulated Tu17 cells.

Th17 cells master transcription factor is RORyt, which is induced in response to cytokines such
as TGF-B and IL-6, with or without additional IL-23 and IL-1f3 (lvanov et al., 2006). However
other transcription factors are necessary to specify the full differentiation of Th17 cells (Ciofani
et al., 2012). The basic leucine zipper transcriptional factor ATF-like (BATF) and interferon-
regulatory factor 4 (IRF4) complexes are essential to remodel chromatin accessibility, allowing
the RORyt-dependent upregulation of Tyl7 signature genes. Other transcription factors
regulate the fate of T417, leading to maintenance or repression of T417 signature genes, such

as AP-1, Fosl2, c-Maf, or Ahr.

Interestingly, the cytokine TGF-f is important both for the development of Treg and Ty17
(Bettelli et al., 2006; Weaver and Hatton, 2009). Depending on the relative abundance of TGF-
B and IL-6 in the environment, a CD4* T cell can develop either toward a Treg or a TH17 cell,
with an initial and transient co-expression of Foxp3 and RORyt. If there is a high TGF-3, Foxp3
inhibits RORyt activity, and the cell will develop as a Treg, While at low TGF-3 concentrations,
TGF-B and IL-6 act synergistically to induce RORyt transcription of Ty17 program (Veldhoen et
al., 2006). IL-23 acts synergistically with IL-6, IL-21, and TGF-3 and also induces differentiation
of Tu17 cells (Zhou et al., 2007).

The mechanisms described above are important because they show that Th17 lineage is plastic
and therefore susceptible to environmental modulations. This is useful when apprehending
the concept of beneficial versus pathogenic Th17 cells. This concept was developed following
the in vitro differentiation of Tu17 cells with different antibody cocktails, their transfer in vivo
in mice and the observation of their abilities to induce experimental autoimmune
encephalomyelitis (EAE), a model of multiple sclerosis in mice with inflammation of the central
nervous system (Lee et al., 2012). When culturing CD4* T cells with IL-6 and TGF-f3, T117 cells
producing IL-10 developed and they did not induce EAE (McGeachy et al., 2007). Alternatively,
when cultures contained IL-23 in combination with IL-6 and IL-13, pathogenic T cells were able

to induce EAE were generated (McGeachy et al., 2009; Meyer zu Horste et al., 2016).
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In addition to EAE, a number of autoimmune diseases are mediated through IL-17 and it is yet
unclear if all the Tu17 in this context are functionally different compared to physiologic Tu17

orifitis due to dysregulated responses in a predisposed genetic environment.

Rheumatoid arthritis is an autoimmune disease affecting the joints, leading to inflamed joints,
cartilage and bone erosions, ultimately leading to irreversible deformities in joints. Long
thought to be due to dysregulated Thl responses, it was later demonstrated that IL-17 induces
the production of other pro-inflammatory cytokines in the joints such as TNF-a,, IL-13 and IL-
6 from chondrocytes, synoviocytes, macrophages and osteocytes. These cytokines in turn
leads to the recruitment of neutrophils and macrophages to the synovium (Shen et al., 2005).
IL-17 cytokines also contribute to the destruction of the cartilage and bone through the
induction of the expression of matrix metalloproteinases (MMP) 1, 2, 3, 9 and 13, which drive
degradation of extracellular matrix within the joint (Chabaud et al., 2000). IL-17 induces the
expression of RANKL (receptor activator of nuclear factor-kB ligand), a membrane-bound
receptor of the TNF superfamily that promotes differentiation of osteoclasts, leading to bone

destruction (Sato et al., 2006).

Inflammatory bowel disease (IBD) encompasses both Crohn’s disease and ulcerative colitis,
which are inflammatory disorders affecting the whole Gl tract and the colon and rectum
respectively. Patients with IBD experience chronic abdominal pain, diarrhea, rectal bleeding,
as well as complications outside of the Gl tract such as arthritis, pyoderma gangrenosum, or
primary sclerosing cholangitis. Increased amounts of IL-17 and IL-23 have also been found in
the intestinal mucosa in humans as well as in experimental models of IBD (Fujino et al., 2003).
GWAS studies have found that polymorphisms in IL23R or STAT3, two Tul7-related genes, as
well as in NOD2 (nucleotide-binding oligomerization domain-containg protein 2) which
encodes a sensor of bacterial cell wall components (Duerr et al., 2006; Lesage et al., 2002). It
has therefore been hypothesized that IBD is caused by dysregulated inflammatory Tu17
responses against commensal gastrointestinal microbes. However, monoclonal antibodies

targeting IL-17 pathway have failed to treat Crohn’s disease (Hueber et al., 2012).

Psoriasis is another IL-17 mediated disease and will be developed further in a specific chapter

of this thesis (see chapter 4 of the introduction).
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2. The skin

2.1 Skin structure

The skin represents a physical, chemical and immune barrier to the environment. With the gut
and the lungs, it represents one the largest interface with the environment. It has a surface
area of 25 m? when including the skin appendage openings into the calculation (Gallo, 2017).
It is also densely innervated and is an important sensory organ, relaying information to the
central nervous system. Given its large surface area and proximity to the external

environment, the skin is an important place of interaction with the microbiota.

The skin consists of two major components: the epithelial compartment, consisting of the hair
follicle and the epidermis, and the underlying connective tissue, the dermis, which is
vascularized and therefore provides nutritional and structural support (Pasparakis et al.,

2014).

The epidermis is the outermost layer of the skin and is in direct contact with the environment.
It is primarily a mechanical barrier, preventing external insults such as invasion of pathogens
and chemical penetration, as well as loss from within, such as water and solute loss. The most
numerous cell type in the epidermis is the keratinocyte, originating from stem cells located in
the basal cell layer. Keratinocytes migrate upward to the surface as they undergo maturation,
ultimately forming the different layers of the epidermis, namely from the from the innermost
to the outermost the basal layer, the stratum spinosum, the stratum granulosum, and the

stratum corneum.

The human epidermis also contains melanocytes, Langerhans cells, CD8* T cells and Merkel
cellsin humans. In mice, in addition to the former, there is a prominent population of dendritic
epidermal T cells (DETCs), a cell type that is absent in humans. In addition, in comparison to
humans, mice have a way higher density of hair follicles and a thinner epidermis (Pasparakis

et al., 2014).

There are anchoring fibers of the basement membrane which allow adhesion of the epidermis

to the dermis at the rete ridges.

Figure: The mouse and skin structure.
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From Pasparakis M, Haase | and Nestle FO, Nature review immunology 2014.

Copyrighted material

The dermis is divided in the more superficial papillary dermis and the deeper reticular dermis.
It mainly comprises extracellular matrix and stromal cells (the fibroblasts) that produce the
collagen and elastic fibers. They provide most of the mechanical strength to the skin as well
as a structural framework for blood and lymphatic vessels, nerves, glands and hair follicles.
Fluid regulation happens in the dermis through the blood and lymphatic vessels. The neuronal

dendrites are located in the skin and allow for sensory feedback.

This layer contains many types of immune cells, such as APCs (DCs and macrophages), a3- and

v0-T cells, ILCs, mast cells, and basophils (Di Meglio et al., 2011).

2.2 Skin immune system

Antigen presenting cells in the skin

Multiple APCs exist in the skin, with at least four population of dendritic cells under steady
state conditions (Malissen et al.,, 2014). The professional antigen-presenting cells in the
epidermis are represented by Langerhans cells (LCs). They are found both in the interfollicular
epidermis and the epithelium of the hair follicles. Langerhans cells develop from yolk sac-
derived myeloid precursors and from fetal liver-derived monocytes and are recruited to the
epidermis during early embryogenesis. The LCs pool renews direct in the tissue, through a
slow proliferation rate. In addition to their APCs function, LCs have some regulatory functions
and are able to induce regulatory T cells (Bobr et al., 2010; Igyarto et al., 2009). In the dermis,
the three major subsets of conventional DCs are represented by XCR1+ DC (that can be
CD103+ or CD103-), CD11b+ DCs, and double negative DCs. Dermal CD11b+ DCs are the most
abundant DCs in normal dermis. The dermal conventional DCs come from a bone marrow
derived precursor that continually renews the pool of tissue conventional DCs. All the
aforementioned antigen presenting cells are able to migrate to the lymph nodes upon

activation by bacterial, fungal, viral or protozoal stimuli and present antigens to naive antigen-

27



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

specific T cells, which then will undergo clonal expansion and acquisition of the T cell effector

functions.

Macrophages are also present in the dermis. They have primarily phagocytic and anti-

inflammatory properties but are not able to migrate to the lymph nodes.

Finally, plasmacytoid DCs (pDCs) can be found in inflamed skin and mediate systemic pro-

inflammatory responses.

Figure: APCs in the skin.

From Belkaid Y & Tamoutounour S, Nature Rev Immunol 2016.

Copyrighted material.

Adaptive immune cells in the skin

The skin is an amazing reservoir of T cells, with a3 T cells representing the majority of the T
cells in the skin of humans, while Y5 T cells represent 1-10% of the T cells in normal human
skin. It has been estimated that around 20 billions of a3 T cells are present in the total skin of
a normal adult (Clark et al., 2006), around twice as much as in the circulation, and these cells
are phenotypically, functionally and clonally diverse. In normal mouse skin, the majority of a3
T cells are dermal CD4* T cells, while CD8+ T cells are mostly localized in the epidermis (Belkaid
et al., 2002; Gebhardt et al., 2011). In human skin, the majority of T cells reside in the dermal-
epidermal junction, around blood vessels in the dermis, and in appendages such as the hair
follicle (Clark et al., 2006), while the human epidermis is populated with unique phenotypes
of resident T cells such as CD103* CD8* and CD4* T cells (Watanabe et al., 2015). Contrarily to
humans, mouse epidermis also contains a high number of Yo T cells, especially dendritic
epidermal T cells (DETCs) that are localized in the epidermis at steady state. These cells express
a conserved Vy5Vd1 TCR, are relatively immobile, divide slowly, and have a key role in

promoting tissue repair (Chodaczek et al., 2012; Havran and Jameson, 2010).

Other than DETCs, which reside solely in the epidermis of murine skin, the other subtypes of
10 T cells are predominantly located in the dermis. These dermal Y3 T cells, whose TCR receptor

includes the Vy4 or Vy6 TCR chains are predominant producers of IL-17 within mice at steady
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state (Nakamizo et al., 2015; Ramirez-Valle et al., 2015). Both dermal subsets appear to be
radioresistant and are largely resident in the dermis (Cai et al., 2014). Dermal yo T cells have
been implicated in host immunity to commensals and pathogens where they proliferate in
response to multiple cutaneous bacteria including Staphylococcus aureus (Dillen et al., 2018),
Corynebacterium accolans (Ridaura et al., 2018), Mycobacterium bovis (Sumaria et al., 2011).
Additionally, Y0 T cells have been found to be increased in lesions of human psoriasis and in
murine models of psoriasis, where depletion of Yo T cells leads to amelioration of disease

(Sandrock et al., 2018).

Skin-homing a3 T cells are generated from naive T cells activated by APCs travelling in skin
draining lymph nodes after they encounter an antigen in the skin. These APCs then present
the antigen to the TCR through their MHC, stimulate the T cells via the co-stimulatory
molecules such as CD80 and CD86 (and their ligand CD28 on T cells) and lead the T cells to
their effector function depending on the cytokine environment. Recruitment to the skin of the
effector T cells is facilitated by the expression of adhesion molecules on the T cells to ligands
in the skin. T cells expressing the cutaneous lymphocyte antigen-1 (CLA) bind to E-selectin
expressed by endothelial cells during inflammation (Kupper and Fuhlbrigge, 2004). Other
factors able to attract T cells in the skin are the chemokines, which signal through G-protein
coupled receptors in T cells (Griffith et al., 2014). For example, CCR10 and CCR8 are utilized
for T cell homing to inflamed skin via CCL27 and CCL8 respectively, which are produced by
keratinocytes (Homey et al., 2002). In addition, blood vessel endothelium-derived CCL1 also
attracts T cells expressing CCR8 (Gombert et al., 2005). During skin infections, T cells infiltrate
the skin and memory T cells can remain in the skin to provide rapid protection in case of a
reinfection: up to 95% of the oy T cells in the skin are CD45RO memory T cells (Bos et al.,
1987). Contrarily to CD8* T cells which contract and become true resident in the skin after
clearance of an infection, the majority of CD4+ T cells recirculate, and are sometimes called

migratory memory T cells (Twm) (Debes et al., 2005).

Role of epithelial cells in skin immunity

Keratinocytes, which represent the outer barrier of the skin, are not only a physical barrier but
also have an important role to direct the skin immunity. They produce a number of

chemokines allowing the recruitment of T cells to the skin. They also detect pathogen-
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associated molecular patterns (PAMPs) because they express pattern recognition receptor
(PRR) (Takeuchi and Akira, 2010), including toll-like receptors (TLRs) Keratinocytes express TLR
1 to 6 and TLR 9, allowing them to act as first-responders when encountering pathogens
(Miller, 2008). Keratinocytes also produce antimicrobial peptides (AMPs) that directly kill
pathogens (Harder and Schroder, 2005). Finally, keratinocytes also produce cytokines, such as
IL-1 and TNFa.. All these factors can initiate anti-microbial responses in the infected tissue, and
further recruit innate and adaptive professional immune cells such as neutrophils, monocytes

and T cells.

3. The microbiome

3.1 Introduction

While all the interfaces with the environment represent both a physical and chemical barrier
against the invasion of the host by pathogens, they are also the home for a myriad of micro-
organisms such as bacteria, viruses, fungi and archea, commonly referred to as the microbiota.
The whole microbiota represents a higher number of cells and genes than their host’s
genome! Each of the body barriers co-evolved with the microbes they are surrounded with
and developed a relationship that is mutually beneficial for the microbes and their host. The
microbiota coevolved with humans, establishing this interdependent relationship where the
microbiota cannot survive without the host, but it also has an important role in calibrating the
immune system, contribute to local regulation of tissues as well as participate in metabolic
pathways. While the host-microbiota relationship is mainly symbiotic, it has been shown that
this interaction can become dysregulated and participate in the pathogenesis of auto-immune
or allergic diseases. Indeed, the microbiota has shaped the immune system for millennia, and
rapid changes in the composition of the microbiota, because of antibiotic treatment, changes
in diet or in hygiene rules over a few decades may have transformed the mutually benefic

relationship between the microbiota and the host.
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3.2 The gut microbiota

The gut microbiota is probably the richest in terms of number and diversity. The intestinal

tract is home to up to 10'* microbes, the majority of them living in the colon (Ley et al., 2006).

While the gut microbes can be useful for the host, the host also tends to establish a clear
separation between the inside and the outside and tries to compartmentalize microbes on the
outer part. This is helped by the production of mucus by goblet cells, but also through the
production of multiple antimicrobial peptides, that can have direct microbicidal functions,
with enzymatic attack of the bacterial wall or disruption of the bacterial inner membranes
(Cash et al., 2006; Hooper and Macpherson, 2010). The gut microbiota also has a role in
directly shaping the development of hematopoietic and innate cells. It has indeed been shown
that germ free animals have a global defect in innate immune cells and in the number of
hematopoietic stem cells and precursors (Belkaid and Harrison, 2017). Microbiota-derived
metabolites, such as short-chain fatty acids, represent an energy source for enterocytes, but
are also able to increase the generation of macrophages and dendritic cell precursors
(Trompette et al., 2014). Microbe-derived riboflavin is indispensable for the development of
MAIT cells, and the MAIT cells are absent in germ-free animals (Treiner et al., 2003).
Importantly, the gut microbiota has a major role in shaping the adaptive immune system.
Microbiota-derived antigens induce the production of a mucosal compartmentalized IgA
response, which prevent adhesion of the commensal bacteria to the epithelial cells, but also
reduces intestinal proinflammatory signaling (Peterson et al.,, 2007). The role of the gut
microbiota has been extensively provenin the induction of the different T effector cell subsets.
Tul7 cells frequencies are severely reduced in germ-free mice or mice treated with broad
spectrum antibiotics (Ilvanov et al., 2008). Interestingly, a single bacterial species, segmented
filamentous bacteria (SFB), is able to induce the differentiation of intestinal T417 cells. These
antigen-specific T417 cells are in turn able to control the SFB burden through the production
of IL-17 signaling in intestinal epithelial cells (Yang et al., 2014). The Ty17 signature cytokines
have an important role in the development of epithelial cells tight junction and reinforce the

epithelial barriers (Weaver et al., 2013).
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3.3 The skin microbiota

The skin is constantly exposed to the environment and is also a site of encounter with skin
microbes. Unlike the gastrointestinal tract, the skin is relatively weakly colonized by microbes:
it is estimated that there is about 1 million bacteria per cm?, with around 10° bacteria over a
human skin surface (Belkaid and Segre, 2014; Grice et al., 2008). This can be explained by the
relative inhospitality of the skin compared to the Gl tract. The surface of the skin is dry with a
low pH and produces many proteins that deprive microbes of essential nutrients. Microbiome
composition of the skin varies depending on the clinical site, in relation with factors such as
pH, temperature, degree of sebum and moisture of the site. For example, sebaceous sites are
mainly represented by lipophilic bacterial species such as Cutibacterieum acnes (formerly
known as Propionibacterium acnes), while Proteobacteria are more frequent in dry sites.
Staphylococcus epidermidis can tolerate the high salt concentrations present in sweat and
may use urea and aminoacids from the eccrine sweat as a nutrient source (Scharschmidt and

Fischbach, 2013).

The skin microbiota changes throughout the course of life. Initial seeding of the skin with
microbes begins when the fetus exits out of the womb, and the type of delivery leads to
different types of microbes seeding the skin: the neonate skin microbiota resembles most the
maternal vaginal flora if the baby is delivered vaginally and the maternal skin microbiota if the
baby is delivered through cesarean section (Dominguez-Bello et al., 2010). During
adolescence, hormonal changes create a sebum-rich environment that allows for lipophilic
bacteria to flourish (Oh et al., 2012). Microbial communities stabilize during adulthood, but
continue to evolve depending on environmental factors (such as climate, antibiotics exposure,

hygiene, etc.) and host factors.

Figure: the skin microbiota.

From Belkaid Y & Segre J, Science 2014.

Copyrighted material.
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The microbes isolated from the skin depend on the depth and location in the skin itself:
different microbes can be found in the outer epidermis and in the depth of the hair follicle, as
demonstrated by the different results of microbiota mapping generated by swabbing versus
biopsies (Prast-Nielsen et al., 2019). This can be explained by the different environment at
different sites of the skin: hair follicles are anaerobic when going deeper in the follicle, while

the top of the skin represents an aerobic environment (Chen et al., 2018).

Interestingly, the composition of the skin microbiota dramatically changes during episodes of
skin inflammation, and it is not completely understood if these changes are secondary to the

skin inflammation or if they drive the skin inflammation.

Itis interesting to speculate on the role of the microbiota at each unique stage, and emerging
evidence ties the date of encounter with the microbes with the response they induce in the

host.

Recognition of the skin microbes by the host

Increasing evidence suggest that the manner in which antigens and microbial products are
recognized determines the type of immune response. Using two different models of
infections, it has been shown that CD11b* DCs elicit a Thl response when confronted to a
pseudo-hyphae Candida albicans invasive (dermal) infection, while Langerhans cells were
capable of eliciting a Th17 response to Candida albicans yeast in an epidermal infection
(Kashem et al.,, 2015). In another model, Langerhans cells were required to sense
Staphylococcus aureus and promote inflammatory responses with development of IL-17 yo T
cells and IL-17 CD4 T cells (Kobayashi et al., 2015). These observations were made in the
context of an altered skin barrier, but even with an intact skin barrier, the immune system is

able to sense skin commensals, inducing cognate, long-lasting immune responses.

For commensal encounter, while one would expect that the surface commensals would be
sensed by the most superficial APCs (the Langerhans cells), there are actually increasing body
of evidence demonstrating that both Langerhans cells and dermal dendritic cell populations
can sense the skin microbes and that the different cell types involved in microbe sensing are
responsible for different response types. Staphylococcus epidermidis induces IL-17A
producing CD8* T cells, which is dependent on dermal resident CD103* DCs and independent

of Langerhans cells, and IL-17 production by these cells is licensed through the IL-1-producing
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CD11b DCs (Naik et al., 2015a). This demonstrates that different DC subsets within the skin

cooperate to respond to defined skin commensals.

The way skin-resident DCs sense microbiota-derived antigens remains unclear. Dermal DCs
surrounding skin appendages such as hair follicle may extend dendrites within those
appendages and capture microbes or their products. Microbial products could also passively

diffuse through the epithelial barrier, especially in the hair follicles (Gallo and Nakatsuji, 2011).

Role of the microbiome in cutaneous immunity

The immune system has evolved closely with the skin commensal microbes, allowing

colonization with those microbes while limiting pathogenic microbial invasion.

Several studies have shown how the skin microbiota can enhance the barrier function of the

skin through the immune system, to prevent invasion with microbes.

Though much focus has been placed on the IL-1, IL-23 and IL-17 axis in disease settings, the IL-
23 —1L-17 axis also provides barrier defense as demonstrated by patients who have defects in
the axis are more susceptible to infections with extracellular pathogens (Lehman, 2014).
Evidence continues to mount that the microbiota can modulate this axis, which is important
for both immune homeostasis as well as disease. After production of IL-1 and IL-23 by APCs,
multiple subsets of both innate-like and adaptive T-cells are capable of producing IL-17 family
cytokines such as I1L17, 1L22, GM-CSF, which in turn regulate the inflammatory response and
bolster barrier defense through increased expression of AMPs and chemokines (Gaffen et al.,

2014).

Commensals also have the ability to control other arms of the immune system such as IL-1
signaling, which is an evolutionarily conserved arm of the innate immune system that may
have evolved as a mediator of host-commensal cross-talk. Germ free mice have reduced IL-
la from the skin compared to SPF mice. Additionally, keratinocytes of germ free mice have
increased levels of IL-1ra compared to SPF mice. Mono-association with the commensal S.
epidermidis increases IL-1 o and decreases IL-1ra to levels similar to SPF mice (Naik et al.,
2012).

IL-1 and IL-23 are also capable of polarizing a T-cells to produce IL-17 in response to
microbiota in the skin (Naik et al., 2015a). Additionally, IL-17 induced by the microbiota in an

IL-1 dependent manner plays a role in immune homeostasis and can also provide protective
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immunity to the pathogens Leishmania major and Candida albicans (Naik et al., 2015a; Naik
et al., 2012). A diverse microbiota is essential to ensure protection against infections. Mice
living in SPF conditions have a lack of tissue resident and effector differentiated memory T-
cells compared to wild mice and the latter have better response and control of infection with

L. monocytogenes or LCMV than the former (Beura et al., 2016; Rosshart et al., 2017)

Importantly, the time of encounter with skin commensals is fundamental in the type of
immune responses that they induce. In contrast to adults, microbial sensing in the neonatal
period leads to a tolerogenic response to the microbes encountered and the development of
antigen-specific regulatory T cells seeding the skin (Scharschmidt et al., 2015). However, skin
microbes are not essential for the development of Tieg, as there are an increased number and
proportion of Treg, while there is a decrease in effector IFN-y or IL-17A producing T cells in the

skin of germ free mice (Naik et al., 2012).

On the other hand, disturbance of the skin microbiome can have long term impact on the
immune system and on the risk of inflammatory skin diseases. Treatment of neonate mice
with antibiotics durably alters the gut microbiota and worsens imiquimod-induced skin

inflammation (Zanvit et al., 2015).

Immune responses to the microbiota can also promote wound healing and limit skin
inflammation after an injury, by modulating both the innate and adaptive immune responses:
S. epidermidis TLR2 signaling inhibits responses to dsRNA coming from damaged host cells
(Gallo and Nakatsuji, 2011). Commensal-specific T cells can also accelerate wound healing

through expression of tissue repair gene (Linehan et al., 2018a).

While immune responses to the skin microbiota has multiple beneficial roles for the host,
barrier defects or genetic pro-inflammatory conditions can challenge these physiological

responses.

Microbiome and skin inflammatory diseases

Atopic dermatitis
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Atopic dermatitis is a chronic inflammatory skin disease that typically develops in individual
with epidermal barrier dysfunction, such as filaggrin deficiency and impaired lipids in the
stratum corneum. It is characterized clinically by flares of erythematous papules and plaques,
associated with variable vesiculation, oozing, scaling, and crusting depending on the age of
the lesions, and associated with severe pruritus. Decades ago, the association between
Staphylococcus aureus and atopic dermatitis was first made (LEYDEN et al., 1974) and it has
long been recognized that patients with atopic dermatitis are more susceptible to various
infections, including with S. aureus (Brissow, 2016). While the association has stood the test
of time, whether S. aureus is the inciting event, involved in disease proliferation and
progression, or merely an opportunist replicating in the setting of underlying host

inflammation has been and is currently an active area of research.

Microbiome analysis have shown that atopic dermatitis flares are associated with dysbiosis
dominated by blooms of Staphylococcus aureus, but also by overall decrease in skin microbial
diversity (Kong et al., 2012). Though compelling, such associations between prevalence and
disease severity cannot differentiate if S. aureus is a cause or a consequence of the skin
inflammation. Interventional studies have largely shown that decreasing S. aureus during
disease flares tends to reduce the severity of the disease, suggesting that S. aureus plays a
role in disease progression (Briissow, 2016). Even more, S. aureus secretes various toxins and
superantigens, and atopic dermatitis patients tend to have a higher degree of toxin secreting
strains of S. aureus than controls (Hoeger et al., 1992; Zollner et al., 2000). In particular, S.
aureus 6-toxin is capable of inducing mast cell degranulation, which can in turn promote
innate and adaptive Type 2 immunity (Nakamura et al., 2013). Taken together, S. aureus
appears to play a role in disease progression, which can at least partially be explained by

production of various toxins.

Though S. aureus may be involved in disease progression, the inciting event remains unknown.
However, genomic analysis has pointed to epidermal structural proteins. The findings that
mutations in FLG, the gene encoding the skin barrier protein filaggrin (Barker et al., 2007;
Irvine et al., 2011; Palmer et al., 2006), and SPINK5, which encodes lymphoepithelial Kazal-

type 5 serine protease inhibitor (LEKTI) and is involved in cleavage of pro-filaggrin to filaggrin
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(Walley et al., 2001), both can lead to atopic dermatitis suggests that barrier defects may be
an inciting event in disease pathogenesis. Even more, filaggrin deficiency associated atopic
dermatitis often precedes allergic rhinitis (Barker et al., 2007), indicating epicutaneous
sensitization may be the inciting in the atopic march. Another study looking at ADAM17
deficient mice, which have barrier defects in an epidermal growth factor receptor EGFP
dependent mechanism, display an atopic dermatitis-like phenotype, which is dependent on S.
aureus and Corynebacterium bovis (Kobayashi et al., 2015). It seems reasonable to propose a
model where a barrier defect leads to a leaky barrier, which is exposed to more microbes and
microbial products such as S. aureus &-toxin, which leads to proliferation of Tu2 cytokines,

which may further favor S. aureus growth on toxin production.

4. Psoriasis

Psoriasis is a chronic inflammatory skin disease of unknown etiology, affecting approximately
2-3% of the population. It is believed to be driven by aberrant activation of the innate and
adaptive immune system in genetically predisposed individuals, with flares triggered by

environmental factors.
Clinical and histological features

Psoriasis vulgaris accounts for 90% of all skin presentations of psoriasis. It is characterized by
raised, sharply demarcated, scaly, erythematous plaques (Nestle et al.,, 2009). The sites
commonly involved in classic plaque psoriasis are the elbows, the knees, the scalp, the
umbilicus and the lumbosacral area; less frequently, there may be an ‘inverse’ pattern of the
lesions, localized in the folds. The nails are also a classic site of involvement. Other variants

exist, such as guttate psoriasis or pustular variants (either generalized or localized).

Psoriasis may involve the joints, most often causing destructive asymmetric oligoarthritis. In
addition, patients with psoriasis have considerable psychosocial disability and a major
impairment in patients’ quality of life but also have increased risks of metabolic syndrome,
atherosclerotic cardiovascular diseases and depression (Gelfand et al., 2006; Nestle et al.,

2009; Parisi et al., 2015).
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Histologically, psoriasis is characterized by acanthosis, hyperkeratosis and parakeratosis of the
epidermis, with an infiltrate of T cells and neutrophils. The epidermis may be spongiotic.
Granular layer in the psoriatic skin is absent. In the dermis, the capillaries are elongated and

tortuous, and there is an infiltrate of dendritic cells, macrophages and T cells.

Genetic factors

Psoriasis incidence is higher when there is a family history of psoriasis in first- and second-
degree relatives. In addition, analysis of concordance rates among twins shows a higher
concordance rate of psoriasis in monozygotic twins as compared to dizygotic twins, supporting
arole for a genetic component of the disease.
Recent genome-wide association studies (GWAS) have identified ~ 50 genetic loci at genome-
wide significance (p < 5e-8), together explaining ~ 22% of the genetic heritability. Major genes
in which polymorphisms are associated with increased risks of psoriasis include genes involved
in:

- Skin barrier formation, such as LCE3B/C/D or KLF4

- Innate immunity, such as IL-28RA, ELMOI, NOS2, CARD14, NFKBIA

- Interface innate/adaptive immunity, such as TRAF31P3, IL-12B, IL-23A, TYK2

- Adaptive immunity, such as IL-23R, STAT3, IRF4, RUNX3

- Metabolism, such as PRDX5 or B3GNT2 (Di Meglio et al., 2011).

Immunopathogenesis

Even though the main histologic feature in psoriasis is an increased keratinocytes
proliferation, it is now believed that the disease is due to the pathogenic role of T cells and

APCs.

Psoriasis is believed to be the result of pathogenic cross-talk between dendritic cells, partly
activated through complexes of the antimicrobial peptide LL-37 cathelicidin and DNA in a TLR
9-dependent manner, and effector T cells (Nestle, FO. et al. N. Engl. J. Med. 361, 496-509
(2009)). After activation via surface TLRs, plasmacytoid dendritic cells produce IFN-a,

activating myeloid dendritic cells in association with other key cytokines such as tumor
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necrosis factor a (TNF-a), IFN-y, interleukin-1B (IL-1B), and IL-6. Activated dendritic cells
induce the differentiation of naive T cells into Th17 and Tu1 by secreting mediators such as IL-
12 and IL-23. T-cells, recirculate, migrate into skin tissue where they secrete IL-17A, IL-17F,
and IL-22 that activate keratinocytes, thus inducing proliferation of keratinocytes, production
of antimicrobial peptides, proinflammatory cytokines (TNF-a, interleukin-1pB, and interleukin-
6), chemokines (CXCL8, CXCL11 and CCL20), and S100 protein, leading to the vicious circle of

inflammation (Nestle et al., 2009).

The antigens triggering psoriasis are still unknown, but it has been shown that after clinical
resolution of psoriasis, there is a persistence of oligoclones of a3 T cells in the skin, some of
the TCR sequences of which are shared in between patients but not with controls, suggesting
common that there are some common psoriasis antigens shared between patients (Matos et

al., 2017).

Triggering factors

Multiple environmental or host-derived factors have been shown to trigger psoriasis:
infections, in particular streptococcal and HIV infections can induce or aggravate psoriasis.
Metabolic factors such as hypocalcemia can trigger the development of generalized pustular
psoriasis. Multiple drugs, such as IFNs, b-blockers, antimalarials and lithium or a rapid taper
of systemic corticosteroids can induce flares of psoriasis. Patients also commonly report
psychogenic stress as a trigger of psoriasis. Alcohol consumption and smoking also have been

associated with psoriasis.

A phenomenon known as Koebner phenomenon is the development of psoriatic lesions in
injured body sites, either following a localized trauma such as a wound, or following more

diffuse injuries such as sunburns or drug eruptions.

Psoriasis and microbiota

Psoriasis is @ common chronic T-cell mediated disease thought to have a Tyl7 signature.
Compared to atopic dermatitis patients, there are not any ‘microbial signature’ in patients

with psoriasis.
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Still, skin and gut microbiome profiling in psoriasis patients have shown an increased
representation of firmicutes such as Steptococci and Staphylococci in psoriasis lesions and in
non lesional skin, while there could be a decrease in Cutibacterium acnes (formerly P. acnes),

Chang HW et al, Microbiome 2018 (Chang et al., 2018; Gao et al., 2008; Tomi et al., 2005).

A specific form of psoriasis known as guttate psoriasis is associated with either a preceding or
concurrent episode of tonsilitis with Streptococci (Owen et al., 2001); patients with the more
common form, plaque psoriasis, have exacerbations of disease following Streptococcal throat
infections (Gudjonsson et al., 2003). Peptidoglycan has been proposed as having an etiologic
role in psoriasis, and polymorphisms in peptidoglycan recognition molecules have been
implicated in the pathogenesis of psoriasis (Baker et al., 2006; Kainu et al., 2009). Additionally,
fungal species have been isolated from psoriatic lesions, with Malassezia being implicated in
scalp and facial psoriasis, whereas Candida albicans is frequently cultured from intertriginous
psoriasis (Fry et al., 2013).

Additionally, pathways known to be driven by the microbiota are highly expressed in psoriatic
lesions, such as IL-1 (Sims and Smith, 2010), IL-17 (Leonardi et al., 2012), IL-22 and [L-23
(Zheng et al., 2007). Going along with increase in various barrier defense related cytokines,
psoriasis is also associated with an increase in AMPs (Harder and Schroder, 2005; Morizane
and Gallo, 2012), which probably explains the decreased risk for infection in psoriatic patients

(Ong etal., 2002).

Treatments

Psoriasis can be treated with topical or systemic therapies.

Topical treatments include corticosteroids, vitamin D3 analogues, retinoids, and anthralin.
Systemic treatments include photo(chemo)therapy, immunomodulators such as
methotrexate, cyclosporine, retinoids, and more recently developed ‘biologic therapies’.
Efficacy of the latter further reinforces the major role of the immune system in the
pathogenesis of psoriasis. Those include anti-TNF-a., anti-12/23, anti-IL-17A or IL-17 receptor,

anti-IL-23. JAK inhibitors are also new players in the treatment of psoriasis, inhibiting the signal

transduction downstream of cytokine-receptor.
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5. Thesis aims

While it has been shown that immune responses to skin bacterial commensals are important
for protecting the skin against further infections, very little is known about the role of adaptive
immune responses to the skin microbiota during the development of inflammatory skin
disorders. As Tul7 responses are crucial in the development of both psoriasis and for
protection against fungal infection, we aimed to decipher the role of adaptive immune
responses against fungal commensals in the pathogenesis of psoriasiform skin disorder in

mice.
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Material and Methods

Mice

C57BL/6 specific pathogen free (SPF) mice were purchased from Taconic Farms. Germ-free
C57BL/6 mice were bred at Taconic Farms and maintained in the NIAID gnotobiotic facility.
C57BL/6NTac-[KO]JAbb/B2m, B6.SJL-Cd45a(Ly5a)Nai-[KO]JRAG1and C57BL/6-[TgH]EGFP:Foxp3
mice (FoxP3 reporter mice) were obtained through the NIAID-Taconic exchange program.
B6.FVB-Tg(CD207-Dta)312Dhka/J (Lan-DTA) mice were obtained from Dr. Kaplan (University
of Minnesota). Irf4fl/fl x Cd11lcre+ mice were obtained by breeding B6.129S1- IrfAtm1Rdf/)
(Irf4fl/fl) mice with B6.Cg-Tg(ltgax—Cre)1-1Reiz/) (Itgax—Cre) mice (both strains from the
Jackson Laboratory). CARD97- mice and Clec7”- mice were obtained from Dr. Lionakis (NIH,
NIAID, Laboratory of Clinical Infectious Diseases, Fungal Pathogenesis Unit). All mice were
bred and maintained under pathogen-free conditions at an American Association for the
Accreditation of Laboratory Animal Care (AAALAC)-accredited animal facility at the NIAID and
housed in accordance with the procedures outlined in the Guide for the Care and Use of
Laboratory Animals. All experiments were performed at the NIAID under an animal study
proposal approved by the NIAID Animal Care and Use Committee. Gender- and age-matched
mice between 6 and 12 weeks of age were used for each experiment. When possible,
preliminary experiments were performed to determine requirements for sample size, taking
into account resources available and ethical, reductionist animal use. In general, each mouse
of the different experimental groups is reported. Exclusion criteria such as inadequate staining
or low cell yield due to technical problems were predetermined. Animals were assigned

randomly to experimental groups.

Microbes

Unless stated otherwise, we used a Candida albicans strain that was isolated from the ear
pinnae of IL22-/- mouse. We also used the reference strain of C. albicans 5314 - ATCCO MYA-
2876™ and another C. albicans isolated from human psoriatic skin (referred to as human C.

albicans). Yeast locked C. albicans (hgclA) and its control strain hgc1A+HGC1+ are kind gift
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from Dr. M Lionakis. C. albicans strains were grown in YPD medium at 30°C with shaking for

18 h before the association.

M. furfur and T. mentagrophytes were purchased from ATCC (M. furfur ATCCO 14521™ and
T. mentagrophytes ATCCO 18748™). M. furfur strain was cultured on CHROMagarTM

Malassezia at 30°C. T. mentagrophytes was cultured on potato dextrose agar.

Conditioned medium

C. albicans was cultured aerobically in RPMI medium for 48 h at 37°C. Fungal culture was
centrifugated at 3,200 g for 20 min. Supernatant was then filtered through 0.22 um filter
(Steriflip, Millipore-Sigma, MA). Sterile filtered supernatants were used immediately or frozen

at -80°C for further experiments.

Topical association

For topical association of commensals, each mouse was associated with fungi by applying
fungal suspension (approximately 10°/ml) across both sides of the ear surface using a sterile
cotton swab. Application of fungal suspension was repeated every other day during 8 days. In
experiments involving topical application of various fungal species or strains, cultures were

normalized using OD600 to achieve similar fungal density (approximately 10° c.f.u. per ml).

For some experiments, mice were infected intradermally in the ear pinnae with 107 c.f.u. of C.

albicans.

Imiquimod treatment

Mice between 6 and 12 weeks of age were treated daily for 5 days on each ear pinnae with 10

mg of 5% Imiquimod (IMQ) cream (Aldara Cream 5%; 3M Health Care, UK). Ear thickness was
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measured before the first application, then daily during IMQ topical application and the day

after the last topical application of IMQ with digimatic caliper (Mitutoyo, Japan).

In vivo treatment with monoclonal antibodies

For CD8*, CD4*, and yd T-cell depletion, mice were treated intraperitoneally (i.p.) with 0.5 mg
of anti-CD8 antibody (clone 2.43), anti-CD4 antibody (clone GK1.5), anti-yd antibody (clone
UC7-13D5) respectively, or rat 1IgG2b isotype control antibody (clone LTF-2, BioXCell) every

other day.

Depending on the experiment (see text), the antibodies were started at day 13 after the first
topical application of C. albicans or the day before re-challenge with C. albicans or control

medium.

Tissue processing

Mice were euthanized 14 days after starting topical application of C. albicans on the ear,
and/or the day after the last topical application of imiquimod. Single cell suspension from the
skin draining lymph nodes or the ear pinnae were isolated as previously described (Naik et al.,
2012). In brief, ear pinnae were digested in RPMI containing 100 U/ml penicillin, 100 pg/ml
streptomycin, 55 uM B-mercaptoethanol, 20 uM HEPES (HyClone), and 0.25 mg/ml Liberase
TL (Roche Diagnostic Corp., Basel, Switzerland), or 2.5mg/ml collagenase D (Roche) and
incubated for 1 hours 45 minutes at 37°Cand 5% CO2. Digested skin sheets were homogenized

using the Medicon/Medimachine tissue homogenizer system (Becton Dickinson, NJ).

Histology

Mice were euthanized 19 days after starting topical application of C. albicans on the ear,
and/or the day after the last topical application of imiquimod. The ears from each mouse were
removed and fixed in phosphate buffered saline (PBS) containing 10% formalin. Paraffin-
embedded sections were cut at 0.5 mm, stained with haematoxylin and eosin and examined
histologically. Periodic Acid-Schiff (PAS) staining was performed with ear skin following 10%
formalin fixation. Histological score was performed as reported previously: briefly,

inflammation, neutrophil, mononuclear cells, edema, and epithelial hyperplasia were graded
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from 0 to 4 as follows: 0, no response; 1, minimal response; 2, mild response; 3, moderate

response; and 4, marked response (Nakajima et al., 2010).

Dendritic cell and T cell co-culture assay

CD45* CD90.2* CD4* FoxP3- CCR6* effector T cells (>95% purity) were sorted by flow cytometry
from the cervical lymph nodes of FoxP3-eGFP reporter mice 2 weeks after topical association
with C. albicans following 5 days application of IMQ strain using a FACSAria cell sorter. For
splenic dendritic cell (SpDC) purification, single-cell suspensions from the spleen of congenic
wild-type, Abb2/2 mice were magnetically enriched for CD11c* cells by positive selection using
CD11c MicroBeads and MACS separation columns (Miltenyi Biotec, Bergisch Gladbach,
Germany). Purified SpDCs and CD4"* T cells were co-cultured at a 10:1 ratio (5 x 10> CD4* T
cells) in a 96-well U-bottom plate in complete medium for 16 h at 37 °C in 5% CO2. Brefeldin
A (GolgiPlug) was added for the final 6h of culture. SpDC were previously incubated for 2 h
with or without heat-killed C. albicans (C. albicans:SpDC ratio, 500:1) or C. albicans
conditioned medium and washed before co-culture with CD4* T cells. CD4* T cell cytokine
production following co-culture was assessed by flow cytometry after intracellular cytokine
staining using the following antibodies: anti-CD4, anti-CD8b, anti-CD90.2, anti-TCRf, anti-IFNy
and anti-IL-17A.

Confocal microscopy of ear pinnae

Confocal microscopy was performed as previously described (Naik et al., 2015a). Ear pinnae
were split with forceps, fixed in 1% paraformaldehyde solution (Electron Microscopy Sciences)
overnight at 4°C and blocked in 1% BSA, 0.25% Triton X blocking buffer for 2 hours at room
temperature. Tissues were stained with anti-H3 citrullinated histone monoclonal primary
antibody (Ab-cam, donkey-anti-rabbit Alexa Fluor 555 (Life Technologies, CA) and with 4, 6-
diamidino-2-phenylindole (DAPI, Sigma-Aldrich). Ear pinnae images were captured on a Leica

M205 stereomicroscope. Images were analyzed using Imaris Bitplane software.
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Phenotypic analysis

Murine single-cell suspensions were surface stained with the indicated antibodies for 20-
30min at 4°C. For intracellular staining, cells were fixed for 30 min with the eBioscience
Fixation/Permeabilization kit as described by the manufacturer and stained intracellularly as
recommended for at least 1hr. Antibodies for flow cytometry were purchased from BD
Biosciences, BioLegend, or eBiosciences. Antibodies used were conjugated to FITC, AF488,
PE, PerCP-Cy5.5, PCP-eFluor 710, PeCy7, Alexa Fluor 780, Pacific Blue, BV605, BV650, BV 510,
BV785, eFluor 450, APC, Alexa Fluot 647, Pe Texas Red, PE-CF594. DAPI or Live/Dead fixable

stain (Life Technologies) was used to exclude dead cells in all experiments.

Flow cytometric data acquisition were acquired on a LSR Il or LSR Fortessa (BD Biosciences)

and analyzed using FlowJo software (Tree Star).

Data and statistical analysis

Data are presented as mean 6 standard error of the mean or mean 6 standard deviation.
Group sizes were determined based on the results of preliminary experiments. No statistical
method was used to predetermine sample size. Mice were assigned at random to groups.
Mouse studies were not performed in a blinded fashion. Generally, each mouse of the
different experimental groups is reported. Statistical significance was determined with the
two-tailed unpaired Student’s t-test, under the untested assumption of normality. Within

each group there was an estimate of variation, and the variance between groups was similar.
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All statistical analysis was calculated using Prism software (GraphPad, CA). Differences were

considered to be statistically significant when P <0.05.
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Fungal skin colonization drives a polarized IL-17A signature

and exacerbates psoriasiform skin inflammation

How commensal fungi are sensed by the skin immune system has not been addressed. Using
our previously described model of skin association (Naik et al., 2012), we topically applied
highly prevalent human skin fungi including Candida albicans (C. albicans), Malassezia furfur
(M. furfur) and Trychophyton mentagrophytes (T. mentagrophytes). Following C. albicans
association, the fungi stably colonize the skin and are maintained at low colony forming units
(CFU) that are maintained months post association (Suppl. Fig. 1a). Other fungi were also still
detectable on the skin surface up to 2 months post association (data not shown). As we
previously showed for bacterial commensals, topical application of a commensal fungi was
not associated with tissue inflammation as evidenced by a lack of inflammatory cell
recruitment, erythema, hyperkeratosis, or thickening of the skin (Suppl Fig. 1b, 1c and 1d). On
the other hand, all three fungi promoted the accumulation of Th17 cells within the skin (but
no other T helper subsets). Candida albicans also induced a significant accumulation of IL-17-
A producing CD8'T cells (Tc17) and M. furfur, the accumulation of IL-17A-producing y5 T cells
within the skin compartment (Fig. 1a, Fig. 1b and Suppl. Fig. 1d and 1e). This was in striking
contrast with intradermal injection of C. albicans, which led to massive skin inflammation and
a mixed polarized response dominated by Th1l responses (Suppl. Fig. 1f). Thus, cutaneous
colonization with commensal skin fungi is associated with the highly polarized non-

inflammatory type 17 skin responses.

Based on the clinical association between IL-17A and the etiology of psoriasis, we next
assessed to which extent the pre-existence of commensal fungi-induced type 17 responses
could contribute to skin inflammation. To this end, we utilized the experimental model of
psoriasis associated with the topical application of imiquimod, a TLR7 (and TLR8 in humans)
agonist. This regimen promotes a psoriasis-like skin inflammation, mediated by an IL-23/IL-17
axis (van der Fits et al., 2009). Using this model, we found that pre-exposure to each of the 3

skin fungi significantly exacerbated tissue inflammation compared to IMQ alone (Fig. 1c).
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To gain mechanistic insights into this phenomenon, we next focused on C. albicans because
of its genetic tractability. Increased tissue inflammation caused by C. albicans colonization
prior to IMQ treatment was associated with enhanced hyperplasic epidermis, acanthosis,
spongiosis, hyperkeratosis and enhanced inflammatory infiltrate (Fig. 1d) reflected by higher
histology score in mice treated with C. albicans/IMQ compared to IMQ alone (Suppl Fig. 1g).
Enhanced inflammation was not associated with significant changes in skin fungal load (Suppl
Fig. 1a). Enhanced inflammation was associated with increased frequencies and absolute
numbers of RORy t and IL-17A-producing CD4* T cells (but not Treg cells) in the skin of C.
albicans/IMQ treated mice compared to all the other groups (Fig. 1e, 1f and Suppl Fig. 1h).
The proinflammatory impact of C. albicans and Th17 increase were conserved among several

strains of the fungi isolated from human or mouse skin (Suppl Fig. 1i).

We next addressed if the impact of C. albicans was direct or dependent on C. albicans-induced
changes in the endogenous microbial community. As previously shown, mice raised in absence
of live microbes (germ-free (GF)) have reduced number of IL-17A expressing T cells within the
skin (Naik et al., 2015b). In GF mice, C. albicans alone was able to induce a small but significant
increase in Th17. Similarly to SPF mice, the addition of C. albicans significantly enhanced tissue
inflammation and Th17 response induced by IMQ (Fig. 1g). Thus, the impact of C. albicans on
tissue inflammation and Th17 cells accumulation is dominant and independent of other

members of the cutaneous microbiota.

While C. albicans is a normal constituent of the skin microbiome (Roth and James, 1988), this
microbe can also cause active infection. As such, we next assessed if the ability of the microbe
to promote inflammation resulted from an active infection rather than colonization. C.
albicans is a dimorphic fungus, with a yeast form able to colonize the stratum corneum, and
a pathogenic hyphal form able to invade the dermis and systemic organs (Gow et al., 2012).
Periodic Acid Schiff (PAS) staining and electron microscopy imaging revealed that C. albicans
remained in its yeast form localized on the stratum corneum in the context of IMQ induced
inflammation (Fig. 1h and Suppl Fig. 1i). Long term colonization (up to 2 months) was also able
to induce worsened inflammation after imiquimod treatment (Fig. 1h). Further, the yeast-
locked hgclA strain of C. albicans, which cannot make the transition from yeast-to-hyphae

form, was also able to exacerbate IMQ-induced psoriasis-like dermatitis (Fig. 1j). Thus, C.

49



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

albicans exacerbated IMQ-induced skin inflammation as a yeast and the effect was not

associated with active infection.

50



Cell number (x10°%) Cell number (x10%)

Hurabielle-Claverie Charlotte — Thése de doctorat - 2019

12468 12468
Percent (%) Percent (%) b
—_— — )
10 20 30 30 40 50 Skin (PMA/lono/BFA): CD4* T cells
Control| @€ © @ e ) Control C.albicans M. furfur T. mentagrophytes
T T
2.1:1.8 30:7.2 31s4 283
cos| @@ © o || o f :
< o
RS
M. furfur . @ o o . 5
2.7:0.6 0.8:0.1 2:1.2 1.8:0.8
T. menta . @ o o ° I =
-y >
X .
N o“ Qe* &ox®
NN S
Oou oqg 00 00 <
d Control C.albicans C.albicans/IMQ
Topical association IMQ 2 j
with commensals application
N 1 1 1 [
] T
Days-14 -12 -10 -8 012345
S
2 200
2
G 150 e
g Control C.albicans IMQ C.albicans/IMQ ‘g
g 100 T 1.8:0.7 18:3.2 32:0.9 %
[&] ¥
£ 50 <
= Lo =
[+ = Y
oo 4 bt
R 0 1 2 3 4 5 n ; 5.0.1 -3
Time (d) | 6.6:1.5 0.5:0. 3,
> &
0:6‘ \QO\\@O
f CD4*Foxp3CD44* . 25 *x g ’ge *k ~20 *k ofé \o\
. o
4 14| T 55 % =15 @ o?
< 3 t,,,(’4 L ,;E s h )
= g 24 N 5 10 IMQ C.albicans/IMQ
= l:‘C % 2 * 5{ = 3 D VanS
| 23 8 £2°° 3
= o 81 ole
— IR G e
o ) o )
A\ I X N
o \‘5\00 o® o
o? 3
i o j
& 2001 o ima ~207 S 200 N
s OC.alb 2W/IMQ ) s 2:1’\381MMQ s,
G 15018 Calb 1MMQ 2151 o o 5 150 @HGC1+IMQ 2 °
@ b o < ° @ OC.albicans/IMQ <9 °
2 100 =10 © 8 100 *x ‘l:. oo
S = — % 5o g 4 61| @R
£ 50 § 51 809 £ 50 %3 dw
© O —
e 0 0 O O OO b o oo
ES 01 2 3 4 5 S ° 2 3 4
Time (d \®$\\\5\\\\\\ = Time (d) \Q\\\& \®§
ime (d) PN D
RN\ <,
20?0 e Q‘
O
Figure 1

Figure 1. Skin colonized C. albicans exacerbates the inflammation of psoriasis-like
dermatitis.

(a) Wild type mice under SPF condition were topically associated with control media or various
commensal fungi every other day 4 times: C. albicans (C. alb), Malassezia furfur (M. furfur), T.

mentagrophytes (T. menta). Mean of absolute numbers (represented by the size of the circles)
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and frequencies (represented by the color of the circles) of live IL-17A-producing CD45*
CD90.2* IL-17A- and IFNy-producing CD45* CD90.2* TCRB* CD4* and CD8* cells (left) and
ySTCR'Y cells (right). Data were collected after in vitro restimulation with PMA and ionomycin
in the presence of BFA. (b) Representative flow plots showing frequencies (mean+SEM) of IL-
17A- and IFNy-producing CD45* CD90.2* TCRB* CD4* from the skin of control, C. albicans,
Malassezia furfur, and T. mentagrophytes associated mice respectively. (c) Wild type mice
under SPF condition were topically associated with control media or various commensal fungi
every other day 4 times: C. albicans (C. alb), Malassezia furfur (M. furfur), T. mentagrophytes
(T. menta) or media. Fourteen days after the initial commensal association, mice were treated
with imiquimod (IMQ) cream 5 consecutive days or not (Control). Time course of percentage
of ear thickness change relative to baseline at day 0. (d) Hematoxylin-and-eosin staining of ear
skin from naive (control), IMQ-treated (IMQ), C. albicans-associated (C. albicans), and IMQ-
treated C. albicans-associated (C. albicans/IMQ) wild type mice treated for 5 days as in c. Scale
bar; 100um. (e) Representative flow plots showing frequencies of IL-17A* and IFN-y*
CD4*FoxP3 cells in the skin from control, IMQ, C. albicans, and C. albicans/IMQ mice under
SPF condition. Absolute numbers of live CD45* CD90.2* TCR-f* CD4* FoxP3"IL-17A* cells in the
skin 5 days after IMQ treatment.

(f) Representative flow plot showing the frequency of IL-17A* and RORyt* in CD44* CD4* FoxP3"
effector T cells in the skin of C. albicans/IMQ treated mice under SPF condition. Absolute
number of RORyt+ cells from CD44* CD4* FoxP3" effector T cells in the ear skin from Control,
Imiquimod, C. albicans, and C. albicans/IMQ mice under SPF condition. (g) Ear thickness and
absolute numbers of CD45* CD90.2* TCR-B* CD4* FoxP3" IL-17A* cells from control, IMQ, C.
albicans, and C. albicans/IMQ mice under germ-free condition. (h) PAS staining of ear skin
from IMQ and C. albicans/IMQ mice on day 5 of IMQ treatment. (i) Time course of percentage
of ear thickness change relative to baseline at day 0 after start of Imiquimod in IMQ mice and
in mice previously associated with C. albicans 2 weeks, 1 month, and 2 months ago
respectively. (j) Ear-skin thickness change and absolute numbers of CD45*CD90.2* TCR-B*CD4*
FoxP3"IL-17A* cells of mice treated with imiquimod after no association (IMQ) or association
with yeast-locked C. albicans (hgclA/IMQ), control strain of yeast locked hgclA+HGC1+
(HGC1+/1MQ) or our standard strain (C. albicans/IMQ).

Results are representative 2-3 independent experiments. *P < 0.05, **P < 0.01.
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Supplemental Figure 1

Supplemental Figure 1.

(a) Colony forming unit numbers of C. albicans per ear 7, 14, 30 and 60 days respectively after
topical association with C. albicans (left) and 19, 30 and 60 days after first association with C.

albicans in Imiquimod treated mice (right). (b) Time course of percentage of ear thickness
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change relative to baseline at day 0 from C. albicans (C. alb), Malassezia furfur (M. furfur) and
T. mentagrophytes (T. menta) associated mice. (c) Absolute numbers of neutrophils and MHC-
II" inflammatory monocytes in the skin of Control, C. albicans (C. alb), Malassezia furfur (M.
furfur)and T. mentagrophytes (T. menta). (d) Absolute number of live neutrophils, CD4* FoxP3"
, CD4* FoxP3"IL-17A*, CD8*, CD8"* IL-17A*, y& TCR'®" and IL-17A* y§ TCR°¥ cells in the ears of
control (Ctrl) and C. albicans associated mice. (e) Absolute numbers of IL-17A-producing CD45*
CD90.2* TCRB* CD4* FoxP3 from the skin of control, C. albicans, Malassezia furfur, and T.
mentagrophytes associated mice respectively. (f) Absolute number of neutrophils, CD4*
FoxP3", CD4* FoxP3" IL-17A*, CD4* FoxP3" IFN-y*, and percentages of CD4* FoxP3" IL-17A* and
CD4* FoxP3 IFN-y* cells 7 days after intradermal PBS, C. albicans topical association or
intradermal C. albicans in the ears. (g) Total histology score evaluated by H&E staining section
of the ear of control, IMQ, C. albicans, and C. albicans/IMQ mice under SPF condition. (h)
Absolute numbers of CD4  CD8 IL-17A*, CD4* FoxP3’, and CD4* FoxP3" IL-17A* in IMQ and C.
albicans/IMQ mice under SPF condition. (i) Time course of percentage of ear thickness change
relative to baseline at day 0 and absolute number of live CD45* CD90.2* TCR-3* CD4* FoxP3" IL-
17A* cells from imiquimod-treated mice, after association or not with mouse C. albicans
(mouse C. alb/IMQ), human C. albicans (human C. alb/IMQ) and reference strain of C. albicans
(§C5314 C. alb/IMQ). (j) Ear surface image of representative C. albicans/IMQ mouse obtained
by scanning electron microscope. Dashed white line circle indicate the colonization of yeast

type fungi on the surface of the ear. Scale bar; 100um
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C. albicans promotes tissue inflammation ina Ty17

dependent manner

As previously shown, C. albicans promoted the selective accumulation of both CD4 and CD8
IL-17A expressing T cells (Fig. 1a and 1e). Nonetheless, because Vy4* TCRy8"°" have been
shown to contribute to IMQ-induced pathology, we assessed the potential contribution of this
subset to enhanced pathology (Gray et al., 2013). Interestingly, there was no difference in
frequencies and absolute numbers of IL-17A+ TCRy3*°" cells in mice associated with C.
albicans prior to IMQ (Fig. 2a). Additionally, increased inflammation was still observed in mice
lacking V/y4* TCRyd* cells (Fig. 2b). Further, depletion of CD8'T cells had no impact on tissue
inflammation (Fig. 2c) supporting the idea that under these settings, Th17 may be the main

mediator of enhanced pathology.

To further evaluate the direct contribution of Th17 cells in our model, we used mice depleted
of RORyt in o T cells (LCKcre*xRORyt"f mice). As expected, there was no significant change
in YO T cells in these mice (Fig. 2d). Notably, C. albicans did not enhance tissue inflammation
(and neutrophil recruitment) provoked by IMQ in LCK***xRORyt"" mice compared to controls
(Fig. 2d). These results highlighted a non-redundant role for Th17 cells in the promotion of

skin inflammation induced by fungi colonization.
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Figure 2. C. albicans colonization selectively promotes IL-17A production from CD4* effector
T cells.

(a) Representative flow plots showing frequency of IL-17A* ySTCR" and IL-17A* y8TCR" cells
in the skin of IMQ and C. albicans/IMQ mice (left). Absolute numbers of IL-17A+ y8TCR'¥ cells
in the skin of Control, Imiquimod, C. albicans, and C. albicans/IMQ mice (right). (b) Time course
of the percentage of ear-skin thickness change of IMQ and C. albicans/IMQ in B6.SJL-
Cd45a(Ly5a)/Nai (Tac 7) mice (left). Absolute number of IL-17A* CD4* FoxP3™ effector T cells in
the skin of Control, Imiquimod, C. albicans, and C. albicans/IMQ Tac 7 mice (right). (c) Ear-skin
thickness change of IMQ or C. albicans/IMQ mice after depletion of CD8 T cells with anti-CD8
monoclonal antibody (left). Absolute numbers of live CD4* FoxP3 IL-17A* T effector cells,

neutrophils, and CD8* IL-17A* T effector cells (right) of IMQ and C. albicans/IMQ cells treated
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or not with CD8 depleting monoclonal antibody. (d) Time course of the percentage of ear-skin
thickness change of IMQ treated and C. albicans/IMQ in Lck“®*RORyt"f°x mice versus in
LckeRORytflo/flox mice (left). Absolute numbers of live neutrophils, live CD4* FoxP3™ IL-17A* T
effector cells and IL-17A* y3TCR®" cells (right) of IMQ treated and C. albicans/IMQ in
Lckere*RORyt!o/fox mice versus in LckeRORy /Ao mice (right).

Results are representative of 2-3 independent experiments. *P < 0.05, **P < 0.01.
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C. albicans colonization promotes neutrophil infiltration and

NETs formation in the context of skin inflammation

Among numeous other functions, IL-17 can have a profound effect of neutrophil generation
recruitment and function (Ouyang et al., 2008). Neutrophils also contribute to the etiology
of psoriasis and lesions are characterized by neutrophils infiltrates, with spongiform pustules
in the stratum spinosum and Munro’s micro abscesses in the stratum corneum (Schon et al.).
As assessed via flow cytometry, pre-exposure to C. albicans in IMQ treated mice significantly
increased neutrophil and inflammatory monocyte infiltrate compared to IMQ alone (Fig. 3a
and 3b). On the other hand, no differences were detected in the number of eosinophils,

basophils and mast cells compared to mice treated with IMQ alone (Suppl. Fig. 3a).

Electron microscopy imaging of the candida-exacerbated inflamed skin revealed web-like
structures compatible with neutrophil extracellular traps (NETs) at the surface of the
epidermis in C. albicans/IMQ mice (Fig. 3c). NETosis is a defined process of cell death where
neutrophils extrude DNA which extends into web-like threads (Papayannopoulos, 2017). Of
particular relevance to our observation, NETs have been associated with response to large
pathogens and in particular C. albicans (Branzk et al., 2014; Byrd et al., 2013; Urban et al.,
2006).

NETosis is typically associated with activation of peptidylarginine deiminase 4 (PAD4) — a
nuclear enzyme that is primarily expressed in neutrophils — which leads to histone H3
citrullination and chromatin decondensation (Wang et al., 2004). To confirm the presence of
NETs, we quantified histone H3 citrullination using confocal microscopy. Imaging of whole skin
pinnae revealed that imiquimod (but not C. albicans alone) induced histone H3 citrullination.
H3 citrullination was significantly increased in mice associated with C. albicans prior to IMQ

treatment compared to IMQ alone (Fig. 3d, 3e and Suppl Fig. 3b and 3c).

Of relevance to our observation, the amount of NETs in the peripheral blood of psoriasis

patients correlated with psoriasis disease severity (Hu et al., 2016; Lin et al., 2011). To test the
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possibility that enhanced NETosis may contribute to the enhanced inflammation caused by C.
albicans pre-exposure, mice were treated with DNase, an approach previously used to
suppress NETs formation (Brinkmann et al., 2004b). DNAse treatment had no significant
impact on the pathogenesis of IMQ alone. On the other hand, treatment with DNAse

significantly reduced inflammation induced by C. albicans prior to IMQ_(Fig. 3f).
Altogether, these results support the idea that in the context of inflammatory settings,

previous colonization of the skin with a commensal fungus can promote aberrant neutrophil

activation/death thereby exacerbating tissue inflammation.
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Figure 3. C. albicans colonization promotes neutrophil infiltration and NETosis formation.

(a) Representative flow plots showing frequency of neutrophils in the skin of Control,
Imiquimod, C. albicans, and C. albicans/IMQ mice (left). Absolute numbers of neutrophils in
the skin of Control, Imiquimod, C. albicans, and C. albicans/IMQ mice (right). (b)
Representative flow plots showing frequency of inflammatory monocytes in the skin of
Control, Imiquimod, C. albicans, and C. albicans/IMQ mice (left). Absolute numbers of MHC-

[I"inflammatory monocytes in the skin of Control, Imiquimod, C. albicans, and C. albicans/IMQ
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mice (right). (c) Ear surface image of representative C. albicans/IMQ mouse obtained by
scanning electron microscope. Scale bar: 100um. Arrows indicate web like structure on the
ear. (d) Representative imaging of high magnification of whole mount ear section from
Control, Imiquimod, C. albicans, and C. albicans/IMQ mice showing DAPI and citrullinated
histone H3* cells. Scale bars: 50um. (e) NETs frequency evaluated per fluorescence intensity
of citrullinated histone H3/ear from Control, Imiquimod, C. albicans, and C. albicans/IMQ
mice. (f) Time course of percentage of ear thickness change relative to baseline at day 0 from
IMQ, IMQ/DNase, C. albicans/IMQ, and C. albicans/IMQ/DNase (DNase 1,000lU twice daily
intraperitoneal injection from day -1 to day 4 of IMQ treatment).

Results are representative of 2-3 independent experiments. N.S. not statistically significant,

NS: not statistically significant, *P < 0.05, **P < 0.01, **P < 0.001.
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Supplemental Figure 3.

(a) Absolute number of eosinophils, mast cells and basophils in the ears of Control, C. albicans,
Imiquimod, and C. albicans/IMQ mice. (b) Representative imaging of high magnification of
whole mount ear section from Control, Imiquimod, C. albicans, and C. albicans/IMQ mice
showing DAPI and citrullinated histone H3* cells. Scale bars: 50um. (c) Representative imaging
of whole ear from Control, Imiquimod, C. albicans, and C. albicans/IMQ mice, showing NETs,

as demonstrated by positive citrullinated histone H3+ staining. Scale bars: 3000pum.
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Langerhans cells are indispensable to induce C. albicans

derived exacerbation of the inflammation

In a murine model of skin infection, the yeast form of C. albicans induced Th17 cell responses
in a Langerhans cells dependent manner (Kashem et al., 2015). In agreement with this
observation, skin association with C. albicans did not promote Th17 responses in the skin of
Langehans deficient mice (Langerin-DTA (Kaplan et al.)) as opposed to WT mice (suppl. Fig.
4a). Further, C. albicans was no longer able to enhance IMQ induced inflammation, neutrophil
recruitment or Th17 accumulation (Fig. 4a, 4b and Suppl. Fig. 4b). In contrast C. albicans still
promoted inflammation and cellular infiltrates in IMQ treated mice lacking dermal dendritic

cells (BATF37- and CD11ce*IRF4flo/floxX) (Fig. 4a, 4b and Suppl. Fig. 4b).

The fungi-responsive C-type lectin receptors (CLRs) play a central role in fungal detection
during infection (Marakalala et al.,, 2013; Taylor et al., 2007). Notably, the CLR Dectin-1
(encoded by Clec7a gene in mice) recognizes C. albicans yeast cells but not hyphae through
binding to surface B-glucan (Kashem et al., 2015). While, C. albicans association did not alter
the number and frequency of three main skin DC subsets (Suppl. Fig. 4c), the intensity of
Dectin-lexpression was significantly increased in LC (but not other subsets) from IMQ and
C.albicans/IMQ mice (Fig. 4c). Further, enhanced inflammation associated with pre-exposure
to C. albicans was abolished mice deficient in Dectin 1 (Clec7a”") and in mice deficient in its

downstream adaptor (CARD9”") mice (Fig. 4d and 4e).
These results support the idea that a Langerhans cells/ Dectin-1 axis contributes to the priming

of Th17 cells in response to C. albicans and enhanced pathology associated with these

responses.
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Figure 4. Distinct dendritic cell subset promotes the commensal-derived immune responses.
(a) Percentage of ear thickness change relative to baseline at day 0 from IMQ and C.
albicans/IMQ, from Langerin-DTA (LanDTA), BATF37-, and CD11ce*IRF4¥/flox mice. (b)
Absolute numbers of neutrophils from IMQ and C. albicans/IMQ, from Langerin-DTA
(LanDTA), BATF37", and CD11c*IRF4/*/flox mice. (c) Dectin-1 mean fluorescence intensity
(MFI) of skin DC subsets; LCs, CD103*dDCs, and CD11b*dDCs. (d) Percentage of ear thickness
change relative to baseline at day 0 with IMQ or C. albicans/IMQ and absolute numbers of IL-
17A* CD4* FoxP3" T cells from Clec7a”- mice. (e) Percentage of ear thickness change relative
to baseline at day 0 with IMQ or C. albicans/IMQ and absolute numbers of IL-17A* CD4* FoxP3"
T cells from CARD9”- mice. Results are representative 2-3 independent experiments. *P < 0.05.

N.S., not significant.
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Supplemental Figure 4

(a) Absolute number of IL-17A* CD4* FoxP3" T cells and IL-17A* CD8* T cells after C. albicans
associationin Lan DTA  and Lan DTA* mice. (b) Absolute numbers of IL-17A* CD4* FoxP3™ T cells
from IMQ and C. albicans/IMQ, from Langerin-DTA (LanDTA), BATF37-, and CD11cc"e*IRF4flox/flox
mice. (c) Skin dendritic subsets: Langerhans cells (LCs), CD103*dermal dendritic cells (dDCs),

and CD11b*dDCs, in the ear of naive, C. albicans, IMQ or C. albicans/IMQ,SPF mice.
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Memory responses to C. albicans can be sufficient to induce

disease flare

We next assessed if the Th17 cells recruited in the skin in the context of C. albicans/IMQ were
C. albicans-specific (as opposed to bystander). To this end, we used an in vitro recall assay with
C. albicans derived antigens. Splenic dendritic cells (DCs) from wild-type mice were loaded
with or without heat-killed C. albicans or C. albicans conditioned medium (a filter-sterilized
supernatant from C. albicans stationary-phase culture). To enrich in RORyt expressing effector
T cells, CD4*T cells were purified as CD4*Foxp3°'CCR6* T cells. Exposure of CCR6*CD4*T cells
purified from the regional lymph nodes of C. albicans/IMQ treated mice to DCs loaded with C.
albicans-derived antigens promoted their production of IL-17-A (Fig. 5a and Fig. 5b). In vitro
recall was abolished when DCs were deficient in major histocompatibility complex Il (MHC I1)
supporting the idea that this response was C. albicans specific. Together, these results support
the idea that pre-existing adaptive immunity to a skin commensal fungus can directly promote

tissue inflammation.

We next investigated the long-term consequences of this exacerbated inflammation caused
by commensal specific T cells. Notably, we explored the possibility that inflammation-induced
aberrant responses to a skin commensal may predispose to flares induced by the rechallenge
with this microbe. To address this point, mice pre-associated with C. albicans before IMQ
treatment were then observed until resolution of the inflammation and were then re-exposed
to the fungal commensal or to control medium (Fig. 5c). Remarkably, in C. albicans/IMQ
treated mice, re-challenge with the fungi was sufficient to promote inflammation, with re-
increase in ear thickness, psoriasiform skin histology, and inflammatory Th17, Tc17 cells and
neutrophils (Fig. 5c). As Yo T cells have been shown to drive stronger secondary responses to
the same stimulus, we explored if these cells had a role in the establishment of the rechallenge
response to the skin commensal. Treatment of mice with y5 depleting antibody demonstrated
that y0 T cells did not contribute to this response (Fig. 5d). On the other hand, depletion of
CD4'T cells (and further of both CD4* and CD8* T cells) prior to commensal re-challenge

abrogated disease flare (Fig. 5e). Together these results support the idea that inflammation
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can permanently alter the relationship of the host with its microbiota and that acute insult
predispose to subsequent tissue inflammation triggered by adaptive immunity to the
microbiota. Previous work demonstrated that tissue maintain a memory of inflammatory
insults associated with epigenetic of skin epithelial stem cells (Naik et al., 2017). While there
is a clear role of IL-17 and IL-22 in the activation of keratinocytes in psoriasis, inducing
proinflammatory cytokines and proliferation respectively (Chiricozzi et al., 2016; Dainichi et
al., 2018), how such epithelial remodeling predispose to microbiota induced flare remains
unclear. The tissue itself may contribute to the cyclic flares triggered by the adaptive immune
responses to the microbiota as a result of permanent scarring after the original injury. To
dissect the role of the epithelial cells compared to the one of the immune cells, IMQ was
applied on the left ear only after topical association with C. albicans, and the rechallenge a
month later was done on both ears. Interestingly, while there was no enhanced inflammation
at distant site during the inflammatory trigger, there was an inflammatory immune response
during the re-challenge, both at the site of initial inflammation and at the distant site, as
shown by an increase in the distal ear thickness as well as in the inflammatory cells (Fig. 5f).
This results was concordant with previous studies showing that IMQ sensitization of epithelial

stem cells in the skin was only local and was not transmitted to distant sites (Naik et al., 2017).
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Figure 5. Commensal-memory CD4*T cell responses can be sufficient to induce disease

flare.

(a) CD4* FoxP3™ CCR6" T cells from the skin draining LNs of C. albicans/IMQ treated mice were
co-cultured with Rag2”- (WT) or MHC class Il 7~ splenic dendritic cells (APC) untreated (UL) or
pre-incubated with C. albicans conditioned media (CM) or heat killed C. albicans. Flow plots
illustrate the frequency of IL-17A* CD4* T cells in overnight co-cultures (left). Frequency of IL-
17A production in CD4*Foxp3™ T cells (right). (b) Wild type mice under SPF condition were
treated with C.alb/IMQ, then no treatment was done during the following 3 to 4 weeks to
allow for resolution of the inflammation. C. albicans or control medium was then re-started

every day for 10 days. Time course of percentage of ear thickness change relative to baseline
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at day 0. Arrow indicated the day C. albicans or control medium was restarted (left). Absolute
numbers of IL-17A* CD4* Foxp3'T cells, IL-22* CD4* Foxp3™T cells, IL-17A* CD8* T cells, IL-17A*
y8TCR' and neutrophils after the last association (right). (c) The day before rechallenge with
C. albicans, anti-yd monoclonal antibody or control isotype was started. Time course of
percentage of ear thickness change relative to baseline at day 0. (d) The day before
rechallenge with C. albicans, anti-CD4" or anti-CD4* and anti-CD8" monoclonal antibody or
control isotype was/were started. Time course of percentage of ear thickness change relative
to baseline at day 0. (e) After topical association with C. albicans, IMQ was applied on the left
ear only. A month later, C. albicans was restarted on both ears and ear thickness was

evaluated every day duing rechallenge.

Results are representative 2-3 independent experiments. **P < 0.01, ****P < 0.0001.
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Conclusion

While psoriasis is considered an autoimmune disease, the specific antigens driving this disease
have not yet been identified. The skin microbiota represents a major source of foreign
antigens and in recent years, previous works have uncovered that the vast majority of the
interface immune system - microbial interactions happen with the symbiotic microbiota.
These responses have been shown to be mostly beneficial to the host, promoting
antimicrobial defenses and tissue repair (Linehan et al., 2018a; Naik et al., 2015a). Here we
show that aberrant reactivity to commensal fungi can promote a pathogenic response when
associated with a pro-inflammatory trigger. Further, commensal-induced IL-17 CD4* T cells
developed in this inflammatory setting are able to traffic throughout the body and to promote
psoriasiform skin inflammation during re-encounter with the specific commensal at distant

site.

We approached the present study focusing on the immune response to skin commensal in an
inflammatory milieu using the imiquimod model. We previously showed that skin bacterial
commensals induce commensal-specific adaptive immune responses that vary depending on
the commensals (Linehan et al., 2018b; Naik et al., 2015a) but are usually associated with an
increase in the production of IFNy or IL-17A, without inducing an inflammatory state. Using
this approach, we observed that the universal host immune response to skin fungal
commensal was an increase in the production of IL-17A from CD4* and CD8* T cells. This was
interesting to us because of the importance of IL-17 in the pathogenesis of psoriasis. Contrarily
to other inflammatory skin disorders, such as atopic dermatitis, there is not a clear skin
microbial signature in the skin of patients with psoriasis. Indeed, in atopic dermatitis, there is
a clear association between the flares of the disease with temporal shifts in the skin
microbiota, with notably an increase in S. aureus during flares of the disease and it has been
hypothesized that S. aureus and Corynebacterium bovis could trigger the inflammatory flares
of the disease and not only be a consequence of the skininflammation (Kobayashi et al., 2015).
In psoriasis, while the microbiota has an essential role as shown by a decrease of psoriasiform

inflammation after IMQ or IL-23 injection in germ-free mice (Zakostelska et al., 2016; Zhu et
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al., 2017), there is no evidence of an altered response to a specific microbe or group of
microbes in the induction of flares of the disease. In our model, immune responses to skin

fungal microbes were clearly exacerbating tissue inflammation.

Interestingly, while Imiquimod model of psoriasis has been widely used since its description
due to the easiness, reproducibility, and resemblance of the model with human psoriasis
(Conrad and Nestle, 2006; Gilliet et al., 2004; van der Fits et al., 2009), the most important
difference with human psoriasis is its dependence on IL-17A produced by y8*°% T cells while
IL-17A production in human psoriasis comes from CD4* T cells. Our model better recapitulated
the features of human psoriasis as it induces a massive Th17 immune response, these Th17
cells being specific for C. albicans antigens. This was confirmed by the use of genetic inhibition
of Th17 cells. In these mice, no enhanced skin inflammation was observed following C.
albicans/IMQ compared to IMQ alone. On the other hand, genetic abrogation of Vy4 T cells,
the dominant source of IL-17A in IMQ-induced inflammation in mice (Pantelyushin et al.,
2012), did not alter the promotion of the inflammation following C. albicans/IMQ. In addition,
NETs have been found to be increased in skin and blood of psoriasis patients and the amount
of NETs in the peripheral blood of psoriasis patients correlates with psoriasis disease severity
(Hu et al., 2016; Lin et al., 2011). Studies also suggest that psoriatic NETs may contain
antimicrobial peptides such as cathelicidin (LL-37) (Lin et al., 2011; Skrzeczynska-Moncznik et
al., 2012), and yet LL-37 antimicrobial protein levels are elevated in psoriasis skin, leading both
to a high protection against bacterial infections and to contribution to disease pathogenesis
because LL-37 ligates to DNA, generating complexes that may promote interferon-a
production through TLR9 stimulation in psoriatic plasmacytoid dendritic cells (Kahlenberg and
Kaplan, 2013; Lande et al.,, 2007). Therefore, it is possible that in patients with psoriasis,
NETosis leads to the secretion of LL37-DNA complexes, which may activate plasmacytoid
dendritic cells to produce interferon-a, resulting in psoriasis initiation and exacerbation.
Stimuli responsible for inducing NET formation in psoriasis patients are currently unknown. In
our model, we observed that C. albicans skin colonization followed by IMQ was a trigger for

NETs formation and that the NETs could exacerbate psoriasis skin inflammation.
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Another key finding of our study is the identification of C. albicans pathologic sensing in an
inflammatory context as a key driver for inducing flares when re-encountering the fungi even
at distant sites. This could be of importance in several human inflammatory disorders. It has
been shown that C. albicans is the individual microbe leading to the strongest Th17 response
in humans (Bacher et al., 2016) and C. albicans-specific Th17 cells are present in virtually every
healthy volunteer (Acosta-Rodriguez et al., 2007). Interestingly, it has been recently shown
that C. albicans specific T cells are expanded in patients suffering of Crohn’s disease compared
to healthy volunteers (Bacher et al.). In addition, most of the Th17 cells reactive to other fungi
commensals or pathogens in humans are also cross-reactive to C. albicans, and they are the
ones increased and contributing to inflammatory pathology at distant sites (Bacher et al.). This
demonstrates the importance of immune responses to C. albicans in the development and
flares of inflammatory disorders. In the future, it would also be interesting to see how the cells
in our model circulate and promote pathology in other organs such as the joints, Indeed,
psoriatic arthritis is a pathology affecting up to 40% of patients with psoriasis (The Australo-
Anglo-American Spondyloarthritis et al., 2011). Of interest, mice with ZAP-70 mutation
develop IL-17-dependent psoriatic-like arthritis after dectin-1 mediated fungal infection or
beta-glucan injection (Ruutu et al., 2012; Yoshitomi et al., 2005), showing the importance of
fungi antigens again for enhancing IL-17 derived inflammation. Our model recapitulates the
features of human psoriasis and enables further mechanistic elucidation of human psoriasis
pathogenesis and may allow for the development of tailored clinical interventions aiming at

controlling skin microbiota and/or aberrant responses to these microbes.
Together, our results suggest that highly conserved anti-fungal commensal responses can in

certain contexts become pathogenic and suggest that ‘autoimmunity’ could sometimes be

triggered by a loss of tolerance to our own microbiota.

74



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Bibliographie

Abusleme, L., Diaz, P.l., Freeman, A.F., Greenwell-Wild, T., Brenchley, L., Desai, J.V., Ng, W.-I.,
Holland, S.M., Lionakis, M.S., Segre, J.A., et al. (2018). Human defects in STAT3 promote oral

mucosal fungal and bacterial dysbiosis. JCl Insight 3, e122061.

Acosta-Rodriguez, E.V., Rivino, L., Geginat, J., Jarrossay, D., Gattorno, M., Lanzavecchia, A.,
Sallusto, F., and Napolitani, G. (2007). Surface phenotype and antigenic specificity of human

interleukin 17-producing T helper memory cells. Nat Immunol 8, 639-646.

Adams, E.J., and Luoma, A.M. (2013). The Adaptable Major Histocompatibility Complex
(MHC) Fold: Structure and Function of Nonclassical and MHC Class I-Like Molecules. Annual

Review of Immunology 31, 529-561.

Anthony, R.M., Rutitzky, L.I., Urban Jr, J.F., Stadecker, M.J., and Gause, W.C. (2007).

Protective immune mechanisms in helminth infection. Nature Reviews Immunology 7, 975.

Bacher, P., Heinrich, F., Stervbo, U., Nienen, M., Vahldieck, M., Iwert, C., Vogt, K., Kollet, J.,
Babel, N., Sawitzki, B., et al. (2016). Regulatory T Cell Specificity Directs Tolerance versus
Allergy against Aeroantigens in Humans. Cell 167, 1067-1078.e1016.

Bacher, P., Hohnstein, T., Beerbaum, E., Rocker, M., Blango, M.G., Kaufmann, S., Rohmel, J.,
Eschenhagen, P., Grehn, C., Seidel, K., et al. Human Anti-fungal Th17 Immunity and

Pathology Rely on Cross-Reactivity against Candida albicans. Cell.

Badovinac, V.P., Porter, B.B., and Harty, J.T. (2002). Programmed contraction of CD8+ T cells

after infection. Nature Immunology 3, 619-626.

Baker, B.S., Powles, A., and Fry, L. (2006). Peptidoglycan: a major aetiological factor for

psoriasis? Trends in Immunology 27, 545-551.

75



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Barker, J.N.W.N., Palmer, C.N.A., Zhao, Y., Liao, H., Hull, P.R., Lee, S.P., Allen, M.H., Meggitt,
S.J., Reynolds, N.J., Trembath, R.C., et al. (2007). Null Mutations in the Filaggrin Gene (FLG)
Determine Major Susceptibility to Early-Onset Atopic Dermatitis that Persists into

Adulthood. Journal of Investigative Dermatology 127, 564-567.

Beck, L.A., Thagi, D., Hamilton, J.D., Graham, N.M., Bieber, T., Rocklin, R., Ming, J.E., Ren, H.,
Kao, R., Simpson, E., et al. (2014). Dupilumab Treatment in Adults with Moderate-to-Severe

Atopic Dermatitis. New England Journal of Medicine 371, 130-139.

Belkaid, Y., and Harrison, O.J. (2017). Homeostatic Immunity and the Microbiota. Immunity

46, 562-576.

Belkaid, Y., and Segre, J.A. (2014). Dialogue between skin microbiota and immunity. Science

346, 954-959.

Belkaid, Y., Von Stebut, E., Mendez, S., Lira, R., Caler, E., Bertholet, S., Udey, M.C., and Sacks,
D. (2002). CD8+ T Cells Are Required for Primary Immunity in C57BL/6 Mice Following Low-
Dose, Intradermal Challenge with Leishmania major. The Journal of Immunology 168, 3992-

4000.

Bennett, C.L., Christie, J., Ramsdell, F., Brunkow, M.E., Ferguson, P.J., Whitesell, L., Kelly, T.E.,
Saulsbury, F.T., Chance, P.F., and Ochs, H.D. (2001). The immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX) is caused by mutations of

FOXP3. Nature Genetics 27, 20-21.

Bentley, G.A., and Mariuzza, R.A. (1996). The structure of the t cell antigen receptor. Annual

Review of Immunology 14, 563-590.

Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.B., Oukka, M., Weiner, H.L., and Kuchroo,
V.K. (2006). Reciprocal developmental pathways for the generation of pathogenic effector

TH17 and regulatory T cells. Nature 441, 235-238.

76



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Bettelli, E., Sullivan, B., Szabo, S.J., Sobel, R.A., Glimcher, L.H., and Kuchroo, V.K. (2004). Loss
of T-bet, But Not STAT1, Prevents the Development of Experimental Autoimmune

Encephalomyelitis. The Journal of Experimental Medicine 200, 79-87.

Beura, L.K., Hamilton, S.E., Bi, K., Schenkel, J.M., Odumade, O.A., Casey, K.A., Thompson,
E.A., Fraser, K.A., Rosato, P.C., Filali-Mouhim, A,, et al. (2016). Normalizing the environment

recapitulates adult human immune traits in laboratory mice. Nature 532, 512.

Bobr, A., Olvera-Gomez, |., Igyarto, B.Z., Haley, K.M., Hogquist, K.A., and Kaplan, D.H. (2010).
Acute Ablation of Langerhans Cells Enhances Skin Immune Responses. The Journal of

Immunology 185, 4724-4728.

Bos, J.D., Zonneveld, I., Das, P.K., Krieg, S.R., van der Loos, C.M., and Kapsenberg, M.L.
(1987). The skin immune system (SIS): distribution and immunophenotype of lymphocyte

subpopulations in normal human skin. J Invest Dermatol 88, 569-573.

Branzk, N., Lubojemska, A., Hardison, S.E., Wang, Q., Gutierrez, M.G., Brown, G.D., and
Papayannopoulos, V. (2014). Neutrophils sense microbe size and selectively release

neutrophil extracellular traps in response to large pathogens. Nat Immunol 15, 1017-1025.

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D.S., Weinrauch,
Y., and Zychlinsky, A. (2004a). Neutrophil Extracellular Traps Kill Bacteria. Science 303, 1532-
1535.

Briissow, H. (2016). Turning the inside out: the microbiology of atopic dermatitis.

Environmental Microbiology 18, 2089-2102.

Byrd, A.S., O'Brien, X.M., Johnson, C.M., Lavigne, L.M., and Reichner, J.S. (2013). An

extracellular matrix-based mechanism of rapid neutrophil extracellular trap formation in

response to Candida albicans. J Immunol 190, 4136-4148.

77



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Cai, Y., Xue, F., Fleming, C., Yang, J.,, Ding, C., Ma, Y., Liu, M., Zhang, H.G., Zheng, J., Xiong, N.,
et al. (2014). Differential developmental requirement and peripheral regulation for dermal
Vgamma4 and Vgamma6T17 cells in health and inflammation. Nature communications 5,

3986.

Cash, H.L., Whitham, C.V., Behrendt, C.L., and Hooper, L.V. (2006). Symbiotic Bacteria Direct

Expression of an Intestinal Bactericidal Lectin. Science 313, 1126.

Chabaud, M., Garnero, P., Dayer, J.-M., Guerne, P.-A., Fossiez, F., and Miossec, P. (2000).
Contribution of interleukin 17 to synovium matrix destruction in rheumatoid arthritis.

Cytokine 12, 1092-1099.

Chang, H.-W,, Yan, D., Singh, R,, Liu, J., Lu, X., Ucmak, D., Lee, K., Afifi, L., Fadrosh, D., Leech,
J., et al. (2018). Alteration of the cutaneous microbiome in psoriasis and potential role in

Th17 polarization. Microbiome 6, 154.

Chen, Y.E., Fischbach, M.A., and Belkaid, Y. (2018). Skin microbiota—host interactions. Nature
553, 427.

Chiricozzi, A., Sudrez-Fariias, M., Fuentes-Duculan, J., Cueto, |, Li, K., Tian, S., Brodmerkel,
C., and Krueger, J.G. (2016). Increased expression of interleukin-17 pathway genes in
nonlesional skin of moderate-to-severe psoriasis vulgaris. British Journal of Dermatology

174, 136-145.

Chodaczek, G., Papanna, V., Zal, M.A., and Zal, T. (2012). Body-barrier surveillance by

epidermal y& TCRs. Nature Immunology 13, 272.
Christie, D., and Zhu, J. (2014). Transcriptional Regulatory Networks for CD4 T Cell

Differentiation. In Transcriptional Control of Lineage Differentiation in Immune Cells, W.

Ellmeier, and I. Taniuchi, eds. (Cham: Springer International Publishing), pp. 125-172.

78



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Ciofani, M., Madar, A., Galan, C., Sellars, M., Mace, K., Pauli, F., Agarwal, A., Huang, W.,
Parkurst, Christopher N., Muratet, M., et al. (2012). A Validated Regulatory Network for Th17
Cell Specification. Cell 151, 289-303.

Clark, R.A., Chong, B., Mirchandani, N., Brinster, N.K., Yamanaka, K.-i., Dowgiert, R.K., and
Kupper, T.S. (2006). The Vast Majority of CLA<sup>+</sup> T Cells Are Resident in Normal
Skin. The Journal of Immunology 176, 4431-4439.

Conrad, C., and Nestle, F.O. (2006). Animal models of psoriasis and psoriatic arthritis: an

update. Current rheumatology reports 8, 342-347.

Conti, H.R,, Shen, F., Nayyar, N., Stocum, E., Sun, J.N., Lindemann, M.J., Ho, A.\W., Hai, J.H,,
Yu, J.J., Jung, J.W,, et al. (2009). Th17 cells and IL-17 receptor signaling are essential for
mucosal host defense against oral candidiasis. The Journal of Experimental Medicine 206,

299-311.

Dainichi, T., Kitoh, A., Otsuka, A., Nakajima, S., Nomura, T., Kaplan, D.H., and Kabashima, K.
(2018). The epithelial immune microenvironment (EIME) in atopic dermatitis and psoriasis.

Nature Immunology 19, 1286-1298.

Davis, M.M., and Bjorkman, P.J. (1988). T-cell antigen receptor genes and T-cell recognition.

Nature 334, 395-402.
Debes, G.F., Arnold, C.N., Young, A.J., Krautwald, S., Lipp, M., Hay, J.B., and Butcher, E.C.
(2005). Chemokine receptor CCR7 required for T lymphocyte exit from peripheral tissues.

Nat Immunol 6, 889-894.

Di Meglio, P., Perera, Gayathri K., and Nestle, Frank O. (2011). The Multitasking Organ:

Recent Insights into Skin Immune Function. Immunity 35, 857-869.

79



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Dillen, C.A., Pinsker, B.L., Marusina, A.l., Merleev, A.A., Farber, O.N., Liu, H., Archer, N.K.,
Lee, D.B., Wang, Y., Ortines, R.V., et al. (2018). Clonally expanded y& T cells protect against

Staphylococcus aureus skin reinfection. The Journal of Clinical Investigation 128, 1026-1042.

Dominguez-Bello, M.G., Costello, E.K., Contreras, M., Magris, M., Hidalgo, G., Fierer, N., and
Knight, R. (2010). Delivery mode shapes the acquisition and structure of the initial

microbiota across multiple body habitats in newborns. Proc Natl Acad Sci USA 107.

Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S., Daly, M.J., Steinhart, A.H.,
Abraham, C., Regueiro, M., Griffiths, A., et al. (2006). A Genome-Wide Association Study

Identifies IL23R as an Inflammatory Bowel Disease Gene. Science 314, 1461-1463.

Eyerich, S., Eyerich, K., Pennino, D., Carbone, T., Nasorri, F., Pallotta, S., Cianfarani, F.,
Odorisio, T., Traidl-Hoffmann, C., Behrendt, H., et al. (2009). Th22 cells represent a distinct
human T cell subset involved in epidermal immunity and remodeling. The Journal of Clinical

Investigation 119, 3573-3585.

Finotto, S., Neurath, M.F., Glickman, J.N.,, Qin, S., Lehr, H.A., Green, F.H.Y., Ackerman, K.,
Haley, K., Galle, P.R., Szabo, S.J,, et al. (2002). Development of Spontaneous Airway Changes

Consistent with Human Asthma in Mice Lacking T-bet. Science 295, 336-338.

Fry, L., Baker, B.S., Powles, A.V., Fahlen, A., and Engstrand, L. (2013). Is chronic plaque

psoriasis triggered by microbiota in the skin? British Journal of Dermatology 169, 47-52.

Fujino, S., Andoh, A., Bamba, S., Ogawa, A., Hata, K., Araki, Y., Bamba, T., and Fujiyama, Y.

(2003). Increased expression of interleukin 17 in inflammatory bowel disease. Gut 52, 65.

Gaffen, S.L., Jain, R., Garg, A.V., and Cua, D.J. (2014). The IL-23-IL-17 immune axis: from

mechanisms to therapeutic testing. Nature Reviews Immunology 14, 585.

Gallo, R.L. (2017). Human Skin Is the Largest Epithelial Surface for Interaction with Microbes.

Journal of Investigative Dermatology 137, 1213-1214.

80



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Gallo, R.L., and Nakatsuiji, T. (2011). Microbial Symbiosis with the Innate Immune Defense

System of the Skin. Journal of Investigative Dermatology 131, 1974-1980.

Gao, Z., Tseng, C.H., Strober, B.E., Pei, Z., and Blaser, M.J. (2008). Substantial alterations of

the cutaneous bacterial biota in psoriatic lesions. PLoS One 3.

Gause, W.C., Wynn, T.A., and Allen, J.E. (2013). Type 2 immunity and wound healing:
evolutionary refinement of adaptive immunity by helminths. Nature Reviews Immunology

13, 607.

Gebhardt, T., Whitney, P.G., Zaid, A., Mackay, L.K., Brooks, A.G., Heath, W.R., Carbone, F.R.,
and Mueller, S.N. (2011). Different patterns of peripheral migration by memory CD4+ and
CD8+ T cells. Nature 477, 216-219.

Gelfand, J.M., Neimann, A.L., Shin, D.B., Wang, X., Margolis, D.J., and Troxel, A.B. (2006). Risk
of Myocardial Infarction in Patients With Psoriasis. JAMA 296, 1735-1741.

Gilliet, M., Conrad, C., Geiges, M., and et al. (2004). Psoriasis triggered by toll-like receptor 7
agonist imiquimod in the presence of dermal plasmacytoid dendritic cell precursors.
Archives of Dermatology 140, 1490-1495.

Gittler, J.K., Shemer, A., Sudrez-Farinas, M., Fuentes-Duculan, J., Gulewicz, K.J., Wang, C.Q.F.,
Mitsui, H., Cardinale, |., de Guzman Strong, C., Krueger, J.G., et al. (2012). Progressive
activation of TH2/TH22 cytokines and selective epidermal proteins characterizes acute and

chronic atopic dermatitis. Journal of Allergy and Clinical Immunology 130, 1344-1354.

Gombert, M., Dieu-Nosjean, M.-C., Winterberg, F., Bliinemann, E., Kubitza, R.C., Da Cunha, L.,
Haahtela, A., Lehtima&ki, S., Miller, A., Rieker, J., et al. (2005). CCL1-CCRS8 Interactions: An
Axis Mediating the Recruitment of T Cells and Langerhans-Type Dendritic Cells to Sites of

Atopic Skin Inflammation. The Journal of Immunology 174, 5082-5091.

81



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Gow, N.A.R., van de Veerdonk, F.L., Brown, A.J.P., and Netea, M.G. (2012). Candida albicans
morphogenesis and host defence: discriminating invasion from colonization. Nat Rev Micro

10, 112-122.

Gray, E.E., Ramirez-Valle, F., Xu, Y., Wu, S., Wu, Z., Karjalainen, K.E., and Cyster, J.G. (2013).
Deficiency in IL-17-committed V[gammal4+ [gamma][delta] T cells in a spontaneous Sox13-
mutant CD45.1+ congenic mouse substrain provides protection from dermatitis. Nat

Immunol 14, 584-592.

Grice, E.A., Kong, H.H., Renaud, G., Young, A.C., Bouffard, G.G., Blakesley, R.W., Wolfsberg,
T.G., Turner, M.L., and Segre, J.A. (2008). A diversity profile of the human skin microbiota.

Genome Res 18.

Griffith, J.W., Sokol, C.L., and Luster, A.D. (2014). Chemokines and Chemokine Receptors:

Positioning Cells for Host Defense and Immunity. Annual Review of Immunology 32, 659-702.

Gudjonsson, J.E., Thorarinsson, A.M., Sigurgeirsson, B., Kristinsson, K.G., and Valdimarsson,
H. (2003). Streptococcal throat infections and exacerbation of chronic plaque psoriasis: a

prospective study. British Journal of Dermatology 149, 530-534.

Harder, J., and Schroder, J.-M. (2005). Psoriatic scales: a promising source for the isolation of

human skin-derived antimicrobial proteins. Journal of Leukocyte Biology 77, 476-486.

Harder, J., and Schroder, J.M. (2005). Antimicrobial peptides in human skin. Chem Immunol

Allergy 86, 22-41.

Havran, W.L., and Jameson, J.M. (2010). Epidermal T Cells and Wound Healing. The Journal
of Immunology 184, 5423-5428.

Hoeger, P.H., Lenz, W., Boutonnier, A., and Fournier, J.-M. (1992). Staphylococcal Skin
Colonization in Children with Atopic Dermatitis: Prevalence, Persistence, and Transmission of

Toxigenic and Nontoxigenic Strains. The Journal of Infectious Diseases 165, 1064-1068.

82



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Holland, S.M., Deleo, F.R., Elloumi, H.Z., Hsu, A.P., Uzel, G., Brodsky, N., Freeman, A.F.,,
Demidowich, A., Davis, J., Turner, M.L., et al. (2007). STAT3 Mutations in the Hyper-IgE
Syndrome. New England Journal of Medicine 357, 1608-1619.

Homey, B., Alenius, H., Miiller, A., Soto, H., Bowman, E.P., Yuan, W., McEvoy, L., Lauerma,
A.l., Assmann, T., Binemann, E., et al. (2002). CCL27—CCR10 interactions regulate T cell-

mediated skin inflammation. Nature Medicine 8, 157-165.

Hooper, L.V., and Macpherson, A.J. (2010). Immune adaptations that maintain homeostasis

with the intestinal microbiota. Nature Reviews Immunology 10, 159.

Hsieh, C., Macatonia, S., Tripp, C., Wolf, S., O'Garra, A., and Murphy, K. (1993). Development
of TH1 CD4+ T cells through IL-12 produced by Listeria-induced macrophages. Science 260,
547-549,

Hu, S.C., Yu, H.S,, Yen, F.L,, Lin, C.L., Chen, G.S., and Lan, C.C. (2016). Neutrophil extracellular
trap formation is increased in psoriasis and induces human beta-defensin-2 production in

epidermal keratinocytes. Sci Rep 6, 31119.

Huang, W., Na, L., Fidel, P.L., and Schwarzenberger, P. (2004). Requirement of Interleukin-
17A for Systemic Anti-Candida albicans Host Defense in Mice. The Journal of Infectious

Diseases 190, 624-631.

Hueber, W., Sands, B.E., Lewitzky, S., Vandemeulebroecke, M., Reinisch, W., Higgins, P.D.R.,
Wehkamp, J., Feagan, B.G., Yao, M.D., Karczewski, M., et al. (2012). Secukinumab, a human
anti-IL-17A monoclonal antibody, for moderate to severe Crohn's disease: unexpected

results of a randomised, double-blind placebo-controlled trial. Gut 61, 1693-1700.

Igyarto, B.Z., Jenison, M.C., Dudda, J.C., Roers, A., Miiller, W., Koni, P.A., Campbell, D.J.,

Shlomchik, M.J., and Kaplan, D.H. (2009). Langerhans Cells Suppress Contact Hypersensitivity

&3



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Responses Via Cognate CD4 Interaction and Langerhans Cell-Derived IL-10. The Journal of

Immunology 183, 5085-5093.

Irvine, A.D., McLean, W.H.l., and Leung, D.Y.M. (2011). Filaggrin Mutations Associated with
Skin and Allergic Diseases. New England Journal of Medicine 365, 1315-1327.

Ivanov, l.1., Atarashi, K., Manel, N., Brodie, E.L., Shima, T., Karaoz, U., Wei, D., Goldfarb, K.C.,
Santee, C.A., Lynch, S.V,, et al. (2009). Induction of Intestinal Th17 Cells by Segmented
Filamentous Bacteria. Cell 139, 485-498.

Ivanov, L.1., Frutos, R.d.L., Manel, N., Yoshinaga, K., Rifkin, D.B., Sartor, R.B., Finlay, B.B., and
Littman, D.R. (2008). Specific Microbiota Direct the Differentiation of IL-17-Producing T-

Helper Cells in the Mucosa of the Small Intestine. Cell Host & Microbe 4, 337-349.

Ivanov, I.I., McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille, J.J., Cua, D.J., and
Littman, D.R. (2006). The Orphan Nuclear Receptor RORyt Directs the Differentiation
Program of Proinflammatory IL-17+ T Helper Cells. Cell 126, 1121-1133.

Josefowicz, S.Z., Lu, L.-F., and Rudensky, A.Y. (2012). Regulatory T Cells: Mechanisms of

Differentiation and Function. Annual Review of Immunology 30, 531-564.

Juedes, A.E., Rodrigo, E., Togher, L., Glimcher, L.H., and von Herrath, M.G. (2004). T-bet
Controls Autoaggressive CD8 Lymphocyte Responses in Type 1 Diabetes. The Journal of
Experimental Medicine 199, 1153-1162.

Kahlenberg, J.M., and Kaplan, M.J. (2013). Little Peptide, Big Effects: The Role of LL-37 in

Inflammation and Autoimmune Disease. The Journal of Immunology 191, 4895-4901.

Kainu, K., Kivinen, K., Zucchelli, M., Suomela, S., Kere, J., Inerot, A., Baker, B.S., Powles, A.V.,
Fry, L., Samuelsson, L., et al. (2009). Association of psoriasis to PGLYRP and SPRR genes at
PSORS4 locus on 1q shows heterogeneity between Finnish, Swedish and Irish families.

Experimental Dermatology 18, 109-115.

84



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Kaplan, D.H., Jenison, M.C,, Saeland, S., Shlomchik, W.D., and Shlomchik, M.J. Epidermal
Langerhans Cell-Deficient Mice Develop Enhanced Contact Hypersensitivity. Immunity 23,

611-620.

Kaplan, M.H., Hufford, M.M., and Olson, M.R. (2015). The development and in vivo function

of T helper 9 cells. Nature Reviews Immunology 15, 295.

Kashem, S.W., Igyarto, B.Z., Gerami-Nejad, M., Kumamoto, Y., Mohammed, J.A,, Jarrett, E.,
Drummond, R.A., Zurawski, S.M., Zurawski, G., Berman, J., et al. (2015). Candida albicans
morphology and dendritic cell subsets determine T helper cell differentiation. Immunity 42,

356-366.

Khader, S.A., Gaffen, S.L., and Kolls, J.K. (2009). Th17 cells at the crossroads of innate and

adaptive immunity against infectious diseases at the mucosa. Mucosal Immunology 2, 403.

Kim, J.M., Rasmussen, J.P., and Rudensky, A.Y. (2006). Regulatory T cells prevent

catastrophic autoimmunity throughout the lifespan of mice. Nature Immunology 8, 191.

Kobayashi, T., Glatz, M., Horiuchi, K., Kawasaki, H., Akiyama, H., Kaplan, Daniel H., Kong,
Heidi H., Amagai, M., and Nagao, K. (2015). Dysbiosis and Staphylococcus aureus

Colonization Drives Inflammation in Atopic Dermatitis. Immunity 42, 756-766.

Kong, H.H., Oh, J., Deming, C., Conlan, S., Grice, E.A., Beatson, M.A., Nomicos, E., Polley, E.C.,
Komarow, H.D., Program, N.C.S,, et al. (2012). Temporal shifts in the skin microbiome
associated with disease flares and treatment in children with atopic dermatitis. Genome

Research 22, 850-859.

Kupper, T.S., and Fuhlbrigge, R.C. (2004). Immune surveillance in the skin: mechanisms and

clinical consequences. Nature Reviews Immunology 4, 211-222.

&5



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Lambrecht, B.N., Hammad, H., and Fahy, J.V. (2019). The Cytokines of Asthma. Immunity 50,
975-991.

Lande, R., Gregorio, J., Facchinetti, V., Chatterjee, B., Wang, Y.H., Homey, B., Cao, W., Wang,
Y.H., Su, B., Nestle, F.O., et al. (2007). Plasmacytoid dendritic cells sense self-DNA coupled
with antimicrobial peptide. Nature 449, 564-569.

Lazarevic, V., and Glimcher, L.H. (2011). T-bet in disease. Nature Immunology 12, 597.

Lee, Jacob S., Tato, Cristina M., Joyce-Shaikh, B., Gulen, Muhammet F., Cayatte, C., Chen, Y.,
Blumenschein, Wendy M., Judo, M., Ayanoglu, G., McClanahan, Terrill K., et al. (2015).
Interleukin-23-Independent IL-17 Production Regulates Intestinal Epithelial Permeability.

Immunity 43, 727-738.

Lee, Y., Awasthi, A., Yosef, N., Quintana, F.J., Xiao, S., Peters, A., Wu, C., Kleinewietfeld, M.,
Kunder, S., Hafler, D.A., et al. (2012). Induction and molecular signature of pathogenic TH17

cells. Nature Immunology 13, 991.

Lehman, H. (2014). Skin Manifestations of Primary Immune Deficiency. Clinical Reviews in

Allergy & Immunology 46, 112-119.

Leonardi, C., Matheson, R., Zachariae, C., Cameron, G, Li, L., Edson-Heredia, E., Braun,
D., and Banerjee, S. (2012). Anti—Interleukin-17 Monoclonal Antibody Ixekizumab in Chronic
Plaque Psoriasis. New England Journal of Medicine 366, 1190-1199.

Lesage, S., Zouali, H., Cézard, J.-P., Colombel, J.-F., Belaiche, J., Almer, S., Tysk, C., O'Morain,
C., Gassull, M., Binder, V., et al. (2002). CARD15/NOD2 Mutational Analysis and Genotype-
Phenotype Correlation in 612 Patients with Inflammatory Bowel Disease. The American

Journal of Human Genetics 70, 845-857.

Ley, R.E., Peterson, D.A., and Gordon, J.1. (2006). Ecological and Evolutionary Forces Shaping
Microbial Diversity in the Human Intestine. Cell 124, 837-848.

86



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Leyden, J.J., Marples, R.R., And Kligman, A.M. (1974). Staphylococcus aureus in the lesions of

atopic dermatitis. British Journal of Dermatology 90, 525-525.

Lin, A.M., Rubin, C.J., Khandpur, R., Wang, J.Y., Riblett, M., Yalavarthi, S., Villanueva, E.C.,
Shah, P., Kaplan, M.J., and Bruce, A.T. (2011). Mast Cells and Neutrophils Release I1L-17

through Extracellular Trap Formation in Psoriasis. The Journal of Immunology 187, 490-500.

Linehan, J.L., Harrison, O.J.,, Han, S.-J., Byrd, A.L., Vujkovic-Cvijin, I., Villarino, A.V., Sen, S.K.,
Shaik, J., Smelkinson, M., Tamoutounour, S., et al. (2018a). Non-classical Immunity Controls

Microbiota Impact on Skin Immunity and Tissue Repair. Cell 172, 784-796.e718.

Loo, T.T., Gao, Y., and Lazarevic, V. (2018). Transcriptional regulation of CD4+ TH cells that

mediate tissue inflammation. Journal of Leukocyte Biology 104, 1069-1085.

Malissen, B., Tamoutounour, S., and Henri, S. (2014). The origins and functions of dendritic

cells and macrophages in the skin. Nat Rev Immunol 14, 417-428.

Marakalala, M.J., Vautier, S., Potrykus, J., Walker, L.A., Shepardson, K.M., Hopke, A., Mora-
Montes, H.M., Kerrigan, A., Netea, M.G., Murray, G.I., et al. (2013). Differential Adaptation
of Candida albicans In Vivo Modulates Immune Recognition by Dectin-1. PLOS Pathogens 9,

e1003315.

Matos, T.R., O’'Malley, J.T., Lowry, E.L., Hamm, D., Kirsch, |.R., Robins, H.S., Kupper, T.S.,
Krueger, J.G., and Clark, R.A. (2017). Clinically resolved psoriatic lesions contain psoriasis-
specific IL-17—producing af T cell clones. The Journal of Clinical Investigation 127, 4031-
4041.

McGeachy, M.J., Bak-Jensen, K.S., Chen, Y., Tato, C.M., Blumenschein, W., McClanahan, T.,

and Cua, D.J. (2007). TGF-B and IL-6 drive the production of IL-17 and IL-10 by T cells and

restrain TH-17 cell-mediated pathology. Nature Immunology 8, 1390.

87



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

McGeachy, M.J., Chen, Y., Tato, C.M., Laurence, A., Joyce-Shaikh, B., Blumenschein, W.M.,
McClanahan, T.K., O'Shea, J.J., and Cua, D.J. (2009). The interleukin 23 receptor is essential
for the terminal differentiation of interleukin 17—producing effector T helper cells in vivo.

Nature Immunology 10, 314.

Meyer zu Horste, G., Wu, C., Wang, C., Cong, L., Pawlak, M., Lee, Y., Elyaman, W., Xiao, S.,
Regev, A., and Kuchroo, V.K. (2016). RBPJ Controls Development of Pathogenic Th17 Cells by

Regulating IL-23 Receptor Expression. Cell Reports 16, 392-404.

Miller, L.S. (2008). Toll-like receptors in skin. Adv Dermatol 24, 71-87.

Moffatt, M.F., Gut, |.G., Demenais, F., Strachan, D.P., Bouzigon, E., Heath, S., von Mutius, E.,
Farrall, M., Lathrop, M., and Cookson, W.0.C.M. (2010). A Large-Scale, Consortium-Based
Genomewide Association Study of Asthma. New England Journal of Medicine 363, 1211-
1221.

Morizane, S., and Gallo, R.L. (2012). Antimicrobial peptides in the pathogenesis of psoriasis.

The Journal of Dermatology 39, 225-230.

Mosmann, T.R., Cherwinski, H., Bond, M.W., Giedlin, M.A., and Coffman, R.L. (1986). Two
types of murine helper T cell clone. I. Definition according to profiles of lymphokine activities

and secreted proteins. The Journal of Immunology 136, 2348-2357.

Munthe-Kaas, M.C., Carlsen, K.H., Haland, G., Devulapalli, C.S., Gervin, K., Egeland, T.,
Carlsen, K.L., and Undlien, D. (2008). T cell-specific T-box transcription factor haplotype
is associated with allergic asthma in children. Journal of Allergy and Clinical Immunology 121,

51-56.

Naik, S., Bouladoux, N., Linehan, J.L., Han, S.-J., Harrison, O.J., Wilhelm, C., Conlan, S.,

Himmelfarb, S., Byrd, A.L., Deming, C., et al. (2015a). Commensal-dendritic-cell interaction

specifies a unique protective skin immune signature. Nature 520, 104-108.

38



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Naik, S., Bouladoux, N., Linehan, J.L., Han, S.J., Harrison, O.J., Wilhelm, C., Conlan, S.,
Himmelfarb, S., Byrd, A.L., Deming, C., et al. (2015b). Commensal-dendritic-cell interaction

specifies a unique protective skin immune signature. Nature 520, 104-108.

Naik, S., Bouladoux, N., Wilhelm, C., Molloy, M.J., Salcedo, R., Kastenmuller, W., Deming, C.,
Quinones, M., Koo, L., Conlan, S., et al. (2012). Compartmentalized Control of Skin Immunity

by Resident Commensals. Science 337, 1115-1119.

Naik, S., Larsen, S.B., Gomez, N.C., Alaverdyan, K., Sendoel, A., Yuan, S., Polak, L., Kulukian,
A., Chai, S., and Fuchs, E. (2017). Inflammatory memory sensitizes skin epithelial stem cells

to tissue damage. Nature 550, 475.

Nakajima, S., Honda, T., Sakata, D., Egawa, G., Tanizaki, H., Otsuka, A., Moniaga, C.S.,
Watanabe, T., Miyachi, Y., Narumiya, S., et al. (2010). Prostaglandin I<sub>2</sub>—IP
Signaling Promotes Th1 Differentiation in a Mouse Model of Contact Hypersensitivity. The

Journal of Immunology 184, 5595-5603.

Nakamizo, S., Egawa, G., Tomura, M., Sakai, S., Tsuchiya, S., Kitoh, A, Honda, T., Otsuka, A,,
Nakajima, S., Dainichi, T., et al. (2015). Dermal Vy4+ y& T Cells Possess a Migratory Potency
to the Draining Lymph Nodes and Modulate CD8+ T-Cell Activity through TNF-a Production.
Journal of Investigative Dermatology 135, 1007-1015.

Nakamura, Y., Oscherwitz, J., Cease, K.B., Chan, S.M., Mufioz-Planillo, R., Hasegawa, M.,
Villaruz, A.E., Cheung, G.Y.C., McGavin, M.J,, Travers, J.B., et al. (2013). Staphylococcus &-

toxin induces allergic skin disease by activating mast cells. Nature 503, 397.

Nestle, F.O., Kaplan, D.H., and Barker, J. (2009). Psoriasis. New England Journal of Medicine
361, 496-509.

Neurath, M.F., Weigmann, B., Finotto, S., Glickman, J., Nieuwenhuis, E., lijima, H., Mizoguchi,

A., Mizoguchi, E., Mudeter, J., Galle, P.R., et al. (2002). The Transcription Factor T-bet

89



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Regulates Mucosal T Cell Activation in Experimental Colitis and Crohn's Disease. The Journal

of Experimental Medicine 195, 1129-1143.

Oh, J., Conlan, S., Polley, E.C., Segre, J.A., and Kong, H.H. (2012). Shifts in human skin and

nares microbiota of healthy children and adults. Genome Medicine 4, 77.

Okada, S., Markle, J.G., Deenick, E.K., Mele, F., Averbuch, D., Lagos, M., Alzahrani, M., Al-
Mubhsen, S., Halwani, R., Ma, C.S,, et al. (2015). Impairment of immunity to Candida and

Mycobacterium in humans with bi-allelic RORC mutations. Science 349, 606-613.

Ong, P.Y., Ohtake, T., Brandt, C., Strickland, I., Boguniewicz , M., Ganz, T., Gallo, R.L., and
Leung, D.Y.M. (2002). Endogenous Antimicrobial Peptides and Skin Infections in Atopic
Dermatitis. New England Journal of Medicine 347, 1151-1160.

Onishi, R.M., and Gaffen, S.L. (2010). Interleukin-17 and its target genes: mechanisms of

interleukin-17 function in disease. Immunology 129, 311-321.

Ouyang, W., Kolls, J.K., and Zheng, Y. (2008). The Biological Functions of T Helper 17 Cell

Effector Cytokines in Inflammation. Immunity 28, 454-467.

Owen, C.M., Chalmers, R.J.G., O'Sullivan, T., and Griffiths, C.E.M. (2001). A systematic review
of antistreptococcal interventions for guttate and chronic plaque psoriasis. British Journal of

Dermatology 145, 886-890.

Palmer, C.N.A,, Irvine, A.D., Terron-Kwiatkowski, A., Zhao, Y., Liao, H., Lee, S.P., Goudie, D.R.,
Sandilands, A., Campbell, L.E., Smith, F.J.D., et al. (2006). Common loss-of-function variants
of the epidermal barrier protein filaggrin are a major predisposing factor for atopic

dermatitis. Nature Genetics 38, 441-446.

Pantelyushin, S., Haak, S., Ingold, B., Kulig, P., Heppner, F.L., Navarini, A.A., and Becher, B.
(2012). Roryt+ innate lymphocytes and y& T cells initiate psoriasiform plaque formation in

mice. The Journal of clinical investigation 122, 2252-2256.

90



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Papayannopoulos, V. (2017). Neutrophil extracellular traps in immunity and disease. Nature

Reviews Immunology.

Papi, A., Brightling, C., Pedersen, S.E., and Reddel, H.K. (2018). Asthma. The Lancet 391, 783-
800.

Parisi, R., Rutter, M.K., Lunt, M., Young, H.S., Symmons, D.P.M., Griffiths, C.E.M., and
Ashcroft, D.M. (2015). Psoriasis and the Risk of Major Cardiovascular Events: Cohort Study
Using the Clinical Practice Research Datalink. Journal of Investigative Dermatology 135,

2189-2197.

Pasparakis, M., Haase, I., and Nestle, F.O. (2014). Mechanisms regulating skin immunity and

inflammation. Nature Reviews Immunology 14, 289.

Peng, S.L., Szabo, S.J., and Glimcher, L.H. (2002). T-bet regulates IgG class switching and
pathogenic autoantibody production. Proceedings of the National Academy of Sciences 99,
5545-5550.

Pepper, M., and Jenkins, M.K. (2011). Origins of CD4+ effector and central memory T cells.

Nature Immunology 12, 467.

Peterson, D.A., McNulty, N.P., Guruge, J.L., and Gordon, J.l. (2007). IgA Response to

Symbiotic Bacteria as a Mediator of Gut Homeostasis. Cell Host & Microbe 2, 328-339.

Prast-Nielsen, S., Tobin, A.M., Adamzik, K., Powles, A., Hugerth, L W., Sweeney, C., Kirby, B.,
Engstrand, L., and Fry, L. (2019). Investigation of the skin microbiome: swabs vs. biopsies. Br

J Dermatol.

Puel, A., Cypowyj, S., Bustamante, J., Wright, J.F.,, Liu, L., Lim, H.K., Migaud, M., Israel, L.,

Chrabieh, M., Audry, M., et al. (2011). Chronic Mucocutaneous Candidiasis in Humans with

Inborn Errors of Interleukin-17 Immunity. Science 332, 65-68.

91



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Rabe, K.F., Nair, P., Brusselle, G., Maspero, J.F., Castro, M., Sher, L., Zhu, H., Hamilton, J.D.,
Swanson, B.N., Khan, A,, et al. (2018). Efficacy and Safety of Dupilumab in Glucocorticoid-
Dependent Severe Asthma. New England Journal of Medicine 378, 2475-2485.

Ramirez-Valle, F., Gray, E.E., and Cyster, J.G. (2015). Inflammation induces dermal
Vy4<sup>+</sup> y8T17 memory-like cells that travel to distant skin and accelerate
secondary IL-17—driven responses. Proceedings of the National Academy of Sciences 112,

8046-8051.

Ravindran, R., Foley, J., Stoklasek, T., Glimcher, L.H., and McSorley, S.J. (2005). Expression of
T-bet by CD4 T Cells Is Essential for Resistance to Salmonella Infection. The Journal of

Immunology 175, 4603-4610.

Ridaura, V.K., Bouladoux, N., Claesen, J., Chen, Y.E., Byrd, A.L., Constantinides, M.G., Merrill,
E.D., Tamoutounour, S., Fischbach, M.A., and Belkaid, Y. (2018). Contextual control of skin
immunity and inflammation by <em>Corynebacterium</em>. The Journal of Experimental

Medicine 215, 785-799.

Rosshart, S.P., Vassallo, B.G., Angeletti, D., Hutchinson, D.S., Morgan, A.P., Takeda, K.,
Hickman, H.D., McCulloch, J.A., Badger, J.H., Ajami, N.J., et al. (2017). Wild Mouse Gut
Microbiota Promotes Host Fitness and Improves Disease Resistance. Cell 171, 1015-

1028.e1013.

Roth, R.R., and James, W.D. (1988). Microbial Ecology of the Skin. Annual Review of
Microbiology 42, 441-464.

Ruutu, M., Thomas, G., Steck, R., Degli-Esposti, M.A., Zinkernagel, M.S., Alexander, K.,

Velasco, J., Strutton, G., Tran, A., Benham, H., et al. (2012). B-glucan triggers spondylarthritis
and Crohn's disease—like ileitis in SKG mice. Arthritis & Rheumatism 64, 2211-2222.

92



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Sallusto, F., Lenig, D., Forster, R., Lipp, M., and Lanzavecchia, A. (1999). Two subsets of
memory T lymphocytes with distinct homing potentials and effector functions. Nature 401,

708-712.

Sandrock, I., Reinhardt, A., Ravens, S., Binz, C., Wilharm, A., Martins, J., Oberdorfer, L., Tan,
L., Lienenklaus, S., Zhang, B., et al. (2018). Genetic models reveal origin, persistence and
non-redundant functions of IL-17—producing y& T cells. The Journal of Experimental

Medicine 215, 3006-3018.

Sato, K., Suematsu, A., Okamoto, K., Yamaguchi, A., Morishita, Y., Kadono, Y., Tanaka, S.,
Kodama, T., Akira, S., lwakura, Y., et al. (2006). Th17 functions as an osteoclastogenic helper
T cell subset that links T cell activation and bone destruction. The Journal of Experimental

Medicine 203, 2673-2682.

Scharschmidt, T.C., and Fischbach, M.A. (2013). What lives on our skin: ecology, genomics
and therapeutic opportunities of the skin microbiome. Drug Discovery Today: Disease

Mechanisms 10, e83-e89.

Scharschmidt, Tiffany C., Vasquez, Kimberly S., Truong, H.-A., Gearty, Sofia V., Pauli,
Mariela L., Nosbaum, A., Gratz, Iris K., Otto, M., Moon, James J., Liese, J., et al. (2015). A
Wave of Regulatory T Cells into Neonatal Skin Mediates Tolerance to Commensal Microbes.

Immunity 43, 1011-1021.

Schenkel, Jason M., and Masopust, D. (2014). Tissue-Resident Memory T Cells. Immunity 41,
886-897.

Schon, M., Kubitza, R.C., Ruzicka, T., Schon, M.P., and Denzer, D. Critical Role of Neutrophils
for the Generation of Psoriasiform Skin Lesions in Flaky Skin Mice. Journal of Investigative
Dermatology 114, 976-983.

Shen, F., Ruddy, M.J., Plamondon, P., and Gaffen, S.L. (2005). Cytokines link osteoblasts and
inflammation: microarray analysis of interleukin-17- and TNF-a-induced genes in bone cells.

Journal of Leukocyte Biology 77, 388-399.

93



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Sims, J.E., and Smith, D.E. (2010). The IL-1 family: regulators of immunity. Nature Reviews

Immunology 10, 89.

Skrzeczynska-Moncznik, J., Wlodarczyk, A., Zabieglo, K., Kapinska-Mrowiecka, M., Marewicz,
E., Dubin, A., Potempa, J., and Cichy, J. (2012). Secretory Leukocyte Proteinase Inhibitor-
Competent DNA Deposits Are Potent Stimulators of Plasmacytoid Dendritic Cells: Implication

for Psoriasis. The Journal of Immunology 189, 1611-1617.

Soderquest, K., Hertweck, A., Giambartolomei, C., Henderson, S., Mohamed, R., Goldberg, R.,
Perucha, E., Franke, L., Herrero, J., Plagnol, V., et al. (2017). Genetic variants alter T-bet

binding and gene expression in mucosal inflammatory disease. PLOS Genetics 13, e1006587.

Starr, T.K., Jameson, S.C., and Hogquist, K.A. (2003). Positive and Negative Selection of T

Cells. Annual Review of Immunology 21, 139-176.

Stockinger, B., and Omenetti, S. (2017). The dichotomous nature of T helper 17 cells. Nature

Reviews Immunology 17, 535.

Sullivan, B.M., Jobe, O., Lazarevic, V., Vasquez, K., Bronson, R., Glimcher, L.H., and Kramnik, I.
(2005). Increased Susceptibility of Mice Lacking T-bet to Infection with Mycobacterium
tuberculosis Correlates with Increased IL-10 and Decreased IFN-y Production. The Journal of

Immunology 175, 4593-4602.

Sumaria, N., Roediger, B., Ng, L.G., Qin, J., Pinto, R., Cavanagh, L.L., Shklovskaya, E., Fazekas
de St. Groth, B., Triccas, J.A., and Weninger, W. (2011). Cutaneous immunosurveillance by

self-renewing dermal y& T cells. The Journal of Experimental Medicine 208, 505-518.

Szabo, S.J., Kim, S.T., Costa, G.L., Zhang, X., Fathman, C.G., and Glimcher, L.H. (2000). A Novel

Transcription Factor, T-bet, Directs Thl Lineage Commitment. Cell 100, 655-669.

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. Cell 140,

805-820.

94



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Taylor, P.R., Tsoni, S.V., Willment, J.A., Dennehy, K.M., Rosas, M., Findon, H., Haynes, K.,
Steele, C., Botto, M., Gordon, S., et al. (2007). Dectin-1 is required for [beta]-glucan

recognition and control of fungal infection. Nat Immunol 8, 31-38.

The Australo-Anglo-American Spondyloarthritis, C., the Wellcome Trust Case Control, C.,
Evans, D.M., Spencer, C.C.A,, Pointon, J.J., Su, Z., Harvey, D., Kochan, G., Oppermann, U.,
Dilthey, A., et al. (2011). Interaction between ERAP1 and HLA-B27 in ankylosing spondylitis
implicates peptide handling in the mechanism for HLA-B27 in disease susceptibility. Nature

Genetics 43, 761.

Tomi, N.S., Krénke, B., and Aberer, E. (2005). Staphylococcal toxins in patients with psoriasis,
atopic dermatitis, and erythroderma, and in healthy control subjects. Journal of the

American Academy of Dermatology 53, 67-72.

Treiner, E., Duban, L., Bahram, S., Radosavljevic, M., Wanner, V., Tilloy, F., Affaticati, P.,
Gilfillan, S., and Lantz, O. (2003). Selection of evolutionarily conserved mucosal-associated

invariant T cells by MR1. Nature 422, 164-169.

Trinchieri, G., and Sher, A. (2007). Cooperation of Toll-like receptor signals in innate immune

defence. Nat Rev Immunol 7, 179-190.

Trompette, A., Gollwitzer, E.S., Yadava, K., Sichelstiel, A.K., Sprenger, N., Ngom-Bru, C.,
Blanchard, C., Junt, T., Nicod, L.P., Harris, N.L., et al. (2014). Gut microbiota metabolism of

dietary fiber influences allergic airway disease and hematopoiesis. Nature Medicine 20, 159.

Urban, C.F., Reichard, U., Brinkmann, V., and Zychlinsky, A. (2006). Neutrophil extracellular
traps capture and kill Candida albicans yeast and hyphal forms. Cell Microbiol 8, 668-676.

van der Fits, L., Mourits, S., Voerman, J.S.A., Kant, M., Boon, L., Laman, J.D., Cornelissen, F.,
Mus, A.-M., Florencia, E., Prens, E.P., et al. (2009). Imiquimod-Induced Psoriasis-Like Skin
Inflammation in Mice Is Mediated via the IL-23/1L-17 Axis. The Journal of Immunology 182,
5836-5845.

95



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Veldhoen, M., Hocking, R.J., Atkins, C.J., Locksley, R.M., and Stockinger, B. (2006). TGFB in
the Context of an Inflammatory Cytokine Milieu Supports De Novo Differentiation of IL-17-

Producing T Cells. Immunity 24, 179-189.

Vivier, E., Artis, D., Colonna, M., Diefenbach, A., Di Santo, J.P., Eberl, G., Koyasu, S., Locksley,
R.M., McKenzie, A.N.J., Mebius, R.E., et al. (2018). Innate Lymphoid Cells: 10 Years On. Cell
174, 1054-1066.

Walker, J.A., and McKenzie, A.N.J. (2017). TH2 cell development and function. Nature

Reviews Immunology 18, 121.

Walley, A.J,, Chavanas, S., Moffatt, M.F., Esnouf, R.M., Ubhi, B., Lawrence, R., Wong, K.,
Abecasis, G.R., Jones, E.Y., Harper, J.1., et al. (2001). Gene polymorphism in Netherton and

common atopic disease. Nature Genetics 29, 175-178.

Wang, J., Fathman, J.W., Lugo-Villarino, G., Scimone, L., von Andrian, U., Dorfman, D.M., and
Glimcher, L.H. (2006). Transcription factor T-bet regulates inflammatory arthritis through its

function in dendritic cells. The Journal of Clinical Investigation 116, 414-421.

Wang, Y., Wysocka, J., Sayegh, J., Lee, Y.-H., Perlin, J.R., Leonelli, L., Sonbuchner, L.S.,
McDonald, C.H., Cook, R.G., Dou, Y., et al. (2004). Human PAD4 Regulates Histone Arginine

Methylation Levels via Demethylimination. Science 306, 279-283.

Watanabe, R., Gehad, A, Yang, C., Scott, L.L., Teague, J.E., Schlapbach, C., Elco, C.P., Huang,
V., Matos, T.R., Kupper, T.S., et al. (2015). Human skin is protected by four functionally and
phenotypically discrete populations of resident and recirculating memory T cells. Science

Translational Medicine 7, 279ra239-279ra239.

Weaver, C.T., Elson, C.0., Fouser, L.A., and Kolls, J.K. (2013). The Th17 Pathway and

Inflammatory Diseases of the Intestines, Lungs, and Skin. Annual Review of Pathology:

Mechanisms of Disease 8, 477-512.

96



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Weaver, C.T., and Hatton, R.D. (2009). Interplay between the TH17 and TReg cell lineages: a

(co-)evolutionary perspective. Nature Reviews Immunology 9, 883.

Yancey, S.W., Ortega, H.G., Keene, O.N., Mayer, B., Gunsoy, N.B., Brightling, C.E., Bleecker,
E.R., Haldar, P., and Pavord, I.D. (2017). Meta-analysis of asthma-related hospitalization in
mepolizumab studies of severe eosinophilic asthma. Journal of Allergy and Clinical

Immunology 139, 1167-1175.e1162.

Yang, Y., Torchinsky, M.B., Gobert, M., Xiong, H., Xu, M., Linehan, J.L., Alonzo, F., Ng, C.,
Chen, A, Lin, X., et al. (2014). Focused specificity of intestinal TH17 cells towards commensal

bacterial antigens. Nature 510, 152.

Yoshitomi, H., Sakaguchi, N., Kobayashi, K., Brown, G.D., Tagami, T., Sakihama, T., Hirota, K.,
Tanaka, S., Nomura, T., Miki, I., et al. (2005). A role for fungal B-glucans and their receptor
Dectin-1 in the induction of autoimmune arthritis in genetically susceptible mice. The Journal

of Experimental Medicine 201, 949-960.

Zakostelsk3, Z., Mélkova, J., Klimesova, K., Rossmann, P., Hornova, M., Novosadov3, |.,
Stehlikova, Z., Kostov¢ik, M., Hudcovic, T., Stepankova, R., et al. (2016). Intestinal Microbiota
Promotes Psoriasis-Like Skin Inflammation by Enhancing Th17 Response. PloS one 11,

€0159539-e0159539.

Zanvit, P., Konkel, J.E., Jiao, X., Kasagi, S., Zhang, D., Wu, R., Chia, C., Ajami, N.J., Smith, D.P.,
Petrosino, J.F., et al. (2015). Antibiotics in neonatal life increase murine susceptibility to

experimental psoriasis. Nature Communications 6, 8424.
Zheng, Y., Danilenko, D.M., Valdez, P., Kasman, |., Eastham-Anderson, J., Wu, J., and Ouyang,

W. (2007). Interleukin-22, a TH17 cytokine, mediates IL-23-induced dermal inflammation and
acanthosis. Nature 445, 648-651.

97



Hurabielle-Claverie Charlotte - Thése de doctorat - 2019

Zhou, L., Ivanov, L.I., Spolski, R., Min, R., Shenderov, K., Egawa, T., Levy, D.E., Leonard, W.J.,,
and Littman, D.R. (2007). IL-6 programs TH-17 cell differentiation by promoting sequential

engagement of the IL-21 and IL-23 pathways. Nature Immunology 8, 967.

Zhu, H., Lou, F., Yin, Q., Gao, Y., Sun, Y., Bai, J., Xu, Z., Liu, Z., Cai, W., Ke, F., et al. (2017). RIG-
| antiviral signaling drives interleukin-23 production and psoriasis-like skin disease. EMBO

molecular medicine 9, 589-604.

Zollner, Wichelhaus, Hartung, Von, M., Wagner, Brade, and Kaufmann (2000). Colonization

with superantigen-producing Staphylococcus aureus is associated with increased severity of

atopic dermatitis. Clinical & Experimental Allergy 30, 994-1000.

98



	Page de titre
	Thesis CH without pictures

